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  Fore word   

 It gives me immense pleasure to introduce  microRNA: Medical Evidence—From 
Molecular Biology to Clinical Practice  to the medical and scientifi c community. 
The book you are holding was developed to provide medical students, researchers, 
and physicians with the knowledge on an emerging fundamental section of 
biomedicine: microRNA. 

 This book represents one volume—focused on clinical practice—of a trilogy 
exploring the functional role of microRNAs from basic science to the clinical 
scenario. The other two volumes explore the importance of microRNA in molecular 
biology and in cancer, respectively. The books have been edited by Dr. Gaetano 
Santulli, MD, PhD, who reunited the major experts in the microRNA fi eld in order 
to have a comprehensive, up-to-date, and systematic overview of the mechanistic 
roles of these tiny molecules in physiology and disease. 

 MicroRNAs are small endogenous noncoding RNAs (~22 nucleotides) that fi ne- 
tune gene expression at the posttranscriptional level through mainly binding 3′-UTR 
of mRNAs. They are involved in numerous pathophysiological processes within 
cells and represent major regulators of gene expression by virtue of their preponder-
ance to target transcription factors. 

 Following an introduction to precision medicine and personalized therapies, the 
book propones diverse chapters discussing the role of microRNAs in neurologic 
disorders, including epilepsy, autism, chronic pain, fragile X syndrome, and neuro-
degenerative disease. Then, a series of chapters extensively describes the clinical 
aspects of microRNAs in both diagnosis and therapy of metabolic and cardiovascular 
disorders, focusing on mitochondrial fi tness, arterial hypertension, cardiovascular 
remodeling, cerebrovascular disease, pulmonary hypertension, diabetic kidney disease, 
and kidney transplantation. In the following chapters the experts discuss the impor-
tance of microRNAs in the wound healing process and in skin disease, in the patho-
genesis of allergy, in human ovulation, and in infection. An interesting outline on 
the emerging role of microRNAs in the fi eld of doping and a chapter explaining in 
detail microRNA profi ling conclude the book. 
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 This book highlights the functional roles of microRNAs in various human disor-
ders, discussed in a detailed manner by expert contributors. Worldwide renowned 
experts also emphasize the current challenges and outstanding questions for the 
application of microRNA in clinical practice. The book includes many color pic-
tures, schemes, and diagrams that will be very helpful to students and physicians 
and eloquent tables that support the text. 

 The clinical profi le is evident in each chapter. The authors have done a terrifi c job 
in presenting such complex topics in an easy and comprehensible manner.  

 Milan, Italy    Gianluigi     Condorelli     

Foreword
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    Chapter 1   
 Exploiting microRNA Specifi city 
and Selectivity: Paving a Sustainable Path 
Towards Precision Medicine       

       Gaetano     Santulli     

    Abstract     In his State of the Union address before both chambers of the US 
Congress, President Barack Obama called for increased investment in US infra-
structure and research and announced the launch of a new Precision Medicine 
Initiative, aiming to accelerate biomedical discovery. Due to their well-established 
selectivity and specifi city, microRNAs can represent a useful tool, both in diagnosis 
and therapy, in forging the path towards the achievement of precision medicine. 
This introductory chapter represents a guide for the Reader in examining the func-
tional roles of microRNAs in the most diverse aspects of clinical practice, which 
will be explored in this third volume of the microRNA trilogy.  

  Keywords     miRNA   •   Pharmacogenomics   •   Precision medicine   •   Initiative   
•   Selectivity   •   Specifi city   •   Pharmacogenetics  

     In his last State of the Union address before both chambers of the US Congress, 
President Barack Obama called for increased investment in US infrastructure and 
research and announced the launch of an innovative  Precision Medicine Initiative . 
“I want the country that eliminated polio and mapped the human genome to lead a 
new era of medicine—one that delivers the right treatment at the right time,” he 
said. “Tonight, I’m launching a new Precision Medicine Initiative to bring us closer 
to curing diseases like cancer and diabetes—and to give all of us access to the per-
sonalized information we need to keep ourselves and our families healthier,” he 
continued [ 1 ]. 

        G.   Santulli ,  M.D., Ph.D.      (*) 
  Columbia University Medical Center , 
  New York ,  NY ,  USA   
 e-mail: gsantulli001@gmail.com  
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 Such an announcement offers an illustration of the considerable interest that 
exists in achieving greater progress in treating disease [ 2 ]. 

 President Obama has long expressed a strong conviction that research offers 
great potential for improving health [ 3 ]. One million or more US citizens will be 
powering President Barack Obama’s Precision Medicine Initiative. This bold 
volunteer- driven move to collect and link genotypic, phenotypic, and lifestyle data, 
including crowdsourcing and social media tools, aims to accelerate biomedical dis-
covery with an initial focus on cancer [ 4 ]. 

 The patient-participant cohort at the core of the initiative will enable new 
approaches to prevention, diagnosis, and treatments tailored to individual 
patients. “It’s a new model for doing medical research,” says National Institutes 
of Health’s (NIH) director Francis Collins, while discussing the precision medi-
cine approach [ 3 ,  4 ]. 

 Do  microRNAs (miRs)   have a role in precision medicine? The answer is yes, and 
apparently not only at an interindividual level but also at an intercellular level. 
Indeed, miRs are exquisite regulators of gene expression that inhibit translation and/
or promote mRNA degradation by base pairing to precise complementary sequences 
within the 3′-untranslated region. 

 They are expressed in a cell-specifi c manner and give us the possibility to gener-
ate selective treatments that target the bad cells and preserve the good cells, with 
major implication in cancer (see the second volume of the trilogy, where these 
aspects are discussed in detail) but also in other disorders [ 5 – 14 ]. 

 This introductory chapter opens the third volume, where miRs will be analyzed 
in the clinical scenario. In the next years, clinicians will have to deal with miRs, not 
just as diagnostic biomarkers but also as potential tools to design selective treat-
ments, alongside with their emerging important role in prognostic signatures and 
prediction models.    

  Acknowledgements   Dr. Santulli is supported by the NIH (1K99DK107895).  
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    Chapter 2   
 microRNAs and Personalized Medicine: 
Evaluating Their Potential as Cancer 
Biomarkers       

       Anne     Saumet       and     Charles-Henri     Lecellier     

    Abstract     microRNA deregulations are often, if not invariably, associated with 
human malignancies, including cancers. Though most of these deregulations may not 
be functionally implicated in tumorigenesis, the fact that microRNA expression can 
be monitored in a variety of human specimens, including biological fl uids, supports 
studies aimed at characterizing microRNA signatures able to detect various cancers 
(diagnosis), predict their outcome (prognosis), monitor their treatment (theranosis), 
and adapt therapy to a patient (precision medicine). Here, we review and discuss pros 
and cons of microRNA-based approaches that can support their exploitation as 
cancer biomarkers.  

  Keywords     Cancer   •   Theranosis   •   Diagnosis   •   Prognosis   •   Precision medicine
   •   Tumorigenesis  

        microRNA Biogenesis 

  The microRNAs (miRNAs)    are a class of 18–25 nucleotides long RNAs involved in 
the repression of translation and in the adjustment of protein production in response to 
various stimuli [ 1 – 3 ]. Their expression must be accurately controlled to ensure 

        A.   Saumet ,  M.Sc., Ph.D.      
  University of Montpellier ,   163 rue Auguste Broussonnet ,  Montpellier   34090 ,  France   
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plethora of cellular processes [ 4 – 6 ]. The miRNA biogenesis involves several steps, 
each step being subject to specifi c controls (for review [ 7 ]). Briefl y, a long (thousand 
nucleotides long) RNA called the  primary-miRNA (pri-miRNA)   is transcribed from 
the genome mostly by the RNA polymerase II. This pri-miRNA contains one or sev-
eral local stem-loop structures (called precursor(pre)-miRNA) in which the mature 
miRNA sequence is embedded. Next, a specifi c complex, called the Microprocessor 
and containing the RNAse III Drosha, crops the pre-miRNA from the pri-miRNA. The 
pre-miRNA is exported to the cytoplasm where another RNAse III, Dicer, processes 
the pre-miRNA into duplex of miRNAs. Only one strand of this duplex will guide a 
protein complex onto mRNAs harboring partial sequence homology and eventually 
trigger translation repression mostly by mRNA exonucleolytic cleavage [ 8 ]. The fi rst 
two steps are believed to be the main control points for miRNA regulation [ 7 ,  9 ]. 
Similarly to protein coding genes (PCGs), control of pri-miRNA transcription involves 
DNA-binding proteins (i.e., transcription factors, TFs) that recognize specifi c  cis -
regulatory DNA motifs in the promoter region of the pri-miRNA. The defi nition of 
miRNA promoters remains elusive. The pri- miRNAs are unstable molecules making 
hard the precise identifi cation of their 5′ end, i.e., miRNA  Transcription Start Sites 
(TSSs)  . Numerous studies have tackled that problem and proposed different 
approaches to characterize miRNA TSSs, mostly based on features of PCG promoters 
such as CpG content, epigenetic marks, nucleosome positioning [ 10 – 19 ] but the 
results are quite mixed. A precise and complete map of miRNA TSSs/promoters is 
thus still missing precluding a genome- wide view of miRNA transcriptional regula-
tions and the identifi cation of potential miRNA-specifi c regulations. This lack of 
knowledge does not impede the study of specifi c miRNA loci though. We and others 
have shown that miRNA genes and PCGs are regulated by the same TFs. For instance, 
we have demonstrated that the PML-RARA oncogenic protein, which is associated 
with the Acute Promyelocytic Leukemia, represses the transcription of retinoic acid-
responsive miRNA genes similarly to its action on PCGs [ 20 ]. Likewise, we showed 
that the antagonism between retinoic acid and estrogen signaling initially reported for 
PCGs [ 21 ] is also observed on miRNA genes [ 22 ]. 

 At the posttranscriptional level, control of the miRNA biogenesis can be subjected 
to RNA-binding proteins (RBPs), which recognize specifi c RNA motifs on or at the 
vicinity of the pre-miRNAs. For instance, the LIN28 protein, a developmentally 
regulated RBP, can recognize a specifi c motif in the loop of the pre-miRNAs belonging 
to the let-7 family and selectively blocks their processing [ 23 ]. Also the p72 DEAD 
Box RNA Helicase binds a motif located in the 3′ fl anking region of the pre-miRNAs 
and this binding can be controlled—in a cell-density-dependent  manner—by the 
sequestration of p72 by YAP, a downstream target of the tumor- suppressive Hippo-
signaling pathway [ 24 ]. 

 These transcriptional and posttranscriptional regulations make miRNA extremely 
sensitive to various intra- and extracellular stimuli (e.g., hormones, vitamins, nutrients, 
pharmacological molecules, or hypoxia). They notably ensure that the miRNA rep-
ertoire is controlled in a temporal and cell-specifi c manner. These features were fi rst 
reported by Chen et al., who observed that the miR-181 was preferentially expressed 
in the B-lymphoid cells and that its ectopic expression in hematopoietic progenitor 
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cells redirects lymphopoiesis towards the B-cell lineage [ 25 ]. On the other hand, 
these tight regulations can have severe consequences in human diseases in particular 
cancer [ 22 ,  26 – 30 ].   

    microRNA Deregulation in Cancers 

  The miRNAs  are   key players in cancer initiation and progression, including metastasis 
formation [ 31 – 33 ]. This fi eld of research is probably one of the most productive in 
terms of publications (16,022 publications related to “miRNA and Cancer” listed in 
PubMed in March 2015 with an increase throughout the years). The miRNAs can act 
as oncogenes (“oncomirs”) or tumor suppressors [ 34 ]. He et al. fi rst reported the poten-
tial of one miRNA cluster, the miR-17/92, to act as an oncogene [ 35 ]. In 2007, Chang 
et al. showed that the miR-34a, which is transcriptionally regulated by p53, has a tumor 
suppressor activity [ 36 ]. Several databases have now been created to list the miRNA 
activity in specifi c cancer type [ 37 ,  38 ]. As observed for PCGs [ 39 – 43 ], the oncogene/
tumor suppressor activity of miRNAs depends on the cellular context and/or the type 
of cancer considered. For example, the miR-221 can act as an oncogene in liver cancer 
[ 44 ] while playing a tumor suppressor role in erythroblastic leukemia [ 45 ]. 

 The miRNA deregulations observed in cancer (i.e., forced expression for 
oncomiRs and downregulation for tumor suppressor miRNAs) can occur at the gene 
(deletions, amplifi cations, or mutations of miRNA genes), the transcriptional (epigen-
etic silencing, deregulation of transcription factors), and/or the posttranscriptional 
(deregulation of the miRNA biogenesis pathway) levels (for review [ 29 ]). The action 
of miRNAs can also be impaired without affecting miRNA expression levels by, for 
example, genomic mutations that can modify either the sequence of the miRNAs 
and/or the sequence of their targets [ 46 ]. We provided earlier some examples of spe-
cifi c transcriptional regulations responsible for miRNA deregulations [ 20 ,  36 ]. 
Likewise, the miR-15a and miR-16 are downregulated in the majority of chronic 
lymphocytic leukemia cases because the corresponding gene is frequently deleted 
[ 47 ]. The transcription of miRNA genes can also be silenced by DNA methylation 
[ 48 ]. At the posttranscriptional level, the reactivation of LIN28 is many human 
tumors can lead to the exclusive downregulation of let-7 miRNAs [ 49 ]. The expres-
sion of several key proteins involved in the processing or the action of miRNAs 
(e.g., Dicer, Drosha, Argonaute 2) is perturbed in certain cancers [ 50 ,  51 ] with 
presumably broad impact on cell biology. 

 These deregulations ultimately generate miRNA profi les that can be associated 
with cancer types/subtypes and/or response to chemotherapies [ 52 – 57 ]. Most of 
these profi les have been made available in several databases. PhenomiR provides 
data from several studies that investigate deregulation of microRNA expression in 
various diseases (not only cancer) and biological processes as a systematic, manu-
ally curated resource [ 58 ].  OncomiRDB   is specifi cally dedicated to cancers [ 37 ]. 
Wang et al. manually curated 2259 entries of cancer-related miRNA regulations 
with direct experimental evidence from approximately 9000 abstracts, covering 
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more than 300 miRNAs and 829 target genes across 25 cancer tissues [ 37 ]. 
 PROGmiR   is aimed at providing potential prognostic properties of miRNAs in several 
cancer types derived from publicly available data from Gene Expression Omnibus 
(GEO) and The Cancer Genome Atlas (TCGA) [ 59 ]. The next question remains to 
determine whether these profi les contain clinically relevant biomarkers that could 
serve in diagnostic, prognostic, and/or theranostic tests.   

    Specifi c Advantages of microRNAs in Cancer Diagnosis 

 In addition to specifi c mutations associated to specifi c cancers [ 46 ], miRNA levels 
can also be indicative of cancer initiation, progression, and metastasis formation. 
Measuring miRNA levels is relatively straightforward. Several technologies are 
now available to profi le either a specifi c set of miRNAs (RT-qPCR, Nanostring, 
microarrays) or the whole miRNA repertoire (small RNA sequencing). 
Advantageously, RT-qPCR does not necessitate large amount of RNA and is highly 
sensitive and specifi c. Moreover, several assays are commercially available rendering 
miRNA profi ling easy even in clinical practice. It is important to note that each 
platform has, however, its advantages and drawbacks. For instance, the use of spe-
cifi c RT primers [ 60 ] could be a heavy procedure compared to the universal method, 
which uses linkers and one common RT primer. Problems with cross-priming can 
also lead to specifi city issues and make it diffi cult to distinguish miRNAs belonging 
to the same family and differing by 1 or 2 nucleotides only. The Nanostring technol-
ogy utilizes color-coded barcodes, which hybridize with the targeted miRNAs with-
out the need of amplifi cation thereby providing very sensitive digital data. However, 
similar to microarrays, RT-qPCR and Nanostring technologies are targeted 
approaches that do not allow the detection of novel miRNAs that can be species- 
and tissue-specifi c [ 61 ,  62 ]. In that context, RNA sequencing is defi nitely the best 
way to discover novel miRNAs. It can also detect sequence variation and posttran-
scriptional modifi cations thereby providing a more complete picture of the miRNA 
repertoire. However, its cost is still high to be envisaged in clinics. Besides, analysis 
of sequencing data is still a complex process, which requires rigorous bioinformat-
ics approaches and refi ned sequence algorithms. 

 The miRNAs can be detected in a variety of human tissue specimens, fresh or 
Formalin-Fixed Paraffi n Embedded (FFPE), and in almost all human biological fl uids 
(e.g., serum, plasma, saliva, urine) [ 63 – 67 ]. In contrast to most RNAs, circulating 
miRNAs are remarkably stable [ 68 ]. In fact, circulating miRNAs represent a potent 
mode of intercellular communication [ 69 ,  70 ]. The secretion of miR-105 through 
exosome destroys tight junctions between endothelial cells thereby facilitating 
metastasis propagation [ 70 ]. The molecular mechanisms responsible for the secre-
tion of miRNAs remain largely unknown. Circulating miRNAs can be free, packed 
into exosomes or other microvesicles present in body fl uids [ 71 ] or can be associ-
ated with (lipo)proteins (HDL [ 72 ] and Argonaute 2 protein [ 73 ]). Plethora of studies 
showed association between the presence of one or several extracellular circulating 
miRNAs in a given biological fl uid and cancer initiation/progression or response to 
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chemotherapy. These profi les have been listed and classifi ed in the miRandola data-
base [ 74 ]. miRandola contains 2132 entries, with 581 unique mature miRNAs and 
21 types of samples. miRNAs are classifi ed into four categories, based on their 
extracellular form: miRNA-Ago2 (173 entries), miRNA-exosome (856 entries), 
miRNA-HDL (20 entries), and miRNA-circulating (1083 entries) [ 74 ].  miRandola   
is also connected to miRò, a compendium, which integrates various online resources 
(ontologies, diseases, and targets) to provide users with miRNA- phenotype associa-
tions in humans [ 75 ]. 

 All these features make miRNAs appealing candidates for non-invasive diagnostic 
tests and several companies have indeed decided to meet the challenge (e.g., Santaris 
Pharma, Rosetta Genomics, Cepheid, Prestizia-Theradiag, and IntegraGen; [ 76 ]). 
However, at this stage, miRNA signatures per cancer type are still inconsistent [ 77 , 
 78 ] impeding their usage in clinics and calling for further development and research.  

    Challenges in microRNA-Based Diagnosis 

  One important  challenge   in the fi eld of microRNA-based diagnosis is to fi nd the 
sources of inconsistencies in order to propose standardized protocols. Inconsistencies 
in miRNA signatures could come from sample procurement and could be the results 
of, for instance, platelet contamination of the plasma [ 79 ,  80 ] or hemolysis occur-
ring during blood collection [ 81 – 84 ]. The protocols used to extract miRNAs also 
differ and can introduce signifi cant variability. One important point to compare 
miRNA extraction protocols is to evaluate the quantity and the quality of the 
extracted miRNAs. Though the size and abundance of ribosomal RNAs is tradition-
ally used as a quality marker for large RNAs, these RNAs cannot be informative on 
the quality of the miRNA extraction and specifi c methods are required (e.g., Agilent 
Small RNA Kit, synthetic miRNA standards). Moreover the quantifi cation of miR-
NAs is only accurate in samples where larger RNAs are not degraded. The low 
concentration of RNAs in body fl uids also makes the estimation of miRNAs abun-
dance particularly diffi cult [ 85 ]. Besides, protein and lipid content of plasma and 
serum samples could affect effi ciency of RNA extraction and introduce potential 
inhibitors of PCR [ 86 ]. This can be estimated using a spiked non-human synthetic 
miRNAs (typically from Arabidopsis thaliana or  Caenorhabditis elegans ) that will 
go through the entire RNA isolation procedure and will eventually be measured by 
RT-qPCR. Another aspect that should be considered is that the extraction methods 
could affect the nature (i.e., nucleotide composition) of the miRNAs extracted. 
Notably, depending on the protocol used, the quantity of the biological samples can 
impact the GC content of the miRNAs detected [ 87 ,  88 ]. Since these observations 
were also made in serum [ 88 ] (where large RNAs are barely detected), it is likely 
that the selective lost of miRNAs is linked to the presence of additional compounds 
(proteins and/or lipids), which are associated with miRNAs. Together these studies 
[ 87 ,  88 ] argue for standardization in quantities/volumes of starting materials to 
allow strict comparison of miRNA profi les. In fact, all these considerations point to 
the urgent need of consistency in all the steps of miRNA extraction procedures. 
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 Analytical aspects also impact the defi nition of miRNA signatures. Among them, 
normalization of the data, which is required to remove unwanted technical variation 
present in the samples, is critical. On common approach is to use other abundant 
noncoding RNAs, such as U6 small nuclear RNAs, as normalizers of miRNA 
expression. However, the biology of such RNAs is quite distinct from miRNA biol-
ogy in terms of transcription, processing, and tissue-specifi c expression [ 89 ]. An 
alternative is to use miRNAs whose expression is supposed to be stable in various 
conditions. However, this strategy can be limited by the fact that the chosen refer-
ence miRNAs are sensitive to other biological processes and/or other diseases com-
monly encountered in clinics. In that case, the expression of the normalizer miRNAs 
could fl uctuate in patients and introduce serious bias. In fact miRNA levels are 
extremely sensitive to various stimuli and conditions, even nonpathogenic, from 
gender [ 90 ,  91 ] and age [ 92 ,  93 ] to nutrients such as amino acids, carbohydrates, 
fatty acids, vitamins, and phytochemicals (curcumin, resveratrol) [ 94 ,  95 ]. If clini-
cally relevant, these aspects should be invariably taken into account in the cohort 
used to defi ne a miRNA signature. The ideal strategy would be to restrict potential 
miRNA signature to miRNAs whose transcriptional/posttranscriptional regulations 
are relevant for the cancer or the chemotherapy considered. This is where transla-
tional research meets fundamental research as this strategy clearly depends on a 
better understanding of miRNA regulations.   

    Conclusion 

 The discovery of miRNAs [ 96 ] has opened up new avenues of research in biomedi-
cine, in particular in cancer, and contributed to a large extent to the “Noncoding 
RNA revolution” [ 97 ]. It is remarkable to note not only the fast rate of fundamental 
discoveries made in two decades (illustrated by the exponentially growing number 
of publications) but also the velocity with which “miRNA gets to business” [ 76 ]. 
These molecules indeed harbor specifi c features (stability, easy manipulation, rea-
sonably simple detection, tissue specifi city) that make them appealing candidates as 
diagnostic, prognostic, or theranostic biomarkers and even therapeutic targets [ 64 , 
 98 ]. However some uncertainties remain [ 77 ,  78 ] that may prevent their immediate 
large-scale exploitation. Collective efforts made by clinicians, academic and indus-
trial researchers are needed to circumvent these limitations and promote the transfer 
of miRNAs from bench to bedside.     
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    Chapter 3   
 microRNA and Pain       

       Atsushi     Sakai      and     Hidenori     Suzuki    

    Abstract     Pain is an important protective system that alerts organisms to actual or 
possible tissue damage. However, a variety of pathologies can lead to chronic pain 
that is no longer benefi cial. Lesions or diseases of the somatosensory nervous sys-
tem cause intractable neuropathic pain that occasionally lasts even after the original 
pathology subsides. Chronic infl ammatory diseases like arthritis are also associated 
with severe pain. Because conventional analgesics such as non-steroidal anti- 
infl ammatory drugs and opioids have limited effi cacy and/or severe adverse events 
associated with long-term use, chronic pain remains a major problem in clinical 
practice. Recently, causal roles of microRNAs in chronic pain and their therapeutic 
potential have been emerging. microRNA expressions are altered not only at the 
primary origin of pain, but also along the somatosensory pathways. Notably, 
microRNA expressions are differentially affected depending on the causes of 
chronic pain. This chapter summarizes current insights into the roles of microRNAs 
in pain based on the underlying pathologies.  

  Keywords     Arthritis   •   Cancer pain   •   Infl ammatory pain   •   Neuropathic pain 
  •   Somatosensory pathways  

        Introduction 

   In general,  pain   is elicited by nociceptive stimuli applied to the body or through 
pathology in an internal organ,    and is perceived in the brain [ 1 ]. A subset of primary 
afferents, or nociceptors, detect various forms of nociceptive stimuli, including 
mechanical, thermal (hot or cold), and chemical stimuli, in the body surface (skin), 
deep tissue, viscera, and others. Primary afferents are the axons of primary sensory 
neurons referred to as  dorsal root ganglion (DRG)   or trigeminal ganglion (TG) neu-
rons after the locations of their cell bodies. Thus, a subset of DRG and TG neurons 
are the fi rst-line nociceptive neurons that detect noxious stimuli and tissue lesions, 
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while another subset of DRG neurons detect non-noxious stimuli such as tactile stimuli. 
Once stimulated, DRG and TG neurons transduce sensory stimuli into electrical signals 
and transmit these signals to the spinal and medullary dorsal horns, respectively. The 
sensory information is then synaptically transmitted to spinal neurons and consider-
ably modulated by a complex spinal network interconnected with excitatory and 
inhibitory interneurons, descending axons from the brainstem and glial cells (microglia 
and astrocytes) [ 2 ,  3 ]. The processed sensory information is further transmitted 
through direct or indirect connections to multiple brain areas, including not only 
somatosensory cortices, but also limbic systems and other cortices. The somatosensory 
cortices are mainly involved in the sensory aspects of pain such as intensity and location, 
while the limbic systems are involved in the affective and emotional aspects of pain as 
well as pain perception and attention [ 4 ]. 

 Although pain is an essential protective system that alerts organisms to actual or 
possible tissue damage, unnecessary or long-lasting pain is debilitating and requires 
medical intervention. In particular, chronic pain is a major clinical problem because 
conventional analgesics such as nonsteroidal anti-infl ammatory drugs and opioids 
have problems associated with long-term treatment. In addition, neuropathic pain, a 
form of chronic pain caused by lesions or diseases of the somatosensory system, is 
no longer benefi cial, and is poorly controlled by the currently available analgesics 
[ 5 ]. However, there are many obstacles for the development of ideal analgesics. 
Processing of nociceptive information is readily disrupted in injured or pathological 
conditions through neural plasticity that develops at multiple points along the sen-
sory circuits [ 1 ,  6 ]. These changes in nociceptive processing can occur over a wide 
range of time scales (acute to chronic) and at multiple levels in molecules, synapses, 
cells, and networks [ 2 ]. For example, hyperexcitability of primary sensory neurons 
is commonly observed in pathological pain and is caused by changes in the expres-
sion level, intracellular distribution, and posttranslational modulation of ion channels, 
such as voltage-gated sodium channels [ 7 ]. In the spinal dorsal horn, aberrant 
processing of sensory inputs occurs through neuronal or synaptic changes such as 
long-term potentiation and disinhibition and contributes to pathological pain with 
both spinal and peripheral origins [ 8 ]. Consistent with these long-term changes in 
the nociceptive pathway, there is increasing evidence that epigenetic mechanisms 
such as DNA methylation, histone modifi cation, and miRNA expressions are impli-
cated in chronic pain syndromes [ 9 ]. On the other hand, spinal glial cells, especially 
microglia and astrocytes, are also recognized as major players in pain modulation 
by regulating neurotransmission and neuroinfl ammation [ 10 ]. In the brain, nocicep-
tive inputs negatively affect emotion, cognition, and motivation, most notably in the 
chronic pain state, and chronic pain is correlated with comorbid cognitive, mood 
and anxiety disorders [ 11 ]. Reciprocally, the cortical activity underlying these 
higher brain functions can affect pain perception [ 12 ,  13 ]. 

 Critical roles of microRNAs (miRNAs) have been emerging in the development 
and pathophysiology of the nervous system [ 14 – 16 ], including chronic pain [ 17 ]. 
miRNA dysregulation leads to abnormal neuronal excitability through regulation of 
ion channel expressions [ 18 ]. Specifi c deletion of Dicer in nociceptive DRG neu-
rons resulted in expression changes of three nociceptor-enriched voltage-gated 
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sodium channels, Na V 1.7, Na V 1.8, and Na V 1.9 [ 19 ]. Accordingly, miRNA expressions 
are globally changed in various pain states in the DRG, spinal cord, and brain 
regions such as the limbic system and prefrontal cortex. However, chronic pain can 
arise from a variety of pathologies, including damage to the somatosensory system, 
cancers, musculoskeletal and visceral disorders and genetic diseases, and conse-
quently the miRNA expression profi les are highly distinctive depending on the 
causes. In this chapter, we discuss the roles of miRNAs in pain based on the under-
lying pathologies.    

    miRNAs in Acute Pain 

   Acute pain is evoked  by   a wide range of nociceptive stimuli, including  incisions   and 
exposure to irritants, and is rarely sustained for a long time. Postoperative incisional 
pain is a common form of acute pain associated with clinical concern. Skin inci-
sions penetrating the underlying muscle were reported to downregulate miR-203 
expression in keratinocytes [ 20 ]. Substance P, a well-known neuropeptide involved 
in pain transmission, mediated the miR-203 downregulation after an incision. 
Phospholipase A2-activating protein in keratinocytes was identifi ed as a candidate 
target of miR-203 to cause mechanical allodynia following an incision. Thus, 
peripherally released substance P may act on keratinocytes to upregulate phospho-
lipase A2-activating protein through miR-203 downregulation, and may be involved 
in incisional pain. 

 Noxious stimuli associated with various chemical irritants were shown to acutely 
affect miRNA expressions and pain behaviors. miR-1 was detected in nearly all DRG 
neurons [ 21 ], and was upregulated in the DRG, but not in the dorsal spinal cord, at 
10 min after subcutaneous injection of capsaicin, an agonist for the heat- activated 
receptor TRPV1 [ 22 ]. Axotomy also increased miR-1 expression in the DRG at 1 
day postoperatively, while other painful procedures, such as subcutaneous complete 
Freund’s adjuvant (CFA) injection and partial sciatic nerve ligation, decreased its 
expression within 1 day [ 22 ]. Interestingly, bone cancer increased miR-1 expression 
at 8 days after tumor cell implantation, while inhibition of miR-1 function suppressed 
the mechanical hypersensitivity associated with bone cancer [ 23 ]. Although several 
pain-related genes are predicted to be targets of miR-1 [ 22 ], it remains unclear how 
these targets contribute to an acute pain state as well as bone cancer pain. Besides 
miR-1, subcutaneous capsaicin injection increased miR-16 expression in the DRG, 
but decreased it in the dorsal spinal cord [ 22 ]. Although miR-16 is predicted to target 
several pain-related genes, such as brain  derived- neurotrophic factor (BDNF) [ 24 ], 
mitogen-activated protein kinase (MAPK) 3 [ 25 ], and TRPC3 [ 26 ], the actual contri-
bution of miR-16 to pain remains unknown. 

  Intraplantar formalin injection  , which is commonly used to induce acute sponta-
neous pain behaviors, was shown to decrease miR-124a expression in putative noci-
ceptive spinal neurons and non-nociceptive DRG neurons [ 27 ]. MeCP2, a 
transcriptional regulator involved in infl ammatory pain [ 28 ,  29 ], appears to be an 

3 microRNA and Pain



20

important miR-124 target gene. The 3′-UTR of MeCP2 mRNA was directly targeted 
by miR-124, as examined by luciferase assays. MeCP2 expression, which was 
observed in spinal cells expressing miR-124, was upregulated following formalin or 
miR-124 inhibitor treatment, but downregulated following miR-124 mimic treat-
ment. Furthermore, BDNF, which promotes nociceptive transmission in the dorsal 
horn, is a well-known MeCP2 target gene, and was downregulated by intrathecal 
administration of an miR-124 mimic in intact mice. Accordingly, intrathecal admin-
istration of a miR-124 mimic reduced the second phase of formalin-induced pain. On 
the other hand, intrathecal miR-124 treatment was shown to alleviate persistent or 
chronic pain induced by carrageenan injection and peripheral nerve injury [ 30 ], 
although it was not clarifi ed whether miR-124 expression was reduced in these pain 
conditions. Thus, miR-124 downregulation appears to be involved not only in acute 
pain, but also in chronic pain. 

 miRNAs also contribute to acute pain through unconventional mechanisms of 
action. Park et al. [ 31 ] showed that let-7b was released from cultured DRG neurons 
upon acute neuronal excitation with a variety of stimuli including formalin, capsa-
icin, and ionomycin. Extracellular let-7b excited nociceptor neurons through binding 
to Toll-like receptor (TLR) 7, which is activated by single-stranded RNAs to initiate 
innate immune responses [ 32 ], with subsequent activation of the cold- activated 
receptor TRPA1 on nociceptive neurons. Accordingly, intraplantar injection of let-
7b elicited rapid spontaneous pain, while injection of its inhibitor reduced formalin-
induced spontaneous pain. Thus, besides their well-known roles in translational 
modulation, miRNAs could be released from DRG neurons and induce rapid excita-
tion of nociceptive neurons as signal transmitters for peripheral and spinal neurons 
as well as microglia and astrocytes, thereby contributing to sensitization of the 
nociceptive pathway.    

    miRNAs in Neuropathic Pain: The Peripheral Nervous System 

    Lesions or diseases  of   the somatosensory system  such   as the primary afferents  and 
  spinal cord cause intractable neuropathic pain that can become chronic. In clinical 
practice, DRG and TG neurons are the principal origins of neuropathic pain observed 
in traumatic injury, herpes zoster, diabetes, or cancer chemotherapy, and their func-
tional changes are involved in both the initiation and maintenance of chronic neuro-
pathic pain [ 33 ]. 

 Microarray and deep-sequencing analyses revealed massive changes in miRNA 
expressions in the DRG following a variety of peripheral nerve injuries, including 
nerve transection [ 34 – 41 ], chronic constriction injury (CCI) [ 42 ], nerve crush [ 43 ], 
spared nerve injury [ 44 ], and spinal nerve ligation [ 45 – 47 ]. Nerve injury also 
changed the miRNA expressions in the proximal and/or distal sciatic nerves, which 
possibly refl ect the miRNA expressions in the axons of DRG neurons and/or 
Schwann cells [ 36 ,  48 ,  49 ]. Several miRNA expression levels in serum were also 
reported to be changed [ 50 ,  51 ]. Although peripheral nerve injury causes massive 
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changes in miRNAs, the functional relevance of a large proportion of these miRNAs 
remains putative. Notably, the dicer-miRNA pathway is critical for peripheral nerve 
regeneration and functional recovery in vivo and regenerative axonogenesis in vitro 
[ 52 ]. Some miRNAs that have been validated in pain behaviors are reviewed below. 

 miR-1 expression in the DRG varies depending on the type of peripheral nerve 
injury. Kusuda et al. [ 22 ] fi rst showed that miR-1 was downregulated in the DRG 
after partial sciatic nerve ligation, but upregulated after axotomy of the sciatic nerve. 
Norcini et al. [ 44 ] showed that sural nerve injury downregulated miR-1 expression 
in the DRG, while tibial nerve injury upregulated its expression. They suggested 
that miR-1 downregulation is involved in the development of chronic pain based on 
their fi ndings that sural nerve injury induced chronic neuropathic pain, while tibial 
nerve injury induced transient neuropathic pain. As described earlier, miR-1 expres-
sions were also upregulated by capsaicin injection, axotomy, and bone cancer [ 22 , 
 23 ]. Furthermore, inhibition of miR-1 suppressed bone cancer pain [ 23 ]. Therefore, 
the roles of miR-1 in pain appear to be complicated and variable depending on the 
causes of the pain. On the other hand, miR-1 may also be involved in recovery from 
nerve injury because transfection of an miR-1 mimic into cultured DRG neurons 
attenuated neurite outgrowth [ 21 ]. 

  miR-7a   plays a key role in the late phase of neuropathic pain through regulation 
of neuronal excitability in DRG neurons [ 45 ]. miR-7a was mainly expressed in 
small cell-sized neurons, which are considered to be nociceptive neurons. Following 
spinal nerve ligation, miR-7a expression was decreased in DRG neurons only in the 
late phase of neuropathic pain. Adeno-associated virus (AAV) serotype 6 vector- 
mediated overexpression of miR-7a in DRG neurons suppressed the maintenance, 
but not the development, of neuropathic pain, while functional blockade of miR-7a 
in intact rats caused pain-related behaviors. On the other hand, miR-7a overexpres-
sion had no effect on acute or CFA-induced infl ammatory pain, consistent with the 
lack of expression changes in miR-7a observed in infl ammatory pain. As a respon-
sible target of miR-7a, the β2 subunit of voltage-gated sodium channels, which 
affects the cell surface expression of these channels and leads to increased neuronal 
excitability [ 53 ,  54 ], was identifi ed. β2 subunit expression was increased by nerve 
injury or miR-7a blockade. Accordingly, miR-7a normalized the hyperexcitability 
of nociceptive DRG neurons in the neuropathic pain state. 

  miR-182-96-183   is a miRNA cluster that includes three distinct miRNAs (miR- 182, 
miR-96, and miR-183) located close to one another on the genome, and is possibly 
transcribed as a single common primary transcript. All three cluster members were 
highly enriched in the DRG and were downregulated in DRG neurons after spinal 
nerve ligation [ 55 ]. Accordingly, miR-96 and miR-183 were shown to suppress neu-
ropathic pain induced by traumatic peripheral nerve injury [ 56 ,  57 ]. miR-96 was 
decreased in parallel with Na V 1.3 upregulation in the DRG after nerve injury. 
Intrathecal administration of miR-96 suppressed Na V 1.3 expression in association 
with alleviation of neuropathic pain [ 56 ]. Similarly, miR-183 was decreased in asso-
ciation with increased Na V 1.3 and BDNF mRNA expressions. Intrathecal adminis-
tration of a lentiviral vector encoding miR-183 suppressed Na V 1.3 and BDNF 
mRNA expressions as well as neuropathic pain [ 57 ]. It remains unknown whether 
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these miRNAs directly target Na V 1.3 and BDNF. Na V 1.3, BDNF, substance P, and 
voltage-dependent calcium channel subunit α2δ1 were predicted to be targets for 
these cluster members in silico [ 55 ]. 

  miR-21   is one of the well-characterized oncogenic miRNAs upregulated in 
almost all kinds of carcinoma cells [ 58 ]. miR-21 also has a wide range of physiolog-
ical and pathological functions, including roles in the immune system and cardio-
vascular diseases [ 59 ]. In the DRG, miR-21 was consistently upregulated in almost 
all neurons after various nerve injuries, including axotomy [ 34 ,  35 ], CCI [ 60 ], nerve 
crush [ 48 ], and spinal nerve injury [ 60 ]. Continued miR-21 upregulation was 
observed, even at 6 months after sciatic nerve denervation [ 40 ]. Intrathecal admin-
istration of an miR-21 inhibitor suppressed the late phase of neuropathic pain [ 60 ]. 
On the other hand, miR-21 expression in the DRG was unchanged in an infl amma-
tory pain condition induced by CFA injection (unpublished data). Conversely, serum 
miR-21 expression was decreased in rats after spinal nerve ligation [ 50 ]. In DRG 
neurons, miR-21 was found to be involved in cellular responses to neuronal damage 
as well as neuropathic pain. miR-21 enhanced axonal growth of DRG neurons 
in vitro [ 34 ] and inhibited apoptosis of cultured DRG neurons [ 61 ], suggesting that 
miR-21 contributes to functional recovery from nerve injury. Furthermore, the 
molecular mechanisms underlying miR-21 regulation have been investigated. miR- 
21 expression was upregulated in the DRG following intrathecal injection of inter-
leukin (IL)-1β [ 60 ] and in cultured DRG neurons treated with IL-6 [ 61 ]. Meanwhile, 
nerve growth factor, a well-known neurotrophic factor for a subpopulation of DRG 
neurons, increased miR-21 expression in PC12 cells [ 62 ].     

    miRNAs in Neuropathic Pain: The Spinal Cord 

    Peripheral nerve  injury   affects miRNA expressions not only in DRG neurons,  but 
  also in neurons and glial cells in  the   spinal cord and brain. Although these cells were 
spared direct injury, robust synaptic inputs and cytokine signaling from primary 
afferents were established to affect these spinal cells to induce synaptic plasticity 
and glial activation [ 10 ]. Accordingly, changes in miRNA expressions have been 
reported in the dorsal spinal cord in peripheral neuropathy caused by traumatic 
peripheral nerve injury [ 42 ,  63 ,  64 ] or streptozotocin-induced diabetes [ 65 ]. 

 miR-103 was the fi rst well-characterized miRNA in the neuropathic pain context 
[ 66 ]. Those authors found that all three subunits, Cav1.2-α1, Cav1.2-α2δ1, and 
Cav1.2-β1, comprising Ca V 1.2 L-type calcium channels, which underlie the long- 
term plastic changes in chronic neuropathic pain [ 67 ], were direct targets for  miR- 103. 
Indeed, miR-103 functionally modulated calcium transients in cultured spinal neu-
rons. Spinal nerve injury decreased miR-103 expression, which was enriched in neu-
rons in superfi cial laminae of the dorsal horn, and increased the mRNA expressions of 
calcium channel subunits. Intrathecal application of miR-103 reduced the increased 
calcium channel expressions. In line with these results, intrathecal miR- 103 applica-
tion alleviated neuropathic pain. 
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  Neuroinfl ammation   is a consistently observed phenomenon after neuronal damage 
and its development in the spinal dorsal horn is critically associated with hyperalgesia. 
Spinal glial cells, microglia, and astrocytes were activated in a variety of chronic pain 
states and released cytokines to facilitate nociceptive transmission [ 10 ].  miR-155  , 
which is intensively involved in the regulation of infl ammation- associated diseases 
[ 68 ], was upregulated in the spinal cord following CCI [ 69 ] and in osteoarthritis [ 70 ], 
although the spinal cells expressing miR-155 remain unknown. Intrathecal adminis-
tration of an miR-155 inhibitor attenuated neuropathic pain and suppressed the 
increases in proinfl ammatory cytokine expressions,    including IL-1β and IL-6. 
Increases in IκBα protein expression and p38 MAPK phosphorylation following CCI 
were also suppressed by the miR-155 inhibitor. As a candidate target, suppressor of 
cytokine signaling 1 (SOCS1) was shown to be directly suppressed by miR-155. 
Accordingly, SOCS1 was decreased in the spinal cord and this decrease was reversed 
by intrathecal miR-155 inhibition. 

  Autophagy  , a critical regulator of neuroinfl ammation [ 71 ], was found to be 
dysregulated in the spinal cord following peripheral nerve injury and intrathecal 
injection of an autophagy inhibitor, chloroquine, induced mechanical hyperalgesia 
[ 72 ]. Accordingly, miR-195 was reported to mediate neuroinfl ammation and neuro-
pathic pain through autophagy regulation [ 73 ]. miR-195 was upregulated in the 
dorsal spinal cord and isolated spinal microglia after spinal nerve ligation. Putative 
autophagic activity assessed by LC3 expression in isolated spinal microglia was 
decreased by spinal nerve ligation and increased by an miR-195 inhibitor. In pri-
mary cultures of spinal microglia, miR-195 enhanced the induction of two proin-
fl ammatory cytokines, IL-1β and tumor necrosis factor-α, after treatment with 
lipopolysaccharide, although miR-195 alone could not induce these cytokine 
expressions. Intrathecal administration of a miR-195 inhibitor suppressed neuro-
pathic pain and the analgesic effect was impaired by another autophagy inhibitor, 
3-methyladenine. ATG14, an important regulator of autophagy [ 74 ], was identifi ed 
as a direct target of miR- 195. Thus, miR-195 upregulation appears to contribute to 
neuropathic pain via enhancement of  neuroinfl ammation   by autophagy inhibition. 

  miR-203   expression was decreased in the dorsal spinal cord, but not in the DRG, 
hippocampus or anterior cingulate cortex, following bilateral CCI [ 42 ,  75 ]. The 
Rap1a 3′-UTR was identifi ed as a target of miR-203 in vitro, although the actual 
target sequence was not determined [ 75 ]. In addition, Rap1a was increased in the 
dorsal spinal cord following bilateral CCI. Because Rap1a is a Ras family member 
involved in synaptic plasticity [ 76 ] and was previously shown to be increased in the 
spinal cord following noxious stimulation with formalin [ 77 ], miR-203 may be 
involved in neuropathic pain development [ 75 ]. 

 Spinal cord injury is another clinical condition associated with neuropathic pain 
and causes global miRNA expression changes [ 78 – 82 ]. Although some miRNAs 
were shown to be involved in key processes of spinal cord injury that lead to func-
tional defi cits including cell death, infl ammation, and astrogliosis [ 83 ], the involve-
ment of these miRNA expression changes in neuropathic pain is largely unknown. 
miR-124 was found to be decreased [ 79 ,  80 ] or unchanged [ 84 ,  85 ] in the spinal 
cord following spinal cord injury. Intermittent electrical stimulation of the tail 
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decreased miR-124 expression in the contused dorsal spinal cord of rats [ 85 ]. Given 
that intrathecal miR-124 treatment reduced formalin- and carrageenan-induced pain 
and neuropathic pain caused by peripheral nerve injury as described above, miR- 124 
may also alleviate neuropathic pain caused by spinal cord injury.     

    miRNAs in Infl ammation-Induced Superfi cial Pain 

     Infl ammation   that occurs in or just below the skin  causes   persistent  pain   in the body 
surface, which disappears upon dissipation of the infl ammation. Peripheral infl am-
mation impacts on the neural and glial functions of the DRG, spinal cord, and brain, 
similar to the case for neuropathic pain. Microarray and TaqMan array analyses were 
performed in the TG [ 86 ], spinal cord [ 87 ], and hippocampus [ 88 ] following periph-
eral tissue infl ammation. Notably, DRG neuron-specifi c deletion of Dicer was shown 
to attenuate infl ammatory pain induced by intraplantar injection of carrageenan and 
CFA [ 19 ], suggesting the importance of miRNAs in infl ammatory pain. 

   miR-124   promotes a quiescent state in microglia [ 89 ] and alters the functions of 
spinal microglia in pain transmission. Willemen et al. [ 30 ] showed that hyperalgesia 
induced by intraplantar injection of the pro-infl ammatory cytokine IL-1β caused a 
shift from a transient pain state to a persistent pain state in microglia/macrophage- 
specifi c GRK2 heterozygous (LysM-GRK2 +/− ) mice in association with reduced 
miR-124 expression in isolated spinal microglia. Intrathecal miR-124 treatment 
suppressed the increased and decreased marker expressions for pro-infl ammatory 
(M1-type) and anti-infl ammatory (M2-type) macrophages, respectively, in the spi-
nal cord. miR-124 prevented the transition to persistent hyperalgesia induced by 
intraplantar IL-1β in LysM-GRK2 +/−  mice, although it did not have any effect on the 
course of hyperalgesia in wild-type mice. On the other hand, miR-124 attenuated 
infl ammatory pain induced by intraplantar carrageenan injection in wild-type mice. 
Therefore, miR-124 downregulation may be a common causative change in various 
types of persistent pain conditions.  

 Epigenetically suppressed expression of miR-219 was reported to regulate 
infl ammatory pain [ 87 ].  miR-219   expression was downregulated in spinal neurons 
after intraplantar CFA injection. Intrathecal administration of an miR-219 mimic or 
lentiviral vector encoding miR-219 alleviated hyperalgesia in CFA-injected mice, 
while intrathecal administration of a lentiviral vector encoding an miR-219 sponge 
(inhibitor) induced hyperalgesia in intact mice. CaMKIIγ was identifi ed as a 
 miR- 219 target gene responsible for pain modulation. miR-219 inhibited CaMKIIγ 
upregulation after CFA injection, while miR-219 inhibition promoted CaMKIIγ 
expression. In addition, hyperalgesia induced by the miR-219 sponge was sup-
pressed by CaMKIIγ siRNA treatment. Furthermore, NMDAR1 (GluN1), a major 
CaMKIIγ substrate, was involved in miR-219-CaMKIIγ-dependent hyperalgesia. 
Interestingly, hypermethylation of the miR-219 promoter played a role in miR-219 
downregulation and hyperalgesia, suggesting the importance of epigenetic modula-
tion of miR-219 in the chronicity of infl ammatory pain. 
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 Several other miRNAs have been proposed as modulators of infl ammatory pain, 
although their exact contributions to pain remain speculative. miR-134 undergoes 
biphasic changes in DRG and TG neurons after CFA injection, exhibiting down-
regulation followed by upregulation [ 90 ,  91 ]. Ni et al. [ 91 ] identifi ed  μ-opioid 
receptors  , which showed upregulated expression in DRG neurons after CFA injec-
tion, as a direct target of miR-134 in vitro. Since many other miRNAs and μ-opioid 
receptor were reported to regulate each other, miRNAs may be extensively involved 
in the modulation of opioid analgesia and anti-nociceptive tolerance [ 92 ]. On the 
other hand, miR-125a-3p expression was downregulated in the TG soon after CFA 
injection into the orofacial skin [ 86 ]. Luciferase assays showed that miR-125a-3p 
targeted the 3′-UTR of the p38 MAPK gene in ND8/34 cells, a hybrid cell line of 
rat DRG neurons and mouse neuroblastoma. In their study, p38 MAPK protein was 
upregulated in the TG after CFA injection [ 86 ], although the p38 MAPK phos-
phorylation level, but not the protein level, was shown to increase and cause infl am-
matory pain [ 93 ]. Finally, miR-183, a member of the miR-182-96-183 cluster 
reportedly involved in neuropathic pain as described above, was also downregulated 
in the TG after CFA injection [ 86 ,  90 ].     

    miRNAs in Arthritic Pain 

   Arthritis is a joint disease  that   manifests severe pain as a major symptom.  Osteoarthritis   
is the most  prevalent   degenerative joint disease associated with progressive loss of 
articular cartilage. Rheumatoid arthritis is a chronic, immune- mediated, infl amma-
tory disease that primarily affects joints. Expression changes in a variety of miRNAs 
were reported in the joints and validated in the pathogenesis of both forms of arthritis 
[ 94 – 97 ]. However, the miRNA expressions in the somatosensory system in arthritis 
are largely unknown. 

 Using microarray analyses, Li et al. [ 70 ] reported the miRNA expression changes 
in the spinal cord of rats with osteoarthritis induced by medial meniscus transection. 
Among the miRNAs in the microarray, miR-146a downregulation was validated by 
quantitative PCR in the spinal cord as well as in the DRG, although the miR-146a- 
expressing cell types were not determined. Expression changes in miR-146a were 
also reported in other painful conditions. miR-146a was increased in the spinal cord 
following spinal cord injury [ 81 ,  84 ,  85 ], but decreased in DRG neurons in a diabetic 
peripheral neuropathy model [ 98 ]. Microarray analyses showed that miR-146a was 
upregulated in the DRG after sciatic nerve axotomy [ 35 ] and spinal nerve injury [ 45 ]. 
miR-146a is known to play roles in innate immune responses and infl ammation [ 99 , 
 100 ] and is downregulated in affected cartilage in osteoarthritis patients [ 101 ,  102 ]. 
Accordingly, a miR-146a mimic suppressed lipopolysaccharide- or IL-1β-induced 
upregulation of infl ammatory mediators including proinfl ammatory cytokines (IL-1β 
and IL-6) and TLRs in BV2 cells, a microglial cell line, and primary cultured astro-
cytes. Interestingly, a single nucleotide polymorphism of miR- 146a was suggested to 
be associated with susceptibility to juvenile idiopathic arthritis-enthesitis-related 
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arthritis in an Indian population [ 103 ]. Therefore, miR- 146a may provide an effi cient 
means to suppress glia-mediated neuroinfl ammation, although the contribution of 
miR-146a per se to pain caused by arthritis remains unknown.    

    miRNAs in Visceral Pain 

    Visceral pain arises   from an enormous range of diseases associated with infl amma-
tion,  mechanical   stresses, cancers, or unknown causes. Microarray or TaqMan array 
analyses revealed miRNA dysregulation in colonic biopsies [ 104 ] and whole-blood 
samples [ 105 ] from patients with irritable bowel syndrome (IBS) and bladder biop-
sies from patients with bladder pain syndrome (BPS) [ 106 ]. However, reports on the 
involvement of miRNAs in visceral pain have been limited thus far to a few chronic 
pain syndromes [ 107 ]. 

 miR-199a and miR-199b were downregulated in colonic biopsies from patients 
with diarrhea-predominant IBS and the miR-199a expression level was inversely 
correlated with the visceral pain score [ 104 ]. TRPV1 was upregulated in the colon 
of patients with IBS and was identifi ed as a target of miR-199a in vitro. miR-199a 
expression was also decreased in the colon and DRG of rats with intracolonic infu-
sion of 2,4,6-trinitrobenzene sulfonic acid, a well-established colitis model with 
visceral hypersensitivity. Intraperitoneal injection of a lentiviral vector encoding 
miR-199a attenuated nociceptive responses to colonic distension in association with 
TRPV1 reduction in the DRG and colon. In contrast to the downregulation in IBS, 
miR-199a was upregulated in BPS [ 106 ]. miR-199a was expressed in the bladder 
smooth muscles as well as in urothelial cells [ 108 ]. miR-199a directly targeted 
mRNAs encoding LIN7C, ARHGAP12, PALS1, RND1, and PVRL1 and regulated 
intercellular junctions of urothelial cells. 

 miR-29a was increased in the blood microvesicles, duodenum, and colon of IBS 
patients with increased intestinal membrane permeability [ 109 ]. miR-29a enhanced 
epithelial permeability in human epithelial cell lines from the colon and small intes-
tine. Glutamine synthase, which was downregulated in IBS patients, was directly 
targeted by miR-29a. Glutamine synthase catalyzes the conversion of ammonia and 
glutamate to glutamine and decreased levels of intestinal glutamine synthetase are 
thought to lead to low levels of available glutamine and increased intestinal mem-
brane permeability. Since siRNA-mediated glutamine synthase inhibition also 
increased the epithelial permeability in vitro and a glutamine supplement reversed 
the increased intestinal permeability in IBS, miR-29a plausibly modulates increased 
intestinal permeability in IBS. 

 In chronic visceral pain caused by  zymosan-induced neonatal cystitis  , a dozen 
miRNAs were shown to be modulated in the dorsal spinal cord of adult rats [ 110 ]. 
Among them, miR-181 was upregulated in the spinal cells of adult rats with neona-
tal cystitis, while the GABA A  receptor α1 subunit, a target of miR-181, was down-
regulated. Accordingly, oblique muscle responses to colorectal distension in adult 
rats with neonatal saline treatment and heightened muscle responses in adult rats 
with adult zymosan treatment were attenuated by intrathecal injection of a GABA A  
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receptor agonist, muscimol, while heightened muscle responses in adult rats with 
neonatal zymosan treatment were unaffected. The authors suggested that miRNA- 
mediated downregulation of GABA A  receptors following neonatal cystitis resulted 
in loss of inhibitory tone in the adult spinal cord, leading to long-lasting visceral 
hypersensitivity. 

 TaqMan array analyses for miRNA expression profi les showed that 28 miRNAs 
were upregulated and three miRNAs were downregulated in bladder dome biopsies 
from patients with BPS [ 106 ]. Four upregulated miRNAs (miR-320, miR-328, miR- 
449b, and miR-550) were shown to decrease NK 1  receptor expression levels and/or 
SP-induced intracellular calcium increases. Accordingly, NK 1  receptor expression 
was decreased in the bladder dome of patients with BPS, although the physiological 
signifi cance of NK 1  receptor downregulation in BPS remains unclear.    

    miRNAs in Cancer Pain 

   Although  miRNA   functions have been intensively investigated in cancers,  the 
  involvement of miRNAs in cancer pain is poorly understood. In bone cancer pain 
caused by injection of tumor cells into the calcaneus bone, 57 miRNAs were shown 
to be changed by more than 2.5-fold in the DRG using microarray analyses [ 23 ]. 
Three upregulated miRNAs were examined to elucidate their functional signifi -
cance. Intrathecal injection of inhibitors for miR-1a-3p or miR-34c-5p attenuated 
the mechanical hypersensitivity, while inhibition of miR544-3p was ineffective. On 
the other hand, three downregulated miRNAs showed distinct effects on bone can-
cer pain. 

 miR-370-3p and miR-483-3p mimics enhanced and inhibited, respectively, the 
mechanical allodynia accompanying bone cancer, while miR-291b-5p had no 
effects.  Chloride channel, voltage-sensitive 3 (CLCN3)   was expressed in DRG neu-
rons including peptidergic and non-peptidergic putative nociceptive neurons, and 
played roles in regulating the amount of neurotransmitter and the release probability 
of synaptic vesicles in hippocampal glutamatergic neurons [ 111 ]. CLCN3, a direct 
target of miR-1a-3p, was downregulated after tumor cell implantation and upregu-
lated by an miR-1a-3p inhibitor. Although the detailed relationship between CLCN3 
and cancer pain is unknown, knockdown of CLCN3 by siRNA injection enhanced 
cancer pain. Given that miR-1a-3p was also shown to be upregulated in the DRG 
after axotomy and capsaicin injection [ 22 ], miR-1a-3p may be additionally involved 
in pain conditions other than cancer.    

    miRNAs in Other Pain Conditions 

 miRNA expression changes have been reported in body fl uid samples from patients 
with other intractable pain conditions, although their pathological signifi cance is 
uncertain. In patients with complex regional pain syndrome, the miRNA expression 
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profi les in blood samples were examined for their correlations with pain levels, 
comorbidities, and medications [ 112 ]. Four miRNAs (miR-296-5p, miR-361-3p, 
miR-532-3p, and miR-30d) were found to be correlated with pain levels, while 
many other miRNAs were correlated with comorbidities such as high blood pres-
sure, high cholesterolemia, headache, thyroid disease, and hypoesthesia. Other 
miRNAs were correlated with use of narcotics and antiepileptic medications, while 
miR-192 was correlated with both thyroid disease and use of epileptic drugs. 

 Regarding patients with fi bromyalgia, the miRNA expression profi les in their 
cerebrospinal fl uid and serum have been reported [ 113 ,  114 ]. In cerebrospinal fl uid 
collected from the lumbar region of female patients, nine miRNAs including miR- 
21 and miR-195 were signifi cantly decreased compared with healthy controls. 
Among them, miR-145-5p was positively correlated with the levels of pain and 
fatigue [ 114 ]. In serum samples collected from female patients, seven miRNAs 
were signifi cantly lower and one miRNA was higher compared with those from 
healthy women. Several miRNAs were correlated with pain levels or sleep quality, 
and notably miR-103a-3p was correlated with both pain and sleep quantity [ 113 ]. 

 Finally, the miRNA expression profi les in serum samples from patients with 
migraine were compared between attacks and pain-free periods, and the compari-
sons revealed that 32 miRNAs were aberrantly expressed [ 115 ]. Among the top four 
miRNAs with the highest fold changes, miR-382-5p and possibly miR-29c-5p were 
also increased during pain-free periods compared with matched healthy controls.  

    Brain miRNAs in Pain Conditions 

   Pain  signifi cantly   impacts on higher brain functions, including cognitive,    mood and 
anxiety disorders [ 116 ]. In fact, functional MRI studies in humans indicated altered 
activities in many brain regions in individuals with chronic pain [ 4 ]. Pain-related 
changes were even documented at the single-cell level in the brain [ 117 ]. Therefore, 
through modulation of cellular functions, miRNAs potentially underlie the altered 
brain functions in pain conditions. Indeed, miRNA expressions were reportedly 
changed in multiple brain regions in chronic pain conditions, although the func-
tional signifi cance of miRNAs remains largely unknown. 

 The nucleus accumbens is thought to be involved in the rewarding of pain relief 
and motivation [ 118 ,  119 ]. In the nucleus accumbens, miR-200b and miR-429 expres-
sions were decreased in the neuropathic pain state with a concomitant increase in the 
protein expression of DNA methyltransferase 3a (DNMT3a), a putative target for 
these miRNAs [ 120 ]. The authors suggested that increased DNMT3a associated with 
decreased miRNA-200b/429 clusters in the nucleus accumbens may produce negative 
emotions along with dysfunction of the “mesolimbic motivation/valuation circuitry.” 
In the hippocampus, the expressions of many miRNAs, such as miR-132 and miR-
125b, were changed in neuropathic and infl ammatory pain conditions [ 88 ,  121 ]. 
Interestingly, a wide range of chronic pain conditions with different pathogeneses 
may share similar miRNA dysregulation at the higher central nervous system level 
because the modulated miRNAs markedly overlapped one another in neuropathic and 
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infl ammatory pain conditions. In the prefrontal cortex, miR-155 and miR-223 
expressions were reported to increase after facial carrageenan injection [ 122 ]. 
Meanwhile, let-7 family members (let-7a, let-7c, and let-7g) were shown to increase 
in the mouse brain after chronic morphine treatment [ 123 ], although the distribution 
of the miRNA expressions in the brain was undetermined. On the other hand, the let-7 
family members directly targeted μ-opioid receptors. Intracerebroventricular treat-
ment with a let-7 inhibitor attenuated the antinociceptive tolerance that developed 
with chronic use of morphine. Therefore, let-7 upregulation in the brain may mediate 
opioid tolerance by targeting μ-opioid receptors. 

 Table  3.1  summarizes miRNAs involved in several pain-related conditions.  

       Other Noncoding RNAs in Pain 

 Long  noncoding RNAs   that exceed 200 nucleotides have also been implicated in 
neuronal development  and   diseases including neuropathic pain through transcrip-
tional regulation [ 124 ]. Microarray analyses of long noncoding RNAs were per-
formed in the DRG of rats with sciatic nerve resection and revealed that 105 long 
noncoding RNAs were differentially expressed [ 125 ]. A long noncoding RNA, 
BC089918, was downregulated in DRG neurons after axotomy. BC089918 knock-
down with siRNAs promoted neurite outgrowth of cultured DRG neurons. The anti-
sense RNA of potassium channel, voltage-gated shaker-related subfamily A, 
member 2 ( Kcna2 ) mRNA is a well-characterized long noncoding RNA that con-
tributes to neuropathic pain by silencing Kcna2 in primary afferent neurons [ 126 ]. 
A Kcna2 antisense RNA was expressed in DRG neurons containing low amounts of 
Kcna2 protein. Kcna2 mRNA and protein were downregulated following nerve 
injury, while Kcna2 antisense RNA was upregulated, and these changes predomi-
nantly occurred in large DRG neurons. Accordingly, Kcna2 antisense RNA overex-
pression in the intact DRG decreased Kcna2 mRNA and protein expressions. 
Kcna2-related currents recorded from freshly dissociated DRG neurons were found 
to be reduced by Kcna2 antisense RNA overexpression. In addition, Kcna2 anti-
sense RNA overexpression increased neuronal excitability, with increased resting 
membrane potential, reduced current threshold for spikes, and increased number of 
action potentials evoked by electrical stimulation. Finally, Kcna2 antisense RNA 
overexpression produced mechanical and cold hypersensitivities, while a Kcna2 
sense fragment attenuated neuropathic pain by blocking the antisense RNA 
upregulation.  

    miRNA Potential for Clinical Application in Pain 

   In animal experiments,  functional   modulation of  miRNAs has   been revealed to sup-
press pain in various diseases. Given the conservation of miRNAs and their target 
sequences among species and several results from human samples, miRNAs can be 
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attractive molecular targets for pain medication. However, major obstacles, such as 
drug delivery, must be overcome for the clinical development of miRNA-related 
analgesics. 

 Oral or transdermal administration is well tolerated and preferable in most 
patients on cancer pain management, as recommended by the WHO. However, the 
current miRNA-related drugs are not available as oral or transdermal formulations 
and require fundamental innovations, although chemical modifi cations have 
improved the stability of nucleic acid medicines. Furthermore, even if miRNA- 
related drugs can enter the systemic circulation, it is not expected that the miRNAs 
will be delivered in suffi cient amounts to sensory neurons, especially central ner-
vous system neurons. In this point, gene transfer may be a preferable means for 
long-term treatment of chronic pain, although safety remains a critical concern 
[ 127 ]. Modifi ed lentivirus [ 128 ], AAV [ 45 ,  129 ], and herpes simplex virus [ 130 ] 
vectors were shown to be effi ciently transduced to sensory neurons and to persis-
tently express their transgenes. In addition, gene therapy can be applied in a site- 
specifi c manner to avoid systemic adverse effects. On the other hand, exosomes, as 
naturally occurring membranous microvesicles carrying RNAs, represent another 
vehicle for RNA medicines. Exosomes are formed and secreted by numerous types 
of cells and can be transported to other cells. In fact, systemic injection of modifi ed 
exosomes was reported to deliver the contained molecules, including siRNAs, to 
neurons, microglia, and oligodendrocytes in the mouse brain [ 131 ]. In addition, 
injection of exosomes derived from macrophages attenuated thermal hyperalgesia 
and swelling induced by intraplantar CFA injection [ 132 ], suggesting the therapeu-
tic potential of exosomes. Overall, the development of an appropriate drug delivery 
system is a critical issue for clinical application of miRNA-related analgesics.       
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    Chapter 4   
 microRNA and Epilepsy       

       Cristina     R.     Reschke     and     David     C.     Henshall     

    Abstract     Epilepsy is a common, serious neurological disease characterized by 
recurring seizures. Such abnormal, excessive synchronous fi ring of neurons arises 
in part because of imbalances in excitation and inhibition in the brain. The process 
of epileptogenesis, during which the normal brain is transformed after injury to one 
capable of generating spontaneous seizures, is associated with large-scale changes 
in gene expression. These contribute to the remodelling of brain networks that per-
manently alters excitability. Components of the microRNA (miRNA) biogenesis 
pathway have been found to be altered in brain tissue from epilepsy patients and 
experimental epileptogenic insults result in select changes to miRNAs regulating 
neuronal microstructure, cell death, infl ammation, and ion channels. Targeting key 
miRNAs has been shown to alter brain excitability and suppress or exacerbate sei-
zures, indicating potential for miRNA-based therapeutics in epilepsy. Altered 
miRNA profi les in biofl uids may be potentially useful biomarkers of epileptogene-
sis. In summary, miRNAs represent an important layer of gene expression control in 
epilepsy with therapeutic and biomarker potential.  

  Keywords     Biomarker   •   Epileptogenesis   •   Hippocampus   •   Neurodegeneration   • 
  Status epilepticus  

        Introduction 

  Epilepsy   is the most common neurological disease of childhood and adolescence 
and the second most common in adulthood after stroke. It is a chronic disease char-
acterized by recurrent seizures, which are caused by sudden, usually brief, exces-
sive electrical discharges in a group of neurons in the brain. The clinical manifestation 
of a seizure can vary from a brief lapse of attention or muscle jerks, to severe and 
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prolonged convulsions. Several mechanisms underlying the process that transforms 
the normal brain into one that generates spontaneous recurrent seizures are known 
[ 1 ,  2 ]. However, much remains unknown about the observed changes as cause or 
consequence of epilepsy, and how they mutually interact. Identifying the involved 
pathways and the molecular mechanisms coordinating gene expression is crucial to 
a better understanding of the pathogenic process and to develop new treatment 
approaches. 

 Seizures in a majority of patients can be successfully prevented with antiepilep-
tic drugs (AED) but nearly one-third of patients are resistant to currently available 
therapies. Novel treatments are urgently needed for this patient group. In addition, 
we need anti-epileptogenic treatments that can prevent epilepsy developing in at- 
risk patients, for example, following insults to the brain that lead to epilepsy (e.g., 
traumatic brain injury). Or a treatment which modifi es the disease’s natural course, 
slowing progression and alleviating symptoms rather than acting simply to suppress 
seizures as do conventional AEDs. 

  microRNAs (miRNA)   are an endogenous class of small noncoding RNAs that 
play an important role in multiple biological processes via posttranscriptional con-
trol of gene expression. They mainly function to reduce protein levels in cells 
through sequence-specifi c binding to target mRNAs, leading to transcript degrada-
tion or translational repression. The brain has an abundant and diverse contingent of 
miRNAs, which are crucial for normal development, and establishment and mainte-
nance of cell phenotype. Acute and chronic nervous system diseases, including epi-
lepsy, are associated with mis-regulation of key components of the miRNA 
biogenesis pathway and altered expression of miRNA. The fi rst reports on epilepsy 
and miRNA appeared in 2010, followed by large-scale miRNA profi ling studies 
characterizing the alterations in miRNA expression in experimental and human epi-
lepsy. More recently, functional studies in rodents have shown single miRNAs can 
exert powerful effects on brain excitability, seizures, and epilepsy. 

 The present chapter provides an overview on epilepsy followed by a focus on the 
main discoveries on miRNA biogenesis and expression in experimental and human 
epilepsy. Thereafter, functional studies of epilepsy-related miRNAs will be 
described focusing on those with proven effects in promoting epilepsy and candi-
date drug and/or targets for prevention or modifi cation of the disease.  

    Epilepsy 

   Epilepsy   is a brain disease characterized by an enduring predisposition to generate 
seizures, and by neurological, cognitive, and psychological consequences inherent 
of this condition [ 3 ,  4 ]. It is estimated that around 65 million people worldwide have 
epilepsy [ 5 ]. Seizures are the hallmarks of epilepsy, and have been defi ned by the 
International League Against Epilepsy (ILAE) as “ a transient occurrence of signs 
and/or symptoms due to abnormal excessive or synchronous neuronal activity in the 
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brain ” [ 6 ]. Seizures are believed to result from an imbalance between excitatory 
and inhibitory neurotransmission. It may be focally limited to an area or cerebral 
hemisphere (focal epileptic seizures) or appear bilaterally (generalized epileptic sei-
zures) [ 4 ]. Clinically, focal seizures present features such as discrete motor move-
ments, automatisms, altered awareness, and responsiveness. Generalized seizures 
are related with tonic-clonic, atonic, myoclonic and absence seizures, as well as loss 
of consciousness [ 3 ]. 

 Most seizures last only a few minutes or less, terminating due to endogenous 
anticonvulsant mechanisms in the brain (which are themselves poorly understood). 
  Status epilepticus  (SE)   is a life-threatening, neurologic emergency previously 
defi ned as “ seizure that persists for a suffi cient length of time or is repeated fre-
quently enough that recovery between attacks does not occur ” [ 7 ]. It has been shown 
that seizures that do not spontaneously terminate within 5–10 min are unlikely to 
end without pharmacological intervention [ 8 ,  9 ]. Therefore, SE has been clinically 
defi ned as a seizure longer than 5 min or more than one seizure within a 5 min 
period without recovery of consciousness [ 10 ]. If seizures persist for 30 min or 
more this can produce irreversible brain injury [ 11 ]. 

 Epilepsies are often classifi ed according to their causes as: (1) genetic, where 
genetic factors have a major causal role in the disease (with Mendelian or complex 
patterns of inheritance or the result of de novo mutations); (2) structural or meta-
bolic, where acquired epilepsy is the result of changes in neuronal network excit-
ability that follow an initial precipitating insult to the brain (i.e., traumatic brain 
injury (TBI), stroke, tumor, developmental malformations, febrile seizures); and (3) 
unknown or idiopathic, where no cause has been identifi ed [ 12 ,  13 ].  

    Epidemiology 

 The incidence of  epilepsy   shows signifi cant differences between developing com-
pared with developed countries. This is due to the high levels of parasitic infections, 
untreated childhood epilepsy, and problems during childbirth [ 14 ]. In Africa and 
South America the highest incidence of epilepsy is in young adults [ 4 ]. In developed 
countries, epilepsy is more common in children (congenital) and the elderly (associ-
ated with chronic conditions, such as tumors and Alzheimer’s disease) [ 15 ]. 

 There does not appear to be a strong sex difference in the risk of epilepsy, 
although there is a lack of consistency among the majority of incidence studies. 
Generally, incidence of epilepsy or of unprovoked seizures is more prevalent in 
males than in females (50.7 vs. 46.2 per 100,000, respectively) [ 16 ,  17 ]. It has been 
reported that males are more predisposed to develop partial epilepsies [ 18 ,  19 ], and 
it is associated with the higher prevalence of lesional epilepsy in men than women 
[ 18 ]. In contrast, cryptogenic temporal lobe epilepsy (TLE) seems to be more preva-
lent in females [ 18 ,  19 ]. Recent reviews suggest these differences only exist in some 
forms of epilepsy [ 20 ], and are not prominent.  
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    Diagnosis 

  Epilepsy   is not always easily diagnosed. An accurate diagnosis requires a clear dif-
ferentiation between seizures and other factors that may alter consciousness, and 
discrimination between spontaneous unprovoked seizures from provoked seizures. 
It is necessary to classify seizure type and epilepsy syndrome, determining etiology 
where possible, age of onset of seizure, EEG patterns and brain imaging profi les, 
and associated behavior. Prognosis can vary widely from benign syndromes which 
resolve in later childhood to life-threatening epileptic encephalopathies. While a 
delay in the diagnosis of authentic epilepsy seldom causes problems, a false-posi-
tive diagnosis may have serious implications for the patient [ 21 ]. Unfortunately, 
cases of misdiagnosis are common worldwide—around 20–30 % of patients. 
Aiming to reduce these rates, an ILAE Task Force formulated conceptual defi ni-
tions of “seizure” and “epilepsy” [ 6 ], which have been recently adapted into a global 
concept and translated into practical defi nitions [ 3 ]. It has been proposed that epi-
lepsy is a brain disease defi ned by any of the following conditions: “(1)  At least two 
unprovoked seizures occurring more than 24 h apart;  (2)  one unprovoked seizure 
and a probability of further seizures similar to the general recurrence risk (at least 
60 %) after two unprovoked seizures, occurring over the next 10 years;  (3)  diagno-
sis of an epilepsy syndrome .” Epilepsy might be considered resolved (but not neces-
sarily cured) for patients who either had an age-dependent epilepsy syndrome but 
are now past the applicable age, or who have remained seizure- and medication-free 
for the last 10 and 5 years, respectively [ 3 ]. An epilepsy diagnosis does not obliga-
torily require treatment. Conversely, the decision for treatment may be prophylactic 
considering predisposition for more seizures.  

    Treatment 

  Phenobarbital was introduced  in   1912 as the fi rst modern antiseizure medication 
followed by phenytoin. Second generation treatments included carbamazepine, 
acetazolamide, and sodium valproate and were introduced between 1950s and 
1960s. A further surge in new AEDs, the so-called third generation, appeared in the 
1990s. These included vigabatrin, lamotrigine, topiramate, levetiracetam, oxcar-
bazepine, zonisamide, gabapentin, pregabalin, and lacosamide. 

 Generally, around 70 % of patients with epilepsy achieve seizure freedom with 
the fi rst prescribed antiseizure medication. Choice of fi rst-line drug takes into 
account factors such as seizure types and syndrome (focal vs. generalized), age and 
sex (childbearing age, pregnancy, breast-feeding), and drug interactions (i.e., 
patients with learning disability or under other medications). The majority of AEDs 
share one or more mechanism of action in common. These are enhancing inhibitory 
(γ-amino butyric acid; GABA) transmission, suppressing excitatory signaling, or 
blocking voltage-dependent ion channels. However, AEDs with other mechanisms 
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of action are known, including levetiracetam which targets part of the synaptic ves-
icle release machinery [ 22 ]. Perampanel, which acts as a selective noncompetitive 
antagonist of AMPA receptors, is the most recently licensed adjunctive drug [ 23 ]. 

 For the remaining ~30 % of patients who are refractory to the currently available 
drug treatments (one or more drugs) [ 24 ] some may be suitable for non- 
pharmacological treatments, such as surgical resection and vagus nerve stimulation 
(VNS). Unfortunately, surgical removal of the epileptic focus is only suitable for a 
minority of the patients. The effi cacy of brain stimulation is also suboptimal. VNS 
was mainly developed as a palliative treatment for those patients, and only 5 % of 
the patients achieve seizure freedom [ 25 ].    

    Experimental Models of Epilepsy 

   For complete reviews on  experimental   models of epilepsy the reader is referred 
elsewhere [ 26 – 29 ]. Animal models of epilepsy and status epilepticus have been 
enormously helpful to understand neuronal mechanisms of normal and abnormal 
brain function [ 30 ], explore new diagnostic approaches, or to test new therapeutic 
targets. There is a wide range of different experimental models available (in vitro 
and in vivo) with selection based on the particular questions being asked. Summarily, 
animal models can be divided in: (1) acute seizure models—in which an acute ictal 
activity is provoked by an insult (i.e., chemical or electrical), allowing researchers 
to investigate the fundamental basis of ictal discharges, effects of seizures on the 
brain, and seizure termination; (2) chronic epilepsy models—which mimic epilepsy 
(mainly TLE), and are relevant to study interictal activity and potential mechanisms 
(i.e., excitotoxicity and synaptic reorganization, etc.). In this section, we will briefl y 
present some of the most widely used models.   

    Kainic Acid 

  Kainic acid (KA)   is a neurotoxin [ 31 ] and structural analogue of glutamate, which 
preferentially  binds   and activates the KA subtype of ionotropic glutamate receptor 
[ 32 ]. These receptors are abundantly present in the hippocampus (mainly in the 
CA3 region), amygdala, perirhinal, and entorhinal cortex [ 33 ]. Systemic adminis-
tration of KA leads to synchronous fi ring of neurons within the limbic system that 
typically develops into status epilepticus. Intrahippocampal [ 34 ] and intra-amyg-
dala [ 35 ] delivery are also common approaches to trigger seizures which avoids 
exposure of the whole brain to the toxin and produces more restricted lesions within 
the hippocampus. KA models are considered an important tool to study complex 
partial seizures with secondary generalization [ 4 ,  36 ] as well as model epileptogen-
esis [ 37 ,  38 ]. The prolonged seizures typically produce hippocampal pathology with 
similarities to that seen in patients with mesial temporal sclerosis, including loss of 
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excitatory and inhibitory neurons and gliosis. Among limitations of this model is the 
sometimes poor correlation between motor and electroencephalographic (EEG) 
activity, and the inter-strain variability in seizure and histopathological responses 
[ 39 ,  40 ].  

    Pilocarpine 

    Pilocarpine   is a cholinergic muscarinic agonist that is usually delivered by systemic 
injection into rodents.  Pilocarpine   elicits seizures through metabotropic acetylcho-
line receptors, which are expressed in the hippocampus, striatum, and cortex [ 41 ]. 
However, research suggests that pilocarpine fi rst causes a local infl ammation pro-
cess and consequent blood–brain barrier (BBB) disruption, which contributes to the 
CNS hyperexcitability [ 42 – 44 ]. Seizures induced by pilocarpine have limbic fea-
tures including facial automatisms and tonic-clonic components which become 
long-lasting and develop into SE. Pilocarpine-induced SE typically produces dam-
age to the CA1 and hilar region of the hippocampus but also extensive extra-hippo-
campal pathology and often high mortality [ 40 ].    

    Pentylenetetrazole 

  Pentylenetetrazole (PTZ)   is a GABAergic antagonist which induces short-lasting 
seizures by binding to  the   benzodiazepine and picrotoxin sites of the GABA A  recep-
tor and blocking endogenous inhibitory control in the brain. The drug is given in one 
or more systemic injections, and elicits stereotypical behaviors (freezing, myoclonic 
twitches, clonic seizures, and tonic-clonic generalized seizures) and corresponding 
EEG patterns (i.e., epileptiform spiking). The PTZ model has been popular for 
screening putative AEDs but is also suitable for studies of the effects of single sei-
zures on the brain. Other GABA A  antagonists (e.g., bicuculline and picrotoxin) are 
also used occasionally to produce seizures, working via the same mechanism [ 40 ].  

    Kindling 

  Kindling   refers   to models in which a progressive and permanent reduction of seizure 
threshold is generated in response to intermittent and repeated subconvulsant stim-
uli (electrical or chemical) [ 27 ,  45 ,  46 ]. Kindling initially models focal partial sei-
zures; however, with the reduction of seizure threshold precipitates the spread of 
seizures to produce a model of complex partial seizures with secondary generaliza-
tion [ 27 ,  47 ]. Kindling has been successful at identifying mechanisms of epilepto-
genesis and also for screening AEDs. It has been reported that spontaneous seizures 
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can result from the repeated stimulation, but studies have shown confl icting fi nd-
ings and its applicability to human epilepsy is controversial [ 48 ].   

    Mechanisms Underlying Epilepsy 

    Genetic Mutations 

 Genetic factors have a major causal role in epilepsy with a number identifi ed which 
have Mendelian (familial) inheritance patterns.  Albeit   pure epilepsy syndromes are 
rare, the study of these mutations has provided great insights into molecular mecha-
nisms of epilepsy [ 49 ,  50 ]. Most familial cases involve mutations in genes encoding 
ion channels and neurotransmitter receptors. This fi ts with our current thinking that 
seizures arise due to an imbalance between excitatory and inhibitory pathways. This 
does not explain, of course, why seizures are sporadic despite a permanent genetic 
mutation. An autosomal dominant mutation in the KCNQ2/3 genes is an example of 
benign familial neonatal epilepsy. Hyperexcitability is increased because of reduced 
potassium effl ux during plasma membrane repolarization [ 49 ,  51 ].  Epileptic 
encephalopathies   are a devastating group of severe childhood epilepsy disorders for 
which the cause is often unknown. De novo mutations are those present in an 
affected child only and include epileptic encephalopathies such as Lennox-Gastaut 
and Dravet syndromes. The majority of Dravet syndrome cases (which are consid-
ered an intractable and uncontrollable epilepsy) result from mutations of the  SCN1A  
gene which encodes a voltage-gated sodium channel [ 52 ]. Nevertheless, mutations 
have been discovered in genes without obvious links to excitability including topoi-
somerase II ( TOP2 ), which is involved in DNA stress and repair [ 53 ], and  ALG13  
which encodes an enzyme involved in  N -linked glycosylation [ 52 ]. Interestingly, a 
number of diseases in which epilepsy is a common comorbidity result from muta-
tions in genes closely related with miRNA function. For example, Fragile-X syn-
drome, a disease which results in epilepsy in about 15 % of the cases, is a result of 
mutations in the  FMR1  gene, the product of which interacts with proteins involved 
in miRNA biogenesis and function [ 54 ]. Likewise, deletions of 22q11.2 which 
includes  DCGR8  (DiGeorge syndrome critical region 8; a microprocessor complex 
subunit required for miRNA processing) is directly associated with seizures and 
childhood epilepsy [ 55 ,  56 ].  

    Acquired Epilepsy 

   Changes in  neuronal   network excitability may be a consequence of an  initial   pre-
cipitating insult to the brain. Traumatic brain injury, infection, stroke, tumors, and 
prolonged febrile seizures are leading causes of acquired epilepsy. TLE is often 
attributed to an earlier brain insult and is one of the most common forms of epilepsy 
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in humans. This type of epilepsy is generally accompanied by hippocampal sclero-
sis, which is histopathologically marked by neuronal cell loss, gliosis, and synaptic 
reorganization [ 57 ,  58 ]. These changes are thought to be important in the pathogen-
esis and maintenance of the epileptic state. Here we summarize current concepts on 
how cell and molecular changes may promote epileptogenesis.    

    Neuronal Cell Loss 

  Neuronal cell death   is a common feature in mesial TLE patients’ hippocampi [ 59 ]. 
It is  commonly   associated with each stage of the epileptogenesis process [ 60 ], par-
ticularly when the trigger is a traumatic [ 61 ] or other brain insult (e.g., SE). Although 
select cell death is thought to promote epilepsy, some studies have failed to observe 
an antiepileptogenic effect of neuroprotection [ 62 ,  63 ]. Loss of cells may promote 
epilepsy by creating an imbalance between excitatory and inhibitory inhibition [ 64 ] 
or by provoking reactive gliosis and infl ammation [ 2 ]. In line with this view, sei-
zure-mediated neuronal loss is not essential to generate infl ammation, but proin-
fl ammatory cytokine release can contribute to cell loss; thus, dying cells may 
maintain infl ammation [ 2 ,  65 ]. Additionally, apoptosis-related signaling pathways 
are prominently activated in experimental and human TLE supporting a role of cell 
death in epileptogenesis [ 66 ,  67 ].  

    Neuroinfl ammation: Microglia and Astrocyte Activation 

   There is strong evidence to  support   the involvement of infl ammatory processes in 
the  pathogenesis   of seizures and epileptogenesis [ 2 ,  68 ,  69 ], regardless of an 
immune-mediated or infectious cause [ 65 ]. Expression of genes associated with 
infl ammatory and immune pathways are markedly upregulated in human and exper-
imental TLE [ 70 ]. This includes cytokines such as interleukin (IL)-1β, tumor necro-
sis factor (TNF)-α, and IL-6, which are rapidly induced in locally activated 
astrocytes and microglia [ 2 ].  Microglia   are the resident immune cells in the CNS 
and these cells become activated after brain injury or immunological stimuli [ 71 ]. 
Microglia activation has been frequently found in resected brain tissue from patients 
with epilepsy [ 68 ,  72 ] and after experimental SE in rodents [ 73 ,  74 ]. Microglial 
activation and the consequent neuroinfl ammation are also linked to the progression 
of neurodegeneration [ 75 ]. The microglial infl ammatory response has also been 
suggested to promote BBB damage, which further promotes seizures by disrupting 
ionic balances, neurotransmitters, and cell metabolism [ 76 ]. 

  Astrocytes   are highly abundant cells in the brain and are co-responsible for CNS 
homeostasis, exerting functions such as structural support, ionic balance and BBB 
maintenance, and clearance of neurotransmitters. Human and experimental TLE is 
invariably associated with astrocytosis within the seizure focus, which is thought to 
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promote ionic and neurotransmitter imbalances and consequent enhancement of 
seizure susceptibility [ 77 ]. Other pro-infl ammatory molecules released by glia 
include complement factors [ 78 ], products of cyclooxygenase (COX)-2 pathway 
[ 68 ,  79 ,  80 ], and damage-activated molecular patterns (DAMPS/danger signals) 
such as high mobility group box 1 (HMGB1) [ 81 ]. Seizure-induced brain infl amma-
tion can persist for days after seizure termination [ 2 ,  65 ] leading to transcriptional 
events which may contribute to long-lasting decreases in seizure threshold and fur-
ther promoting neuroinfl ammation [ 2 ,  65 ]. 

 Neuroinfl ammation is not invariably bad for the brain. The brain uses the infl am-
mation process to protect cells by ensuring rapid resolution of tissue damage after 
injury. For instance, a neuroprotective infl ammatory response is generated by puri-
nergic receptor signaling after TBI [ 82 ]. Also, stress-hormone-dependent mecha-
nisms trigger an amplifi cation of Th2 and a suppression of Th1 immune responses 
in the brain, which increases the production of anti-infl ammatory cytokines such as 
IL-10 [ 68 ].    

    BBB Disruption 

 Experimental models and human studies have linked damage and leakage of the 
 BBB   to seizure development [ 44 ,  83 – 85 ]. Also, it has  been   shown that the occur-
rence of seizures and neuroinfl ammation directly enhance BBB permeability. 
Summarily, some mechanisms have been proposed to directly link hyperexcitability 
and epileptic focus to BBB disruption: (1) Astrocyte activation due to blood-derived 
protein extravasation to the CNS [ 86 ,  87 ]; (2) Infl ammation and enhancement of 
leukocyte adhesion proteins [ 2 ,  42 – 44 ]; (3) Epileptic activity itself that upregulates 
the endothelial effl ux transporter P-glycoprotein, which is an essential BBB gate-
keeper [ 78 ,  88 ].  

    Neuronal Plasticity 

 The brain is capable of profound  structural   changes in response to insults. Structural 
modifi cations involving  dendritic   and axonal reorganization have been reported in 
hippocampi of experimental and human epileptic tissue (reviewed by [ 77 ]).  Mossy 
fi ber sprouting (MFS)  —the growth of new axon collaterals from granule cells of the 
dentate gyrus—is a feature observed in tissue from epilepsy patients and experi-
mental models [ 89 – 91 ]. There is also signifi cant evidence of dendritic structural 
changes in human and rodents hippocampus. In vivo imaging shows both short- and 
long-term changes to dendritic spines following seizures and this may modulate 
excitability by adding, adjusting the strength, or removing synaptic contacts [ 96 , 
 97 ]. However, although this structural reorganization seems to be common, it is not 
agreed how important it is for aberrant neuronal networks [ 92 ,  93 ], and remains a 
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point of some controversy [ 94 ,  95 ]. Recently, experiments using rapamycin showed 
this blocked MFS but did not stop epileptogenesis in TLE [ 95 ]. It remains unde-
cided whether MFS promotes or inhibits the occurrence of spontaneous seizures.   

    microRNAs and CNS 

    microRNA Biogenesis and Mechanisms of Action 

   microRNA (miRNA) is a class of small (~22 nucleotides) non-protein-coding RNA 
molecules that regulate gene expression either by promoting  mRNA   degradation or 
 by   attenuating protein translation at the posttranscriptional level [ 96 ]. Briefl y, miR-
NAs are initially transcribed as primary transcripts (pri-miRNA) by polymerase II 
(Pol II), processed to pre-miRNA and fi nally to mature miRNA by the actions of 
Drosha and Dicer, respectively. The functional strand of the mature miRNA is 
uploaded into the  RNA-induced silencing complex (RISC)   which contains the pro-
tein Argonaute 2 (Ago-2). The RISC-loaded miRNA is then guided to silence a 
target mRNA through mRNA degradation or translational inhibition. It is estimated 
that a third or more mRNAs are regulated by miRNA, particular those with long 
3′UTRs (see Chap.   2     of the volume “microRNA: Basic Science” for a detailed 
discussion of miRNA machinery). A given miRNA can have several binding sites 
to the same mRNA and a single mRNA may be targeted by multiple miRNAs, 
thereby producing stronger effects [ 97 ]. In line with this view, a single miRNA is 
able to regulate the expression of possibly hundreds of genes, thereby exerting 
important effects on cellular functions [ 98 ]. 

 Around 50 % of all identifi ed miRNAs are expressed in the mammalian brain 
[ 99 ,  100 ]. Individual miRNAs display specifi c cell type and brain region distribu-
tion which contributes to their important roles in brain development and function 
[ 101 – 103 ]. In the brain, miRNAs and their biogenesis components are selectively 
localized within dendrites in addition to the cell soma in neurons. This allows local 
and activity-dependent miRNA production and regulation of protein levels at indi-
vidual synapses [ 102 ,  104 ]. The importance of miRNA in brain development and 
function is exemplifi ed by studies of mice with constitutive or conditional deletion 
of Drosha or Dicer [ 105 – 109 ]. Deletion of DGCR8 produces a reduction in brain 
size and loss of inhibitory synaptic neurotransmission [ 107 ,  110 ]. Ago-2 defi ciency 
in mice results in death during early embryogenesis or mid-gestation [ 111 ]. Selective 
Dicer ablation in the CNS at later embryonic stages strongly impairs migration of 
late-born neurons in the cortex and oligodendrocyte precursor expansion and dif-
ferentiation in the spinal cord [ 112 ]. 

 miRNA biogenesis components have been found to be altered in experimental 
and human epilepsy. Whereas Drosha levels were normal in resected hippocampus 
from TLE patients [ 113 ] and mouse hippocampus soon after SE [ 113 ,  114 ], Dicer 
levels were decreased in some sclerotic hippocampi from experimental and human 
TLE [ 113 ]. Supporting the loss of Dicer as pathogenic, mice lacking Dicer have 
been found to develop seizures and neurodegeneration [ 108 ]. The mechanism which 
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explains the lower Dicer levels in certain TLE hippocampi is unknown but Dicer is 
a caspase-3 substrate [ 115 ], and caspase-3 is activated in sclerotic hippocampi from 
TLE patients [ 116 ]. Ago-2 protein levels were found to be higher in hippocampus 
and neocortex of TLE patients [ 113 ], although were not altered after SE or TLE in 
mice [ 113 ,  114 ,  117 ]. Therefore, alterations in one or more components of the 
miRNA biogenesis pathway may directly contribute to epileptogenesis or estab-
lished epilepsy.    

    miRNAs Regulate Key Processes in Epilepsy 

   The ability of individual  miRNAs   to have several targets within the same cell, and 
thus potentially exert effects on multiple pathways, make them attractive to interrupt 
or  modify   epilepsy [ 118 ]. Indeed, preclinical tests of compounds targeting single 
protein-coding genes have largely failed to disrupt the epileptogenesis process 
[ 119 ]. It has been shown that certain miRNAs (e.g., miR-132) control several 
epileptogenesis- related processes, such as cell death and neuroinfl ammation [ 120 , 
 121 ]. Analysis of gene expression in mice lacking miR-128 revealed alterations to 
over 100 protein-coding genes including multiple channels and signaling compo-
nents within the ERK2 signaling network [ 122 ]. Recent work has shown that miR- 
92a regulates AMPA receptor expression [ 123 ], and miR-128, miR-132, and 
miR-134 are implicated in the regulation of dendritic spines, the major contact 
points for excitatory communication in the CNS [ 124 ]. miR-21 and miR-146a target 
infl ammatory components within innate and adaptive immune responses [ 125 ,  126 ]. 
miR-21 upregulation is induced by infl ammatory insults, and several infl ammatory 
targets (i.e., interleukins) were identifi ed [ 129 ]. miR-146a was the fi rst infl ammation- 
associated miRNA linked to epilepsy [ 126 ]. It is the most consistently upregulated 
miRNA in epilepsy studies, with enhanced hippocampal levels after SE (experimen-
tally) and in resected hippocampus from intractable TLE patients [ 126 – 129 ]. The 
mechanism that induces miR-146a level increases is possibly driven by IL-1β and 
infl ammation-associated transcription factors including nuclear factor kappa B 
[ 129 ,  130 ] (see dedicated chapter n. XX in the volume 1).    

    miRNA Profi ling in Status Epilepticus and Epilepsy 

  Gene expression profi ling has been a powerful tool to capture the altered molecular 
environment of the epileptic brain [ 119 ].  Profi ling   studies have investigated relevant 
pathways linked to the process of epileptogenesis and epilepsy and many are pre-
dicted to be under miRNA control [ 2 ,  119 ,  131 ]. The majority of experimental data 
come from studies which profi led miRNA responses in rodent hippocampus shortly 
after SE [ 114 ,  132 – 135 ]. Combined, studies to date have found altered expression 
levels of over 100 miRNAs after SE. This number is likely to increase as 

4 microRNA and Epilepsy



52

genome- wide and RNAseq studies allow more complete coverage of the miR-
NAome. The large numbers indicate that perhaps 30–50 % of all miRNAs are 
altered in the epileptic brain. These studies also reveal brain-region specifi c tempo-
ral changes to miRNA expression in the wake of SE (Table  4.1 ). That is, unique as 
well as overlapping miRNA expression responses are found within subfi elds of the 
hippocampus after SE and in chronic epilepsy [ 133 ]. It must be remembered, how-
ever, that all miRNA profi ling studies to date have used a tissue “pool” of cells so it 
is diffi cult to know whether the miRNAs are really functional (uploaded to the 
RISC) or active in specifi c cells types [ 121 ]. Moreover, few studies have paired 
miRNA profi ling with analysis of mRNA from the same tissue. Regardless, a subset 
of miRNAs with changed expression after SE in at least two profi ling studies have 
emerged. This list includes miRNAs -21, -30c, 125b, -132, -146a, -199a, and -375 
among those upregulated and miRNAs -10b, -29a, -98, -181b,c, -374, -381, -450a, 
and -497 downregulated. Several appear in multiple studies including miR-132 and 
miR-146a which are consistently upregulated across models [ 114 ,  132 ,  133 ,  135 ]. 
In some cases, however, miRNAs have displayed bidirectional responses. For 
example, miR-21 has been reported to have protective effects against brain injury 
[ 136 ] was found down- [ 135 ] and upregulated [ 114 ].

   In addition to expression profi ling work, a number of studies focused on changes 
to individual miRNAs after SE. These include miRNAs -9, -34a, -125a, -134, -145, 
-150, and -155 [ 137 – 141 ]. In these cases, expression was invariably examined using 
real time quantitative PCR and Taqman-type assays. The insights from such studies 
remain rather limited in the absence of evidence of their upload to the RISC or bind-
ing to target mRNAs. 

 A number of studies have profi led miRNA changes in experimental epilepsy and 
a subset of miRNAs have been repeatedly found to be altered. Levels of miR-146a, 
which are consistently increased at later time points after SE [ 126 ,  127 ,  133 ,  137 ], 
was also reported to be upregulated in the hippocampus of epileptic rats [ 126 ]. Song 
and collaborators [ 142 ] reported that 18 miRNAs were upregulated and 5 miRNAs 
were downregulated in rat hippocampus 2 months after pilocarpine-induced SE. This 
is a consistent pattern, with upregulation of miRNAs being more common than 
downregulation in experimental epilepsy [ 132 ]. Others have found miR-146a 
increased in epilepsy [ 132 ,  138 ], and other miRNAs upregulated acutely after SE 
such as miR-132 and miR-134, remain elevated in established epilepsy [ 142 ]. 
 miR- 21 again features among the upregulated list in epilepsy [ 132 ] and has also been 
reported to be increased in models of prolonged seizures in immature rats [ 139 ]. 

 A majority of expression profi ling studies have used PCR- and microarray-based 
platforms to profi le miRNA responses but a recent study used RNA sequencing. 
Unexpectedly, this resulted in rather few signifi cantly differentially expressed miR-
NAs being detected in the hippocampus of epileptic rats (Increased: miR-455-3p, 
miR-345-3p, miR-423-3p, miR-54, miR-365-5p; Decreased: miR-296-5p) [ 143 ]. It 
is likely that small group sizes and low statistical power are responsible for the lim-
ited detection of differentially expressed miRNA in this study which should be care-
fully factored in any future RNAseq work. 
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     Table 4.1    miRNA expression analyses in experimental and human epilepsy   

 Species  Model/age 
 Tissue/brain 
region  Platform  Profi led  Key fi ndings  Ref. 

 Rat  Electrical 
stimulation 
of the 
angular 
bundle 
(adult) 

 Hippocampus 
(CA3) 

 Taqman 
assay 

 miR- 
146a 

 Upregulated  [ 126 ] 
 Neuronal and 
glial expression 

 Rat  Pilocarpine- 
induced 
status 
epilepticus 
(adult) 

 Hippocampus 
(whole) 

 μParafl o™ 
microfl uidic 
chip 

 349 
miRNAs 

 23 regulated: 18 
up, 5 down 

 [ 142 ] 

 Increased 
miR-132, -134, 
-146a 

 Rat  Pilocarpine- 
induced 
status 
epilepticus 
(adult) 

 Hippocampus 
(whole) 

 Exiqon and 
Taqman 
arrays 

 miR-21  Upregulated  [ 151 ] 
 Neurotrophin 3 
identifi ed as a 
target 

 Mouse  Intra- 
amygdala 
kainic 
acid- 
induced 
status 
epilepticus 
(adult) 

 Hippocampus 
(CA1, CA3) 

 Taqman 
assays 

 miR- 134  Upregulated  [ 152 ] 

 Rat  Pilocarpine- 
induced 
status 
epilepticus 
in immature 
(P11/12) 
rats 

 Hippocampus 
(whole) 

 Invitrogen 
miRNA 
assay 

 miR- 
146a 

 Upregulated  [ 127 ] 

 Rat  Pilocarpine- 
induced 
status 
epilepticus 
(adult) 

 Hippocampus 
(whole) 

 Agilent 
array 

 >350 
miRNA 

 24 (9 
upregulated, 15 
downregulated). 
Upregulated 
included 
miR-34a and 
miR-146a 

 [ 137 ] 

 Rat  Pilocarpine- 
induced 
status 
epilepticus 
(adult) 

 Hippocampus 
(whole) 

 Exiqon 
arrays 

 Genome-
wide 

 36 regulated  [ 132 ] 
 33 increased 
 3 decreased 
 Upregulated 
miR-146a 

(continued)
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Table 4.1 (continued)

 Species  Model/age 
 Tissue/brain 
region  Platform  Profi led  Key fi ndings  Ref. 

 Rat  Pilocarpine- 
induced 
status 
epilepticus 
(P25) 

 Hippocampus 
(whole) 

 Invitrogen 
miRNA 
assay 

 miR-21, 
miR- 
124, 
miR- 132, 
miR- 134 

 Upregulated  [ 139 ] 

 Rat  Pilocarpine- 
induced 
status 
epilepticus 
(P25) 

 Hippocampus 
(whole) 

 Takara 
miRNA 
assay 

 miR- 155  Upregulated  [ 140 ] 

 Rat  Electrical 
stimulation 
of the 
amygdala 

 Hippocampus 
(dentate gyrus) 

 Exiqon 
arrays 

 Genome-
wide 

 At the 30 day 
time point, 11 
upregulated and 
9 
downregulated 

 [ 153 ] 

 Upregulated 
miR-132 and 
-146a 

 Rat  Electrical 
stimulation 
of the 
angular 
bundle 

 Hippocampus 
(isolated 
subfi elds and 
parahippocampal 
gyrus) 

 Exiqon 
arrays 

 Genome-
wide 

 CA1: 5 
upregulated 

 [ 133 ] 

 DG: 37 
upregulated, 5 
downregulated 
 PHC: 22 
upregulated, 7 
downregulated 
 Upregulated 
miR-21, -132, 
-146a 

 Rat  Electrical 
stimulation 
of the 
amygdala 

 Hippocampus 
(whole) 

 qRT-PCR 
after 
initially 
profi ling 
post-status 
epilepticus 
by RNAseq 
(Illumina) 

 Genome-
wide 

 5 upregulated 
(miR-874-3p, 
-20a-5p, 
-345-3p, 
-365-5p, 
-764-3p) and 1 
downregulated 
(miR-99b-3p) 

 [ 154 ] 

 Mouse  Pilocarpine- 
induced 
status 
epilepticus 
(adult) 

 Whole brain  Agilent 
arrays 

 Genome-
wide 

 31 miRNAs 
different in 
multi-drug 
resistant mice 
versus 21 
different in 
anti-epileptic 
drug responders 

 [ 155 ] 

(continued)
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Table 4.1 (continued)

 Species  Model/age 
 Tissue/brain 
region  Platform  Profi led  Key fi ndings  Ref. 

 Rat  Pilocarpine- 
induced 
status 
epilepticus 
(adult) 

 Frontal cortex  Affymetrix  389 
miRNAs 

 6 regulated  [ 156 ] 
 3 upregulated 
 3 downregulated 
 Upregulation of 
miR-146a 

 Rat  Electrical 
stimulation 
of the 
amygdala 

 Hippocampus 
(whole) 

 RNAseq 
(Illumina 
platform) 

 Genome-
wide 

 25 differentially 
expressed 

  [ 157 ]  

 14 upregulated 
 11 downregulated 

 Rat  Pilocarpine- 
induced 
status 
epilepticus 

 Hippocampus 
(whole) 

 Taqman 
assays 

 miR- 
146a 

 Upregulated  [ 128 ] 

 Mouse  Pilocarpine- 
induced 
status 
epilepticus 
and 
electrical 
stimulation 
of the 
amygdala 

 Hippocampus 
(whole) 

 Exiqon 
array 

 Genome-
wide 

 Pilocarpine 
model: 22 
upregulated, 29 
downregulated 

 [ 158 ] 

 Electrical 
stimulation 
model: 41 
upregulated, 16 
downregulated 

 Rat  Kainic 
acid- 
induced 
status 
epilepticus 

 Hippocampus 
(whole) 

 Exiqon 
miRNA 
q-RT-PCR 

 miR- 
129- 5p 

 Increased  [ 159 ] 
 Targets Kv1.1 

 Human  Adults  Hippocampus 
( n  = 20 sclerotic 
and 
non-sclerotic) 

 Exiqon 
array 

 Genome-
wide 

 165 different to 
control. Unique 
miRNA in HS 
vs. non-HS 

 [ 144 ] 

 Unusual nuclear 
localization found 
for several 
miRNAs 

 Human  Adults  Hippocampus 
( n  = 3) 

 Taqman low 
density 
arrays 

 380 
miRNAs 

 Major 
downregulation 
of miRNA in 
samples with 
low Dicer 
expression 

 [ 113 ] 

 Human  Adults  Neocortex ( n  = 3)  Taqman 
assays 

 miR- 134  Higher 
expression 

 [ 152 ] 

(continued)
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Table 4.1 (continued)

 Species  Model/age 
 Tissue/brain 
region  Platform  Profi led  Key fi ndings  Ref. 

 Human  Children  Hippocampus 
( n  = 5) 

 Invitrogen 
miRNA 
assay 

 miR- 
146a 

 Higher 
expression 

 [ 127 ] 

 Human  Adults  Focal cortical 
dysplasia ( n  = 6) 

 Taqman 
assays 

 miR- 
146a 

 Higher 
expression 

 [ 129 ] 

 Human  Children  Hippocampus 
( n  = 5) 

 Invitrogen 
miRNA 
assay 

 miR-21, 
miR- 
124, 
miR- 132, 
miR- 134 

 Higher 
expression 

 [ 139 ] 

 Human  Children  Hippocampus 
( n  = 8) 

 Takara 
miRNA 
assay 

 miR- 155  Higher 
expression 

 [ 140 ] 

 Human  Children  Focal cortical 
dysplasia ( n  = 15) 

 Agilent 
miRNA 
array 

 Genome-
wide 

 10 regulated: 7 
upregulated 

 [ 145 ] 

 3 downregulated 
 Upregulated 
miR-21 and 
miR-155 

 Human  Adult  Temporal 
neocortex 
( n  = 30) 

 qRT-PCR  miR- 132  Downregulated  [ 160 ] 

 Human  Adult  Dentate gyrus 
(with and 
without granule 
cell dispersion) 
( n  = 14) 

 Agilent 
array 

 ~1200 
miRNAs 

 12 regulated  [ 146 ] 
 6 upregulated 
 6 downregulated 

 Human  Adult  Hippocampus 
( n  = 10) 

 Exiqon 
arrays 

 Genome-
wide 

 30 regulated  [ 161 ] 
 25 upregulated 
 5 downregulated 

 Human  Children  Cortex (tuberous 
sclerosis 
complex) ( n  = 5) 

 Agilent 
array 

 >900 
miRNAs 

 5 regulated  [ 162 ] 
 4 upregulated 
 1 downregulated 
 Upregulation of 
miR-34a 

 Human  Adult  Hippocampus 
( n  = 24) 

 qRT-PCR  miR- 
199a- 5p/
b-5p 

 Downregulated  [ 163 ] 

(continued)
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 miRNAs have also been profi led in resected human brain tissue from epileptic 
patients (Table  4.1 ). The fi rst study, by Kan and collaborators, analyzed 20 mesial 
TLE patients’ hippocampi (with and without sclerosis) and compared results to ten 
autopsy control tissue samples [ 144 ]. In this study, they reported similar numbers of 
up- and downregulated miRNAs with a total of 51 miRNAs differentially expressed 
by over twofold between epileptic and control groups. In contrast, the resected scle-
rotic human hippocampal samples analyzed by McKiernan and colleagues showed 
mainly downregulation of miRNAs. The collapse in miRNA production was attrib-
uted to the loss of Dicer in the tissue [ 113 ]. miRNA changes have also been reported 
in cortical dysplasia, another common cause of epilepsy [ 145 ]. Recently, 12 miR-
NAs were differentially expressed in sclerotic hippocampi samples from two groups 
of TLE patients with and without granule cell dispersion [ 146 ]. Among these miR-
NAs, miR-487a was highly expressed in an extended cohort of patients. ANTXR1, 
an adhesion molecule, was suggested as the possible target of miR-487a [ 146 ].   

    Molecular Mechanisms of miRNA Expression Control 
in Epilepsy 

   Almost nothing is known about what is driving the up- and downregulation of miR-
NAs in epilepsy. For some of the epilepsy-linked miRNAs such as miR-134,     tran-
scriptional   mechanisms are known. Mef2 is known to be activated by neuronal 
activity and drives miR-134 expression in neurons [ 147 ]. However, in a majority of 
cases we do not yet know what promotes or represses miRNA expression in epi-
lepsy. A recent study provided evidence that epigenetic mechanisms may be impor-
tant regulators of miRNA expression in epilepsy. Epigenetic processes include 

Table 4.1 (continued)

 Species  Model/age 
 Tissue/brain 
region  Platform  Profi led  Key fi ndings  Ref. 

 Human  Adult  Hippocampus 
( n  = 9) with and 
without 
hippocampal 
sclerosis 

 Taqman 
arrays 

 ~800 
miRNAs 

 18 regulated  [ 150 ] 
 12 differentially 
expressed in 
epilepsy 
regardless of 
pathology 
 6 unique to 
specifi c 
pathology 

   Key : Studies are listed in chronological order of original online publication date. Search performed 
on Feb 25th, 2015 using search terms “epilepsy” and “microRNA” identifi ed 85 studies. Table 
includes selected relevant experimental and human miRNA expression analyses. Notable miRNAs 
for which functional or other data are available are highlighted for some studies.  CA  cornu ammo-
nis,  DG  dentate gyrus,  PHC  parahippocampal gyrus  
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DNA methylation and histone modifi cations. Together these have powerful effects 
on the transcriptional state of chromatin, increasing or decreasing the degree of 
compaction and providing or restricting access to transcriptional machinery. Such 
epigenetic mechanisms are emerging as explanations of gene regulation in health 
and disease, including in epilepsy [ 148 ,  149 ]. 

 Miller-Delaney and collaborators performed the fi rst genome-wide analysis of 
DNA methylation in human epilepsy. The researchers found that 146 protein- coding 
genes exhibited altered DNA methylation in hippocampi of patients with TLE, with 
81.5 % of methylation differences being hypermethylation [ 150 ]. They also inves-
tigated expression of miRNA in the same samples and correlated the degree of 
methylation with the corresponding expression (transcript level) of the miRNA. This 
identifi ed a panel of 13 methylation-sensitive miRNA in the TLE samples whereby 
increased methylation was associated with lower expression of the miRNA. This 
included miR-27a, miR-193a-5p, and miR-876-3p. Differential methylation of long 
noncoding RNA in human TLE was also documented for the fi rst time [ 150 ]. 

 In summary, profi ling analysis of experimental and human SE and epilepsy 
shows a select group of miRNAs undergo expression changes (Table  4.1 ). miRNA 
upregulation is the predominant response in both SE and epilepsy possibly contrib-
uting to reducing protein levels in the damaged brain. These studies provide rather 
limited insight into what the targets of these miRNAs are and whether they have 
causal roles in the pathogenesis of the epileptic state. Fortunately, a number of 
groups have undertaken functional studies on epilepsy-regulated miRNAs, results 
from which demonstrate miRNAs have a causal role in the epileptogenic process 
and epilepsy.     

    miRNA and Epilepsy: An Overview About Functional Studies 

   Researchers have several  options   available to manipulate miRNAs in vivo  and   ver-
ify whether they are relevant for epilepsy. The techniques mainly involve the use of 
genetic and oligonucleotide-based targeting of the miRNA [ 164 ,  165 ].  Mimics  are 
used to increase miRNAs levels, while   antagomirs   , which bind to a specifi c miRNA 
inhibiting its function, can be used to decrease levels [ 165 ]. There are a number of 
transgenic and knockout mice available but these have not yet been studied in epi-
lepsy [ 164 ,  165 ]. 

 The fi rst miRNA for which functional studies were performed in a seizure model 
was miR-132. Expression of miR-132 is consistently reported as upregulated after 
SE and epilepsy and Ago-2 pull-downs after SE in mice confi rmed that miR-132 
was uploaded to the RISC [ 114 ]. It is thought that higher levels of miR-132 may 
promote excitability. Indeed, it has been reported that miR-132 enhances the fre-
quency and amplitude of excitatory currents in neurons [ 166 ], and increases den-
dritic length and branching by targeting p250GAP [ 167 ]. In vivo silencing of 
miR-132 through intracerebroventricular injection of  antagomirs  in mice was dem-
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onstrated to reduce hippocampal damage caused by intra-amygdala KA-induced SE 
[ 114 ]. In more recent work, miR-132 inhibition was reported to reduce spontaneous 
seizures in rats and this was associated with reduced neuronal death [ 168 ]. However, 
treatment was initiated before SE therefore it remains unclear whether the reduction 
in spontaneous seizures was due to a modifi cation of the initial insult or a truly 
disease-modifying effect on epilepsy. 

 The fi rst miRNA for which a role in apoptosis was demonstrated was miR-34a 
[ 169 ]. It has been shown that miR-34a expression is controlled by p53, which is 
upregulated and contributes to neuronal death induced by seizures [ 170 ,  171 ]. 
Increased expression of miR-34a has been found in several reports and two studies 
have explored effects  of   antagomirs targeting miR-34a in seizure models. In one 
study silencing miR-34a reduced hippocampal damage after SE, but another study 
failed to detect such an effect. This may refl ect model-specifi c contributions or other 
differences in the dosing or targeting of the miRNA [ 137 ,  141 ]. 

 There has also been a single functional study on miR-184. This miRNA was 
identifi ed as the most upregulated miRNA in the hippocampus after an episode of 
brief, non-harmful seizures, a model of epileptic preconditioning and a rich source 
of neuroprotective pathways [ 172 ]. McKiernan and colleagues showed that silenc-
ing miR-184 signifi cantly increased seizure-induced neuronal death in two animal 
models of SE. This suggests that miR-184 may function to protect against seizure 
damage in the mouse [ 172 ]. 

 A recent study revealed a strong link between miR-128 and convulsive behavior 
in mice. Mice with a conditional deletion of miR-128 were found to develop fatal 
epilepsy, which was fully prevented by treatment with an AED [ 122 ]. The mecha-
nism was linked to increased excitatory transmission and mice lacking miR-128 
displayed increased spine density. Complementing these fi ndings, overexpression 
of miR-128 was able to suppress seizures triggered by kainic acid and effects were 
linked to the targets of miR-128 in the ERK2 network [ 122 ]. 

 Another miRNA for which a comprehensive link to epilepsy has been demon-
strated is for miR-134 (Fig.  4.1 ) [ 152 ]. miR-134 is a brain-enriched miRNA over- 
expressed after SE and in experimental and human epilepsy [ 152 ,  173 ]. Silencing 
miR-134 via   antagomirs   strongly reduced intra-amygdala KA-induced seizures with 
long-lasting protection [ 152 ] (Fig.  4.1 ). Recently, these protective effects were rati-
fi ed using the pilocarpine model in mice [ 174 ]. In vitro antiseizure effects of target-
ing this miRNA have also been reported [ 175 ]. The mechanism of the antiseizure 
effect is uncertain but silencing miR-134 resulted in a slight decrease in hippocam-
pal dendritic spine number in vivo which may reduce excitability [ 173 ]. This may 
relate to the target Limk-1, silencing of which obviated the protective effect of miR- 
134 in vitro [ 173 ]. Most importantly, intracerebroventricular injection of antagomirs 
targeting miR-134 reduced the occurrence of spontaneous seizures after SE in mice. 
This offers direct evidence for potential disease-modifying, anti-epileptogenic 
effects of targeting a miRNA (Fig.  4.1 ). Altogether, these data suggest that miR-134 
may be a promising target to develop an antiepileptic therapy.  
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      miRNA as Biomarkers of Epilepsy 

  An additional application of  miRNAs   in epilepsy relates to their potential use as 
biomarkers. Biomarkers are important diagnostic tools that refl ect health or disease 
and which can be measured in a simple, ideally minimally invasive manner. There 
is a strong and urgent need for biomarkers of epilepsy. A biomarker or panel of 
biomarkers, found in  biofl uids   such as blood would allow doctors to identify at-risk 

  Fig. 4.1     Antagomir  silencing of miR-134. ( a ) Analysis of miR-134 expression in the mouse hip-
pocampus at various time points after a single intracerebroventricular injection of antagomirs tar-
geting miR-134 showing long-lasting silencing in mouse hippocampus. ( b ) Representative EEG 
spectrograms show that  antagomir  silencing of miR-134 reduces seizure severity during  status 
epilepticus . ( c ) Graphs show the number of generalized tonic clonic seizures each day for indi-
vidual mice during two periods of 5 days of continuous video monitoring (1 and 2 months after 
kainic acid-induced SE) for scramble (Scr)- and antagomir (Ant)-injected mice. Ant-134 after 
 status epilepticus  reduces the number of epileptic seizures and protects against progressive TLE 
pathology (adapted and modifi ed with permission from [ 152 ])       
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patients after insults to the brain, predict seizure occurrence in patients with existing 
epilepsy, support prognosis and optimize or support discovery of therapies. There is 
a growing application of miRNAs as disease biomarkers using biofl uid profi ling 
[ 176 ,  177 ]. Biofl uid miRNAs circulate in several forms, including enclosed in mic-
roparticles such as exosomes or complexed to Ago-2 and this seems to confer stabil-
ity and a high reliability of detection. miRNAs are also ideal biomarkers because of 
their tissue-specifi c expression and roles in normal physiology and disease. There is 
a strong association between circulating and tissue levels although the sources of 
circulating miRNAs are still not well understood. It has been suggested that under 
healthy conditions miRNAs might be released from cells into the circulatory sys-
tem. In disease or following injury, miRNAs derive from pathological processes 
within tissues [ 178 ,  179 ], for example, as by-products of necrotic or apoptotic cells 
[ 180 ]. There is also evidence that miRNAs are actively packaged and released in 
exosomes, functioning in a manner similar to hormones and cytokines in distant 
cell-to-cell communication [ 181 ]. 

 A number of studies have investigated miRNA expression in blood after SE [ 134 , 
 178 ], epileptogenesis, chronic epilepsy [ 178 ], stroke, intracerebral hemorrhage, and 
TBI [ 134 ,  179 ,  180 ]. They suggest there are unique miRNAs or groups of miRNAs 
which may refl ect specifi c injuries to the brain or different phases of the epilepto-
genic process. These fi ndings, whether validated in humans, might support diagno-
sis, prognosis, and patient treatment decisions not only in epilepsy, but also in other 
CNS disorders. 

 For complete review on circulating miRNAs as potential biomarkers in diagnos-
ing CNS diseases the reader is referred elsewhere [ 121 ,  182 – 185 ].    

    Conclusion 

 There is now strong evidence supporting a role for miRNAs in the pathophysiology 
of epilepsy. Profi ling work is increasingly providing a complete description of the 
expression levels and pathways under miRNA control in epilepsy. Concomitantly, 
researchers are establishing the in vivo functions of epilepsy-associated miRNAs 
and deploying RNA-based therapeutics as a novel approach to treatment. The use of 
miRNA inhibitors is already appearing in the medical literature. The fi rst of these, 
miravirsen, was an antagomir blocking liver-expressed miR-122 which was found 
to be safe and effective in clinical trials of hepatitis C in humans [ 186 ]. Certainly, 
targeting miRNAs in CNS disorders will pose an additional challenge [ 187 ,  188 ]. 
This is because  antagomirs  are macromolecules that do not cross an intact blood 
brain barrier, which is essential for clinical use. Likewise, we need more data on the 
effects of  antagomirs  on the targets of the miRNAs and how to avoid off-targets 
effects. miRNAs also offer potential as biomarkers of epilepsy which may lead to 
novel diagnostics. In summary, miRNAs have emerged as important contributors to 
gene expression control in the brain. They offer a perhaps unique combination of 
therapeutic opportunities and co-developed molecular diagnostics for epilepsy.     
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    Chapter 5   
 microRNA and Autism       

        Ayyappan     Anitha       and      Ismail     Thanseem     

    Abstract     Autism is a complex neurodevelopmental disorder characterized by defi -
ciencies in social interaction and communication, and by repetitive and stereotyped 
behaviors. According to a recent report, the prevalence of this pervasive develop-
mental disorder has risen to 1 in 88. This will have enormous public health implica-
tions in the future, and has necessitated the need to discover predictive biomarkers 
that could index for autism before the onset of symptoms. microRNAs (miRNAs) 
are small, noncoding RNAs that regulate gene expression at the posttranscriptional 
level. They have recently emerged as prominent epigenetic regulators of various 
cellular processes including neurodevelopment. They are abundantly present in the 
brain, and their dysfunction has been implicated in an array of neuropathological 
conditions including autism. miRNAs, previously known to be expressed only in 
cells and tissues, have also been detected in extracellular body fl uids such as serum, 
plasma, saliva, and urine. Altered expression of cellular and circulating miRNAs 
have been observed in autistic individuals compared to healthy controls. miRNAs 
are now being considered as potential targets for the development of novel thera-
peutic strategies for autism.  

  Keywords     Autism   •   miRNA   •   Brain   •   Circulating miRNA  

        Introduction 

  Autism spectrum disorders (ASDs)   refer to a group of heterogeneous, complex neu-
rodevelopmental disorders characterized by defi ciencies in social interaction and 
communication, and by repetitive and stereotyped behaviors [ 1 ]. The abnormalities 
are usually identifi ed in the early years of childhood, accompanied by impairments 
in cognitive functioning, learning, attention, and sensory processing. On March 27, 
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2014, the Centers for Disease Control and Prevention (CDC) released new data on 
the prevalence of autism in the USA. This surveillance study identifi ed 1 in 68 chil-
dren as having an ASD, which is an alarming proportion. This increased prevalence 
will have enormous future public health implications, and has necessitated the need 
to discover predictive noninvasive biomarkers that could index for autism before 
the onset of symptoms.  

    Genetic Architecture of Autism Is Complex 

  Twin and family studies  have   shown that autism is a highly heritable neuropsychi-
atric disorder. Much effort has been made to understand the genetic basis of autism 
and to identify the genetic variants and other chromosomal abnormalities that are 
responsible for this disorder. However, unlike some of the monogenic disorders 
which are caused by defects in a single gene, the genetics of autism is very complex, 
since autism manifests a wide range of symptoms that involves multiple genes. 
During the last decade, scientists from all over the world have worked together to 
trace autism candidate genes. Data collected from thousands of autistic families 
from different populations across the world support a polygenic epistatic model [ 2 ]. 

 Linkage analyses and family-based association studies have resulted in the iden-
tifi cation of a multitude of autism candidate genes. The recent evolution of SNP 
microarray and high-throughput sequencing technologies, combined with the avail-
ability of large well-characterized patient cohorts has led to a rapidly accumulating 
pool of genes and loci. Research over the last two decades has shown that autism 
stems, in large part, from alterations in genes involved in brain development. 
However, owing to the highly heterogeneous nature of this disorder, the classic 
genetic studies have not yet been successful in identifying a common susceptibility 
locus/gene for ASD. In addition to the genetic factors, environmental factors also 
play a vital role in predisposing individuals to ASD [ 3 ]. 

 In recent years, epigenetic mechanisms, which act at the interface of genes and the 
environment, have been identifi ed as a potential contributor to the pathogenesis of 
several neurodevelopmental abnormalities including ASD [ 4 ]. Epigenetic factors 
control heritable changes in gene expression without changing the DNA sequence [ 5 ].   

    microRNAs in Neurodevelopment 

   microRNAs (miRNAs)  are   prominent epigenetic regulators of various  cellular   pro-
cesses including neurodevelopment. They comprise a growing class of evolution-
arily conserved, noncoding 15–22 nucleotide RNA molecules that regulate gene 
expression at the level of translation. miRNAs have been shown to regulate a variety 
of biological processes, including development, cell proliferation, differentiation, 
fate specifi cation, growth control, homeostasis, and apoptosis [ 6 ,  7 ]. 
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 miRNAs function through a variety of mechanisms that include mRNA degradation 
and translational repression. The miRNAs bind to the partially complementary 
regions at the 3′ end of messenger RNAs (mRNAs) stimulating the cleavage or 
translational repression of corresponding transcripts. Vertebrate genomes are pre-
dicted to encode around 2000 unique miRNAs, which could regulate the expression 
of at least 30 % of genes [ 8 ]. As per the most recent reports, a total of 2578 mature 
miRNAs have been identifi ed in humans [ 9 ]. A single miRNA molecule is capable 
of binding to the recognition site on several mRNAs, subsequently regulating their 
expression [ 10 ]. Thus, miRNA–mRNA interactions can modify the expression of 
hundreds of target genes, thereby modulating the corresponding cellular and 
 molecular networks. Some key components involved in miRNA processing are 
shared between lower vertebrates and primates [ 11 – 13 ]. 

 miRNAs are abundantly present in the brain, and have crucial roles in several 
facets of brain development, neurogenesis, and function [ 14 ] as revealed by studies 
using animal models defi cient in miRNA biogenesis [ 15 – 18 ]. Even though ~70 % 
of the known miRNAs are expressed in the brain, only a few of them are brain- 
specifi c and/or brain-enriched [ 19 ]. Table  5.1  gives a list of brain-specifi c and/or 
brain-enriched miRNAs implicated in crucial neurological functions. Based on 
high-throughput sequencing data, it has been estimated that >1000 miRNAs are 
expressed in the human brain [ 20 ]. Sempere et al. [ 21 ] examined the expression of 
119 miRNAs in the mouse and humans organs; 17 miRNAs, known to be involved 
in neuronal differentiation, maturation, and/or survival, was found to be expressed 
in the mouse and human brains suggesting their conserved role in neurodevelop-
ment and maintenance. Several of the brain-enriched miRNAs, such as miR-9, 
miR- 34, miR-124, miR-128, miR132, and miR-219, have identical sequences 
across primates, rodents,  Drosophila , and  Caenorhabditis elegans  [ 22 – 24 ], indicat-
ing that they are highly conserved throughout the evolution. Moreover, there is 
massive conservation in miRNAs between primates [ 22 ,  25 ]. About 366 out of the 
413 miRNAs expressed in human brain have also been detected in rhesus macaque 
brain [ 22 ], making them ideal primate models for the preclinical investigation of 
miRNAs implicated in neurological dysfunction. In addition, long-term memory 
processes and the activity of associated synaptic proteins have been found to be 
modulated by the miRNA RISC pathway in diverse species [ 26 – 29 ]. Thus, miRNAs 
regulate the development of the nervous system in worms, brain morphogenesis in 
the fi sh, and modulate the spatial and temporal expression of crucial genes involved 
in mammalian brain development [ 30 ].  

       Circulating miRNAs 

  miRNAs, previously known to be  expressed   only in cells and tissues, have now 
been found in extracellular body fl uids such as serum, plasma, urine, saliva, amni-
otic fl uid, breast milk, bronchial lavage, cerebrospinal fl uid, colostrum, peritoneal 
fl uid, pleural fl uid, seminal fl uid, and tears in detectable concentrations [ 31 ]. 
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 About 90 % of the circulating miRNAs are packaged with proteins (i.e., 
Argonaute RISC Catalytic Component 2 (Ago2), high-density lipoprotein (HDL), 
other RNA-binding proteins), while ~10 % are wrapped in small membranous par-
ticles (i.e., exosomes, microvesicles, and apoptotic bodies) [ 32 ] (Fig.  5.1 ). Thus 
they are remarkably stable and resistant to RNase degradation in the biological fl u-
ids. However, not much is known about their origin and purpose. It is hypothesized 
that cell lysis or an increase in the level of exosomes discarded by infected cells 
contribute to the circulating miRNAs.

   Abnormal expression of circulating miRNAs have been reported in several neu-
rological and neurodevelopmental disorders. Recent reports have described the 
horizontal transfer of biomolecules, including miRNAs, by secreted extracellular 

   Table 5.1    Brain-specifi c and/or brain-enriched miRNAs involved in neurological functions   

 miRNA  Function  References 

 miR-7  Controls neurite outgrowth  [ 56 ] 
 miR-9  Induces neuronal differentiation; affects proliferation and 

differentiation 
 [ 57 ,  58 ] 

 miR-23  Regulates oligodendrocyte development and myelination; regulates 
cerebral ischemia and neural specifi cation 

 [ 59 ,  60 ] 

 miR- 
124 

 Promotes neuronal differentiation; regulates spatial learning and 
social interactions 

 [ 61 ,  62 ] 

 miR- 
125 

 Regulates synaptic plasticity  [ 63 ,  64 ] 

 miR- 
128 

 Synaptogenesis; regulates apoptosis; inhibits proliferation and 
self-renewal 

 [ 60 ,  65 ] 

 miR- 
132 

 Regulator of the brain-to-body resolution of infl ammation; contribute 
to neurodevelopmental and neuromorphological pathologies; 
neuronal cell development; regulate synaptic plasticity; neuronal 
maturation; regulates basal and activity-induced neurite outgrowth; 
regulates recognition memory and synaptic plasticity; regulates 
circadian clock 

 [ 66 – 73 ] 

 miR- 
134 

 Controls dendritic spine development, controls synaptic protein 
synthesis and plasticity, guidance of nerve growth cones, growth- 
promoting effect on dendritogenesis; inducer of pluripotent stem cell 
differentiation; stage-specifi c modulation of cortical development, 
regulates memory, regulates cholinergic neurotransmission 

 [ 27 ,  74 – 79 ] 

 miR- 
135 

 Decreased cell invasion and increased drug sensitivity, regulates Wnt 
signaling pathway 

 [ 21 ,  80 ] 

 miR- 
137 

 Neuronal maturation; regulates differentiation of neural stem cells  [ 81 – 83 ] 

 miR- 
153 

 Promote neuronal differentiation  [ 84 ] 

 miR- 
219 

 Promotes oligodendrocyte differentiation and myelination, modulates 
NMDA receptor-mediated neurobehavioral dysfunction, maintenance 
of lipids and redox homeostasis in mature oligodendrocytes, regulates 
circadian rhythms of expression. 

 [ 85 – 88 ] 

 miR- 
1202 

 Associated with the pathophysiology of depression; potential target 
for antidepressants 

 [ 89 ] 

  Adapted and modifi ed from [ 19 ]  
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vesicles, which is increasingly being implicated as a mode of intercellular commu-
nication [ 33 ]. Thus, miRNAs within the central nervous system (CNS) may be 
exported across the blood–brain barrier (BBB) by the microvesicles (exosomes) 
released by neurons and glial cells (Fig.  5.2 ). Furthermore, the BBB endothelium 
itself is known to be an important source of circulating miRNAs [ 34 ]. The secreted 
miRNAs could thus be refl ective of the pathophysiological processes in the 
CNS. Moreover, the miRNA expression pattern of brain and peripheral blood lym-
phocytes has been found to cluster together, indicating that a blood-based expres-
sion signature could be a useful biomarker for neurological diseases [ 35 ]. 

       miRNAs in Neurological Disorders 

   Dysregulation of  miRNAs has   been implicated in several  neurological disorders. 
Studies   have shown that the precursor and mature miRNAs, as well as the miRNA 
processing machinery itself (e.g., Drosha, Dicer), may be dysregulated during the 

  Fig. 5.1    Circulating miRNAs       
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progression of a neurological disorder [ 36 – 38 ]. Aberrant expression of miRNAs 
have been observed in neuropsychiatric disorders such as autism, schizophrenia, 
bipolar disorder, depression, addiction, and anxiety, as well as in neurodegenerative 
disorders such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, 
and amylotrophic lateral sclerosis [ 39 ].  Certain miRNAs (e.g., miR-132) have been 
found to be dysregulated in a wide range of psychiatric and neurodegenerative dis-
orders [ 40 – 43 ].     

    miRNAs in Autism 

   Aberrant  expression   of miRNAs have been observed in the postmortem brain [ 44 ], 
lymphoblastoid cell lines [ 45 – 47 ], serum [ 48 ], and whole blood [ 49 ] of autistic 
 individuals   compared to healthy controls (Table  5.2 ). In a case–control study, Abu-
Elneel et al. [ 44 ] examined the expression of 466 miRNAs in the postmortem cer-
ebellar cortex of 13 autistic individuals and an equal number of controls. Differential 
expression of 28 miRNAs was observed in autism brains compared to controls. 
Talebizadeh et al. [ 47 ] compared the miRNA profi les in the lymphoblastoid cell 
lines (LCL) samples of six individuals with autism and matched control subjects, 
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and observed an aberrant expression of 9 out of the 470 miRNAs in autism samples. 
In an independent study using LCL samples, 43 miRNAs were found to be differen-
tially expressed in autistic individuals compared to controls [ 46 ]. In yet another 
study of LCLs, Ghahramani Seno et al. [ 45 ] observed an altered expression of 13 
miRNAs in the autistic individuals compared to healthy controls. A recent study 
using serum samples from 55 individuals with autism and 55 age- and sex- matched 
controls identifi ed 13 miRNAs that were differentially expressed in autistic indi-
viduals compared to controls [ 48 ].  Popov et al. [ 49 ] compared the expression pro-
fi les of whole blood miRNAs in 30 autism patients and 25 age- and gender- matched 
control subjects using a microfl uidic array designed to detect 1898 unique mature 
human miRNA sequences. miR486-3p, a brain-specifi c miRNA with possible roles 
in human neuronal differentiation was found to be differentially expressed in autism. 
Taken together, a few miRNAs (e.g., miR-106-b, miR-132, miR-23a, miR-320a) 
exhibited a consistent differential expression in autism. Among these, miR-132 has 
been found to promote the growth and maturation of newborn neurons in the adult 
hippocampus [ 50 ]. Hansen et al. [ 51 ] have reported that miR-132 could be pivotal 
in the regulation of cognition, learning, and memory formation.   

   Table 5.2    Altered expression of miRNAs in autism   

 miRNA ID  Biological sample  References 

  miR-106a, miR-106b, miR-128, miR-129, miR-132, 
miR-140, miR-146b, miR-148b, miR-15a, miR-15b, 
miR-181d, miR-193b, miR-21, miR-212, miR-23a, 
miR-27a, miR-320a, miR-381, miR-431, miR-432, 
miR-484, miR-539, miR-550, miR-598, miR-652, 
miR-7, miR-93, miR-95  

 Cerebellum 
(postmortem) 

 [ 44 ] 

  miR-132, miR-146a, miR-146b, miR-23a, miR-23b, 
miR-320, miR-363, miR-663, miR-92 (a1-a2)  

 Lymphoblastoid cell 
lines 

 [ 47 ] 

  miR-103, miR-106b, miR-107, miR-132, miR-133b, 
miR-136, miR-139, miR-148b, miR-153-1, miR-16-2, 
miR-182-AS, miR-185, miR-186, miR-189, miR-190, 
miR-191, miR-194, miR-195, miR-199a-5p, miR-205, 
miR-211, miR-219, miR-23a, miR-23b, miR-25, 
miR-29b, miR-30c, miR-326, miR-342, miR-346, 
miR-367, miR-376a-AS, miR-451, miR-455, miR-495, 
miR-518a, miR-519c, miR-520b, miR-524, miR-93  

 Lymphoblastoid cell 
lines 

 [ 46 ] 

  miR-10a, miR-125b, miR-181-b, miR-196a, miR- 
199a- 5p, miR-199b-5p, miR-338-3p, miR-455-3p, 
miR-486-3p, miR-486-5p, miR-548o, miR-577, 
miR-650  

 Lymphoblastoid cell 
lines 

 [ 45 ] 

  miR-101-3p, miR-106b-5p, miR-130a-3p, miR- 
151a- 3p, miR-181b-5p, miR-195-5p, miR-19b-3p, 
miR-320a, miR-328, miR-433, miR-489, miR-572, 
miR-663a  

 Serum  [ 48 ] 

  miR-486-3p   Whole blood  [ 49 ] 

  miRNAs with consistent differential expression in two or more studies are shown in bold  
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 Recent studies have implicated copy number variants (CNVs) as a major con-
tributor to the pathogenesis of autism. To date, most of the studies have focused only 
on the genes present in the CNV loci, with little information on the miRNAs present 
in these regions. Nearly 11 % of the CNV loci have been found to harbor miRNAs, 
some of which have already been reported to be associated with autism [ 52 ]. The 
miRNAs present in these deleted and duplicated CNV loci could account for the 
dosage difference of their target genes. 

 Enrichment pathway analysis of the target genes of aberrantly expressed miR-
NAs in autism has revealed several crucial and diverse neurologically relevant path-
ways. These include the pathways involved in axon guidance, TGF-beta signaling, 
MAPK signaling, adherens junction, regulation of actin cytoskeleton, oxidative 
phosphorylation, hedgehog signaling, focal adhesion, MAPK signaling, mTOR sig-
naling, and Wnt signaling [ 45 ,  48 ,  52 ].    

    Therapeutic Potential of miRNAs 

  On the basis of their  functional   roles in diverse biological pathways, miRNAs 
appear to be suitable tools for the diagnosis, prognosis, and therapy of several dis-
orders. Accumulating evidence suggests that miRNA-based therapies based on 
restoring or repressing miRNA expression and/or activity holds great promise. Not 
all miRNAs have a functional biological role. Cell-based screening strategies mak-
ing use of suitable platforms such as cell lines, primary cell cultures, differentiated 
neurons, and induced pluripotent stem cells can facilitate the identifi cation of prom-
ising candidates. miRNA-based therapeutics hold a great potential because of their 
ability to silence multiple genes simultaneously. Due to the complexity of the patho-
genic mechanisms underlying the development of neuropsychiatric disorders such 
as ASDs, miRNAs might be ideally suited for the therapeutic targeting of multiple 
mRNAs. 

 miRNA inhibition therapy that downregulates the expression of over-expressed 
miRNAs using miRNA antagonists, and miRNA replacement therapy that supple-
ments the under-expressed miRNAs using miRNA mimics, are promising 
approaches in this regard [ 53 ]. Despite the great potential, critical hurdles have to be 
overcome for the success of miRNA-based therapies. These include systemic deliv-
ery of targeted miRNAs, poor in vivo stability and inappropriate bio-distribution of 
delivered miRNA, disruption and saturation of endogenous RNA machinery, and 
adverse side effects [ 53 ]. Viral and nonviral [lipid-based, polyethyleneimine, 
poly(lactide-co-glycolide), natural polymers, exosomes, nanoparticles] delivery 
systems have been developed to circumvent these challenges [ 53 ]. While the current 
clinical trials are focused on peripheral organs, therapeutic targeting of the brain 
remains a future objective.   
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    Future Directions 

 Pharmacological modulation of disease-associated miRNAs has demonstrated a 
promising therapeutic potential. Technical developments in miRNA-based thera-
pies for the treatment of cancer, cardiovascular diseases, and HCV infection have 
come a long way. Clinical phase 1 study of the liposome formulated miR-34 
mimic- based drug in liver cancer patients have already commenced [ 54 ] and a 
phase 2 study with antimiR-122 drug has been found to be safe and well tolerated 
in chronically HCV-infected patients [ 55 ]. However, despite compelling evidence 
for the involvement of miRNAs in neurodevelopment, their contribution to the 
pathogenesis of ASD has been inadequately assessed to date. A few miRNAs have 
been identifi ed as consistently dysregulated in autism by several independent studies. 
If this is an epiphenomenon of the disease, they could be potential candidates in our 
search for novel biomarkers for this disorder.  A systematic characterization of 
miRNAs targeting high-confi dence ASD genes is likely to provide new insights 
into the mechanisms underlying ASDs. Such an insight may help in designing 
appropriate miRNA therapeutics for ASDs.      
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    Chapter 6   
 microRNAs and Neurodegenerative Diseases       

       Lifeng     Qiu    ,     Eng     King     Tan    , and     Li     Zeng    

    Abstract     microRNAs (miRNAs) are small, noncoding RNA molecules that 
through imperfect base-pairing with complementary sequences of target mRNA 
molecules, typically cleave target mRNA, causing subsequent degradation or 
translation inhibition. Although an increasing number of studies have identifi ed 
misregulated miRNAs in the neurodegenerative diseases (NDDs) Alzheimer’s 
disease, Parkinson’s disease, Huntington’s disease, and amyotrophic lateral scle-
rosis, which suggests that alterations in the miRNA regulatory pathway could 
contribute to disease pathogenesis, the molecular mechanisms underlying the 
pathological implications of misregulated miRNA expression and the regulation 
of the key genes involved in NDDs remain largely unknown. In this chapter, we 
provide evidence of the function and regulation of miRNAs and their association 
with the neurological events in NDDs. This will help improve our understanding 
of how miRNAs govern the biological functions of key pathogenic genes in these 
diseases, which potentially regulate several pathways involved in the progression 
of neurodegeneration. Additionally, given the growing interest in the therapeutic 
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potential of miRNAs, we discuss current clinical challenges to developing 
miRNA-based therapeutics for NDDs.  

  Keywords     microRNAs   •   Neurodegenerative diseases   •   Alzheimer’s disease   •   NDD   
•   Parkinson’s disease   •   Huntington’s disease   •   Gehrig   •   ALS   •   Amyotrophic lateral 
sclerosis  

        Introduction 

  Neurodegenerative diseases (NDDs)   are characterized by progressive neuronal 
degeneration in the central nervous system (CNS). The most prevalent NDDs include 
Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), 
and amyotrophic lateral sclerosis (ALS). These diseases are usually incurable but 
have many similarities, such as protein aggregation, mitochondria dysfunction, and 
axonal transport defects. Except HD, the majority of cases of the other three NDDs 
are sporadic, meaning no signifi cant associations with certain genes are detected in 
these cases. Thus, searching for more general pathological mechanisms is required. 

  microRNAs (miRNAs)   have emerged as an attractive candidate mechanism because 
they are regulatory molecules that are widely involved in many biological processes. 
miRNAs are 21- to 24-nucleotide (nt)-long, noncoding RNAs that are transcribed by 
RNA polymerase II or III as pri-miRNA. Pri-miRNAs are cleaved by Drosha to yield 
approximately 70- to 100-nt pre-miRNAs [ 1 ]. The pre-miRNAs are exported out of the 
nucleus and are cleaved again by Dicer to generate a 21- to 24-nt mature miRNA. The 
mature miRNAs form mismatching-permitted complementary binding with the 3′ 
untranslated region (3′UTR) of the target mRNA through the RNA-induced silencing 
complex (RISC) [ 2 ] (see Chap.   2     of the volume “microRNA: Basic Science” for a 
detailed discussion of miRNA machinery). Upon binding with their target mRNA, the 
miRNA’s main function is to induce the degradation or translational inhibition of their 
target mRNAs [ 2 ,  3 ]. Based on computational predictions, one miRNA can downregu-
late the expression of hundreds of proteins, and this has been experimentally demon-
strated [ 4 ,  5 ]. Therefore, the role of miRNA must be considered a crucial aspect in 
almost every biological process, including the pathogenesis of NDDs. 

 Brain-enriched miRNAs account for less than one-thirtieth of the total number of 
identifi ed miRNAs [ 6 ,  7 ], which indicates that the temporal and spatial expression 
of miRNAs is strictly regulated. miRNAs have been shown to play an important role 
in neuronal development [ 8 – 12 ]. For example, deletion of Dicer at a stage when ES 
cells enter the postmitotic state to initiate dopaminergic (DA) neuronal differentia-
tion can completely eliminate DA neuron differentiation [ 13 ]. This phenotype can 
be rescued by introducing small RNA species, including miRNA, into the ES cells, 
which means that these small RNA species are crucial for DA neuron generation 
[ 13 ]. In addition to neurodevelopment, accumulating evidence has gradually 
revealed the essential role of miRNA in nervous system morphogenesis, synaptic 
plasticity, and neurodegeneration [ 14 ,  15 ]. For instance, conditional deletion of 
Dicer in the adult brain results in obvious neuronal degeneration in the mouse cortex 
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[ 15 ]. All of these fi ndings indicate that miRNA research is becoming increasingly 
crucial and complicated in neuroscience, including with respect to NDDs. 

 Here, we summarize the involvement of miRNAs in  NDD  . We will discuss the 
dysregulation of miRNAs in each NDD and the roles of specifi c miRNAs that show 
promising involvement in these NDDs. Moreover, given that an abnormal increase 
or decrease in the expression of various miRNAs may contribute to the pathophysi-
ology of NDDs, the use of miRNAs as a therapeutic method to modulate and correct 
aberrant activity of the nervous system may therefore provide potential clinical 
treatment for these disorders, which will also be discussed.  

    miRNA in Neurodegenerative Diseases 

    miRNAs and AD 

    Dysregulation of miRNA in AD 

    Alzheimer’s disease   (AD) is a  neuronal   degeneration disease that shows cognitive 
impairment and    dementia clinically [ 16 ]. The pathological hallmark of AD is a pro-
gressive spread of extracellular Aβ accumulation and intracellular tangles of hyper-
phosphorylated tau [ 16 ]. These pathological proteins in turn cause neuronal loss, 
starting from the hippocampus and progressing to the entire cortex [ 16 ]. 

 miRNA expression profi ling has been extensively studied in AD patients, and a 
number of miRNAs have been shown to be dysregulated in AD patients [ 17 – 23 ]. In 
human brain, Lukiw found that miR-9 and miR-128 were increased in the hippocam-
pus of AD patients [ 21 ]. Cogswell and colleagues identifi ed 8 miRNAs, including 
miR-9, -26a, -132, and -146b, that were downregulated and 15 miRNAs, including 
miR-27, -29, -30, -34, and -125b, that were upregulated in the frontal gyrus of AD 
patients [ 17 ]. Hebert and colleagues also detected 13 downregulated miRNAs, includ-
ing miR-181c, -15a, -9, -101, -29b, -19b, -106b, and -26b, and 3 upregulated miRNAs 
in the cortex of sporadic AD patients [ 19 ]. In human CSF, miR-146b and miR-27a-3p 
were identifi ed as downregulated [ 17 ,  23 ], and miR-30 family members were upregu-
lated in patients compared to controls [ 17 ]. In the cerebral cortex of AD mice (APPswe/
PSΔE9 mice), miR-20a, -29a, -125b, -128a, and -106b were downregulated compared 
to their expression in age-matched controls [ 18 ,  22 ].  

    miR-9 in AD 

   Several  independent   studies  have   found altered expression of miR-9 in AD brains. 
However, both upregulation and downregulation have been reported [ 17 ,  19 ,  21 , 
 24 – 28 ]. For example, Lukiw and colleagues reported an upregulation of miR-9 in 
the temporal cortex and hippocampus of AD patients compared to age-matched 
controls [ 21 ,  25 ]. However, Hebert and colleagues found a decrease in miR-9 in the 
cortex of sporadic AD patients [ 19 ]. In an animal model of AD, miR-9 shows a 
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signifi cant decrease in the hippocampus of 6-month-old, but not 3-month-old, 
APPswe/PSΔE9 mice [ 22 ]. 

 Because Aβ plaques form in 6-month-old APPswe/PSΔE9 mice, this decreased 
expression of miR-9 might indicate that miR-9 decreases in response to Aβ accumu-
lation. This hypothesis is consistent with what Schonrock and colleagues found in a 
cell culture model. They detected miRNA expression changes in response to Aβ 
treatment in primary neurons [ 29 ]. Interestingly, most of the miRNAs that show 
signifi cant expression changes compared with untreated cells are downregulated in 
response to Aβ treatment. The proportion of upregulated miRNAs is much smaller. 
miR-9 is one of the miRNAs that are rapidly downregulated in response to Aβ treat-
ment in primary neurons [ 29 ]. miR-9 targets BACE1, which cleaves APP and is a 
rate-limiting enzyme in Aβ generation [ 30 ].    

    miR-29 in AD 

 miR-29 was found to be decreased in  the   brains of sporadic AD patients [ 19 ]. 
Consistently, a decrease  in   miR-29 has also been observed in the cerebral cortex of 
APPSwe/PS1∆E9 mice [ 22 ]. miR-29 is an astrocyte-enriched miRNA that is also 
expressed, to a lesser extent, in mature primary neurons [ 31 ,  32 ]. Its expression 
dramatically increases with aging [ 33 – 35 ]. The emerging role of miR-29 is to pro-
tect cells from apoptosis by targeting and repressing a family of pro-apoptotic pro-
teins, including Bim, Bmf, Hrk, and Puma [ 31 ]. Overexpression of miR-29 protects 
cells from various stimuli-induced cell death. These stimuli include growth factor 
deprivation, ER stress, and DNA damage [ 31 ]. In addition to pro-apoptotic proteins, 
BACE1 is another confi rmed target of miR-29, and the decrease in miR-29 in AD 
patients is correlated with the increase of BACE1 in these patients [ 19 ]. Therefore, 
decreased expression of miR-29 in AD patients might accelerate Aβ generation by 
de-repressing BACE1. In summary, miR-29 exhibits a protective role in neuronal 
survival via both the apoptotic and APP pathways.  

    miRNA let-7b in AD 

 miRNA let-7b is increased in  the   CSF of AD patients compared with controls [ 36 ]. 
This miRNA is involved in the immune response in AD. The increased level of let-
 7b in the CSF of AD  patients   might contribute to neurodegeneration by binding to 
RNA-sensing toll-like receptor (TLR) 7, which is an innate immune receptor [ 36 ].  

    miR-106b in AD 

 miR-106b, which directly targets APP [ 33 ], shows downregulation in both the 
human AD brain [ 19 ,  33 ] and in the  brains   of APPSwe/PS1∆E9 mice [ 22 ]. Although 
it is unclear whether  the   downregulation of miR-106b is triggered by Aβ 
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accumulation, decreased expression of miR-106b can possibly enhance the expres-
sion of APP, which may accelerate Aβ accumulation. 

 However, we need to bear in mind that miR-106b might contribute to AD pathology 
in other ways. One possibility is that miR106b might regulate cell cycle reentry by 
targeting retinoblastoma protein 1 [ 37 – 39 ] and p21 [ 37 ]. Both retinoblastoma protein 
1 and p21 are involved in cell cycle regulation. Additionally, miR-106 also targets 
ITCH, which is an E3 ubiquitin ligase that is involved in the p73 apoptotic signaling 
pathway [ 40 ] and the Wnt signaling pathway [ 41 ]. Furthermore, miR- 106b can also be 
involved in autophagy regulation, which is closely related to Aβ accumulation [ 42 ], by 
targeting SQSTM1/p62 [ 43 ]. Therefore, miR-106b might participate in AD pathology 
by regulating APP expression, cell cycle reentry, apoptosis, or even neuronal 
differentiation.     

    miRNAs and PD 

    Dysregulation of miRNA in PD 

    PD is a neural  degenerative   disease with symptoms that include tremors,)    rigidity, 
and bradykinesia [ 44 ]. The most  prominent   pathological features are neuronal loss 
in the substantia nigra [ 44 ] and the cellular accumulation of α-synuclein in Lewy 
bodies [ 45 ,  46 ]. 

 miRNA microarray analyses revealed that miR-34c-5p and miR-637 were signifi -
cantly downregulated in the amygdala of PD patients compared with controls [ 47 ]. 
Another miRNA, miR-133b, was found to be downregulated in the midbrain of PD 
patients compared with controls [ 13 ]. In peripheral blood mononuclear cells 
(PBMCs), miR-335, -374a/b, -199, -126, -151-5p, -29b/c, -147, -28-5p, -30b/c, 
-301a, and -26a were found to be decreased in PD patients compared with controls 
[ 48 ]. In PD  C. elegans  models, miR-64/65 and let-7 were shown to be downregulated 
compared with controls [ 49 ].   

    miR-133b in PD 

 In sporadic PD patients,  miR-133b is   signifi cantly downregulated [ 13 ]. miR-133b is 
a midbrain-enriched miRNA. Overexpression of miR133b moderately promotes the 
initial stage of DA neuronal differentiation, while inhibiting terminal differentia-
tion, as indicated by the reduced expression of DAT and TH [ 13 ]. Dopamine release 
is also reduced in miR-133b-overexpressing cells. Conversely, inhibition of 
miR133b in ES cells potentiates DA neuron terminal differentiation and enhances 
dopamine release [ 13 ]. 

  Pituitary homeobox 3 transcription factor (Pitx3)   is one of miR-133b’s targets 
[ 13 ]. Pitx3 is important not only for DA neuron differentiation but also for the long- 
term survival of these neurons [ 50 ]. Thus, it seems that the decreased expression of 
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miR-133b in PD patients might participate in PD pathogenesis by affecting DA 
neuron differentiation. miR-133b and Pitx3 also form a feedback loop in the regula-
tion of DA neuron differentiation. Bioinformatics searches predicted that Pitx3 is one 
of miR-133b’s targets. This was confi rmed by a luciferase assay. 

 However, overexpression of Pitx3 in differentiating ES cells causes an increase 
in the expression of miR-133b. The regulation of Pitx3 by miR-133b seems direct 
because the binding between Pitx3 and the promoter of miR-133b was also con-
fi rmed by a luciferase assay [ 13 ,  51 ].  

    miR-107 in PD 

 Kim and his colleagues reported downregulation of miR-107 in the midbrain of PD 
patients [ 13 ]. One of miR-107’s  targets   is progranulin. Progranulin is a secreted 
growth factor and also a major genetic cause of frontal temporal dementia [ 52 ,  53 ]. 
miR-107 is also involved in cell cycle regulation through targeting CDK6, which is 
important for entry into the G1 phase [ 54 ,  55 ]. As cell cycle reentry commonly 
leads to cell death in postmeiotic neurons, decreased miR-107 may lead to increased 
expression of CDK6 and then the promotion of cell cycle reentry, which fi nally 
causes cell death. The expression of miR-107 is directly upregulated by p53 [ 56 ]. 
Using a luciferase assay and a ChIP assay, Yamakuchi and colleagues identifi ed a 
p53 binding site in the 5′UTR of the miR-107’s parent gene, pantothenate kinase 
enzyme 1 (PANK1). Genotoxic stress induces increased expression of miR-107 in a 
p53-dependent manner [ 56 ].  

    miR-34 in PD 

 Decreased expression of miR-34 is found in various brain regions of PD patients 
compared with age-matched controls [ 22 ]. The  decreased   expression of miR-34 in 
PD patients is an early-stage event, indicating that it is not a secondary response to 
disease development or drug treatment. It has been shown that the reduction of 
miR- 34 in differentiated SH-SY5Y cells can lead to disruption of the mitochondrial 
membrane and increased oxidative stress, which in turn leads to decreased cell via-
bility [ 22 ]. 

 Bioinformatic studies indicated that Parkin is one of the targets of miR-34; 
however, this relationship cannot be proven by Western blot analysis. Targets of 
miR-34 also include SIRT1 [ 57 ,  58 ], Bcl-2 [ 22 ], Cdk4, and cyclin D2 [ 59 ]. Bcl-2, 
which is an anti-apoptotic protein, showed an increase in response to miR-34 
inhibition and might protect cells from apoptosis. Cdk4 and cyclin D2 are cell 
cycle regulators that are involved in cell cycle reentry, which triggers cell death in 
mature neurons [ 59 ]. By using a luciferase assay, it was found that p53 can directly 
bind to the promoter of miR-34a [ 60 ]. Conversely, miR-34a can indirectly regu-
late the expression of p53 by repressing the expression of HDM4, which can 
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inhibit the expression of p53 by its RING domain [ 61 ]. Thus, the double-positive 
feedback between p53 and miR- 34a forms a locked checkpoint to execute the pro-
apoptotic process.  

    miR-205 in PD 

 In sporadic PD patients,  Lrrk2   is considered an important pathogenic factor; Lrrk2 
is signifi cantly increased in patients compared with controls [ 46 ]. Interestingly, 
miR-205, which targets the 3′UTR of Lrrk2 and can regulate Lrrk2 expression, was 
signifi cantly downregulated in the frontal cortex and striatum of sporadic PD 
patients compared with controls [ 62 ]. 

 In contrast, miR-181, -19, and -410, which also contain the 3′UTR binding site 
of Lrrk2, lacked a signifi cant change in expression in sporadic PD patients. 
Overexpression of miR-205 in Lrrk2 R1441G mutant primary neurons rescued the 
shortened neurite phenotype [ 62 ]. Interestingly, overexpression of miR-29, which 
functions in the apoptotic pathway, cannot rescue the phenotype [ 62 ], which means 
that miR-205 works through Lrrk2 in regulating neuronal survival and that the 
downregulation of miR-205 contributes, at least in part, to the PD pathology induced 
by elevated Lrrk2 activity [ 62 ].     

    miRNAs and HD 

   Dysregulated miRNA in HD 

  HD is a NDD characterized  by   cognitive and motor defects. It is caused by CAG 
repeat expansion ,)   in the huntingtin (HTT) gene. Pathologically,,)    progressive neu-
ronal death is found in the cortex and striatum of HD patients. 

 Mutant HTT protein, which harbors an expanded polyglutamine tract, has been 
shown to be associated with Ago2 and P-bodies [ 63 ], cytoplasmic sites of RNA 
metabolism, and RNAi and miRNA activity [ 64 ,  65 ]. Thus, a change in miRNA 
activity has been proposed to be responsible for the defects in HD. By using RNA 
sequencing, microarray, and qRT-PCR techniques, Marti et al. found a set of 
 miRNAs that showed dysregulation in the frontal cortex and striatum of HD patients. 
These miRNAs include miR-100, -151-3p, -16, -219-2-3p, -27b, -451, and -92a, 
which showed increased expression in the diseased tissue, and miR-128, -139-3p, 
-222, -382, -433, and -483-3p, which showed decreased expression in the HD 
patients [ 66 ]. Moreover, HTT also interacts with repressor element-1 silencing tran-
scription factor (REST) [ 67 ]. 

 Johnson et al. selectively detected changes in the expression of REST-targeting 
miRNAs, including miR-9, -29a, -29b, -124a, -132, -135b, -139, -203, -204, -212, 
-330, and -346, in the cortex of R6/2 mice, which are an animal model of HD [ 68 ]. 
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They found that four miRNAs, including miR-29a, -124a, -132, and -330, were 
decreased, while their mRNA targets were correspondingly increased. However, 
only the change in miR-132 has been further confi rmed in the parietal cortical tissue 
of human patients [ 68 ]. Packer et al. also detected the expression change of REST- 
targeting miRNAs in HD patients, but using Brodmann’s areas [ 69 ]. They found 
that the expression of fi ve miRNAs, including miR-9, miR-29b, miR-124a, and 
miR-132, were signifi cantly changed in HD patients [ 69 ].   

   miR-9 in HD 

   miR-9-5p and miR-9-3p  are   both decreased in early HD. As mentioned above, 
REST, which is a transcription  factor   that inhibits genes important for neuronal dif-
ferentiation, is one of the downstream effectors of HTT in HD pathology, and miR-9 
is one of the miRNA targets of REST [ 67 ,  69 ]. Aberrant subcellular distribution of 
REST has been observed in HD [ 67 ,  69 ]. On the other hand, REST and CoREST are 
also the targets predicted for miR-9-5p and miR-9-3p (TargetScan). Thus, the feed-
back regulation loop between miR-9 and REST plays an important role in 
neurogenesis. 

 Overexpression of miR-9 inhibits the proliferation of neural progenitor cells 
(NPCs) and promotes neuronal morphogenesis. The pro-neuronal differentiation 
role of miR-9 is not only mediated by its repression of REST expression but also by 
its repression of the expression of BAF53a (ACTL6A), which inhibits neurogenesis 
by regulating chromatin remodeling [ 70 ]. Some researchers also claimed that the 
pro-neurogenesis effect of miR-9 is mediated by the phosphorylation of STAT3 
[ 71 ]. It is not surprising that miR-9 promotes neurogenesis by regulating various 
protein targets with regard to the divergent effect of miRNAs on the proteome [ 5 ]. 
The genes that are important for neuronal differentiation are also important for neu-
ronal survival. For example, one of the targets of REST is BDNF, which is essential 
for neuronal survival. Thus, the decreased expression of miR-9 in HD might con-
tribute to the development of the disease by impairing neurogenesis and neuronal 
survival.  

   miR-22 in HD 

 miR-22 is decreased in HD [ 69 ]. Bioinformatic studies indicated that miR-22 tar-
gets histone deacetylase 4 (HDAC4), REST co-repressor 1 (Rcor1), and regulator 
of G-protein signaling 2 (Rgs2) [ 72 ]. All three of these  genes   are important for 
neurogenesis and neuronal  survival   and have been implicated in HD pathogenesis. 
Importantly, the targeting of these three genes by miR-22 has been demonstrated 
by luciferase assay [ 72 ]. Moreover, overexpression of miR-22 in vitro protects 
neurons against various stresses [ 72 ]. miR-22 overexpression has been shown to 
reduce the activity of caspases, and miR-22 can also directly inhibit the expression 
of pro- apoptotic proteins, such as mitogen-activated protein kinase 14/p38 
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(MAPK14/p38) and tumor protein p53-inducible nuclear protein 1 (Tp53inp1). 
Furthermore, miR- 22 can also decrease the accumulation of mutant HTT via an 
unknown mechanism. Taken together, these results indicate that miR-22 is strongly 
associated with HD through the neurogenesis and neuronal survival pathway [ 72 ].  

   miR-128 in HD 

 miR-128 is a neuronally enriched  miRNA   that plays an important role in neuronal 
differentiation and survival [ 73 ]. It is decreased in the brains of HD mice, monkeys, 
and humans [ 66 ,  69 ,  74 ,  75 ]. In addition to its effect on neurogenesis and neuronal 
survival, miR-128 is also directly  involved   in the HTT signaling pathway by target-
ing HTT, HTT interacting protein 1 (HIP1), SP-1, and GRM5. The targeting of 
these three genes by miR-128 has been demonstrated by luciferase assay [ 74 ]. Thus, 
miR-128 might be involved in the pathogenesis of HD either by regulating neuronal 
differentiation and survival or by regulating the HTT signaling pathway.  

   miR-132 in HD 

 miR-132 is also  downregulated   in the cortex of HD patients [ 75 ]. miR-132 is another 
neuronally enriched miRNA.  The   transcription of miR-132 is directly regulated by 
CREB and the BDNF pathway, which is known to be crucial in neuronal differentia-
tion and survival [ 76 ]. miR-132 can target p250GAP [ 77 ], which is important in 
neurogenesis, and MeCP2 [ 78 ], which regulates BDNF expression in the brain. 
Thus, dysregulation of miR-132 in HD might contribute to disease development by 
affecting BDNF balance and impairing neurogenesis in the diseased brain.     

    miRNAs and ALS 

   Dysregulated miRNA in ALS 

    ALS is a progressive NDD  that   affects nerve cells in the brain and spinal cord. 
Motor neuron,)    loss gives rise to malfunctions in muscle,)    tissues, causing weak-
ness, atrophy, and ultimately paralysis and death. 

 Although 90 % of ALS cases are sporadic, a subset of ALS patients is found to 
carry a TDP-43 mutation [ 79 ]. TDP-43 is an RNA binding protein and interacts 
with Drosha, which is a key miRNA processing enzyme [ 80 ,  81 ]. These fi ndings 
raise the possibility that TDP-43 may play a role in miRNA processing. In fact, the 
expression levels of some miRNAs are affected in TDP-43 mutant fl ies [ 82 ]. 
Furthermore, P-bodies, where RNA metabolism happens, form in response to cel-
lular stress and are central to ALS pathogenesis [ 83 ,  84 ]. Taken together, these fi nd-
ings indicate that miRNAs might be dysregulated in ALS and that the misregulated 
miRNAs might also be involved in the pathogenesis of ALS. 
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 Using RT-qPCR, Campos-Melo et al. have demonstrated that miR-146, miR-524- 5p, 
and miR-582-3p are dysregulated in the spinal cords of ALS patients. miRNA target 
analysis has shown that these miRNAs target the 3′UTR of low molecular weight 
neurofi lament (NFL) [ 85 ]. Meantime, Koval et al. also identifi ed expression changes 
of miR-24, miR-142-3p, miR-142-5p, miR-1461, miR-146b, and miR-155 in the spi-
nal cords of both ALS animal models and human patients [ 86 ]. Besides the CNS, 
miRNA dysregulation was also found in the immune system in HD. miRNAs, such as 
let-7a, let-7b, miR-27a, -146a, -451, -223, -142-5p, and -155, were signifi cantly 
upregulated in spleen-derived Ly6Chi monocytes both prior to and during the onset of 
ALS in SOD1 transgenic mice (an ALS mouse model) [ 87 ].   

   miR-206 in ALS 

 miR-206 is a skeletal muscle-specifi c miRNA. It is observed to be dramatically 
increased during the nerve reinnervation process in  SOD1   transgenic mice. 
Consistently, miR-206 knockout  worsens   the disease and shortens the lives of SOD1 
mice [ 88 ]. miR-206 was found to induce the secretion of fi broblast growth factor 
binding protein 1 (FGFBP1) from muscle by inhibiting HDAC4 translation [ 88 ]. 
FGFBP1 can promote presynaptic differentiation at the neuromuscular junction by 
binding to FGF [ 89 ]. Thus, miR-206 is benefi cial to heal ALS due to its promotion 
of synaptogenesis through FGFBP1 signaling.  

   miR-155 in ALS 

 miR-155 is increased in both sporadic  and   familial ALS patients. This increase is 
harmful because when the increased expression of miR-155 is inhibited in the brains 
of SOD1G93A rats,  the   survival of the rats increases [ 86 ]. miR-155’s function is 
mostly known in the immune system, where miR-155 was shown to promote tissue 
infl ammation and macrophage infl ammatory responses [ 90 ]. It has been shown that 
miR-155 can target SOCS1 mRNA and in turn increase pro-infl ammatory cytokine 
secretion [ 91 ]. Furthermore, miR-155 can also downregulate the action of TGF-β, 
an important cytokine involved in immunosuppression by suppressing two of its 
targets, SMAD2 [ 92 ] and SMAD5 [ 93 ].      

    Therapeutic Potential of miRNAs in Neurodegenerative 
Diseases 

 Abnormal increases or decreases in  the   expression of various miRNAs may contrib-
ute  to   the pathophysiology of NDDs (Table  6.1 ). The replacement or inhibition of 
downregulated or upregulated miRNAs may therefore be clinically benefi cial in the 
treatment of these disorders [ 94 – 96 ].
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   Most of the progress made in the development of RNA-based therapies has been 
associated with hereditary NDDs, such as HD [ 97 ]. Delivery of a U6 promoter- 
driven shRNA effector using an adeno-associated virus serotype 1 (AAV1) vector 
has been shown to target human huntingtin protein, and this treatment could yield 
improvements in HD-associated neuropathology and behaviors [ 97 ]. Although it is 
diffi cult to defi ne the appropriate therapeutic targets in sporadic NDDs, recent prog-
ress has been made in RNA-based silencing of targets linked to common sporadic 
forms of PD and AD. For instance, Sapru et al. have successfully targeted the alpha 
synuclein pathway in the context of PD [ 98 ], while in the case of AD, the amyloid 
[ 99 ,  100 ] and BACE1/β-secretase [ 101 ] pathways have both been targeted, with the 
latter yielding a striking improvement in disease phenotypes. 

    Development of miRNA-Based Therapeutics 

 There are two main miRNA-based therapeutic strategies being developed in vivo:

•    microRNA mimics  
•   Anti-microRNAs    

 miRNA mimics, which are small RNA molecules  that   resemble  miRNA   pre-
cursors, are used to downregulate the expression of specifi c target proteins. 
These proteins can be associated with disease pathogenesis, or with the disease 
 gene   itself, and have a gain-of-function pathogenic mutation. The goal of this 

   Table 6.1    Summary of miRNAs involved in NDDs   

 NDDs  miRNAs  Target genes  Biological process involved  References 

 AD  miR-9  BACE1  APP cleavage  [ 30 ] 
 miR-29  Bim; Bmf, Hrk; Puma  Neuronal survival  [ 31 ] 
 let-7b  TLR7(binding)  Immune response  [ 36 ] 
 miR-106b  APP  APP signaling  [ 33 ] 

 PD  miR-133b  Pitx3  DA neuron differentiation and 
survival 

 [ 13 ] 

 miR-107  Progranulin; CDK6  Neuronal survival  [ 53 – 56 ] 
 miR-34  SIRT1; Bcl-2; CDK4  Neuronal survival  [ 22 ,  57 – 59 ] 
 miR-205  Lrrk2  Neuritis outgrowth  [ 62 ] 

 HD  miR-9  REST/CoREST  Neurogenesis  [ 67 ,  69 ] 
 miR-22  HDAC4; Rcor1; Rgs2; 

p38; Tp53inp1 
 Neurogenesis and 
neuronal survival 

 [ 72 ] 

 miR-128  HTT; HIP1  Neuronal differentiation  [ 74 ] 
 miR-132  P250GAP; MeCP2  Neurogenesis  [ 77 ,  78 ] 

 ALS  miR-206  HDAC4  Nerve reinnervation  [ 88 ] 
 miR-155  SOCS1; TGF-β  Immune response  [ 91 – 93 ] 

6 microRNAs and Neurodegenerative Diseases



96

strategy is based on the hypothesis that decreasing the level of a specifi c protein 
is a protective therapeutic approach. 

 The second strategy, which has been more widely studied, involves the exploitation 
of anti-miRNA molecules to create a loss-of-function in  the   miRNA of interest 
[ 102 ]. In certain disease conditions in which miRNAs are over-expressed, the aim 
would be to block these miRNAs by introducing a  complementary   RNA sequence 
 that   binds to and inactivates the targeted  miRNAs. A   major objective in these efforts 
is to develop oligonucleotides that achieve high in vivo effi cacy without signifi cant 
toxicity.  

    Development of Anti-microRNA-Based Therapeutics 

   Antisense Oligonucleotides 

 Mature miRNAs can be inactivated  by   administering short complementary syn-
thetic  antisense oligonucleotides (ASOs)   [ 103 ]. Recently, ASOs have been shown 
to block miRNA precursors and miRNAs without degrading the target RNA [ 104 ]. 
While the complete mechanism behind ASO-mediated inhibition of miRNA activ-
ity remains to be determined, anti-miRNA ASOs are likely to be featured as impor-
tant future therapeutic agents.  

   Antagomirs 

  Antagomirs   are  usually   cholesterol-conjugated ASOs that are capable of improving 
the degradation of specifi c mRNAs when administered in vivo [ 105 ]. To achieve 
this, Stoffel’s group designed “antagomirs,” which are RNA snippets conjugated to 
cholesterol molecules that help the RNA enter into the cells [ 105 ]. Intravenous 
administration of antagomirs results in an apparent decline of corresponding miRNA 
levels in many organs, such as liver, lung, kidney, heart, and intestine. The silencing 
of endogenous miRNAs by this method is specifi c, effi cient, and long-lasting. 
However, antagomirs cannot cross the blood–brain barrier (BBB) but can penetrate 
brain cells if injected directly into the brain [ 106 ].  

   miRNA Sponge 

   Another  experimental   strategy  developed   in recent years to inhibit miRNA function 
is to exploit synthetic sponge mRNA, which contains complementary binding sites 
to a miRNA of interest [ 107 ,  108 ]. When the sponge is expressed from transgenes, 
it specifi cally hampers the activity of a family of miRNAs that have a common seed 
sequence, resulting in the sequestration and blocking of a whole family of related 
miRNAs [ 108 ]. 
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 Typical sponge constructs are composed of four to ten binding sites separated by 
a few nucleotides each. The effi ciency of a miRNA sponge depends not only on its 
affi nity for its binding sites but also on need for a high amount of sponge RNAs relative 
to the amount of the miRNA, which can be achieved by expressing the sponge from 
a strong promoter, such as the CMV promoter. The sponge method presents several 
advantages [ 108 ]. First, making a sponge to miRNA is easier than knocking it out. 
Second, many miRNAs have the same seed sequence but are encoded by multiple 
distant loci; therefore, each locus will have to be knocked out individually and the 
animals cross-bred to generate a strain with complete knockout. Further, as some 
miRNA precursors are transcribed in clusters, the deletion of a miRNA within a 
cluster will be diffi cult to achieve without affecting others in the same cluster. 
Because sponges interact with mature miRNAs, their effectiveness is unaffected by 
the latter two situations. Although sponge technology has advantages in experimen-
tal settings, further investigations will be required to develop it into a therapeutically 
viable strategy.    

   Locked Nucleic Acid 

 As the miRNA research  fi eld   progressed, the fi rst challenge was to develop and 
improve miRNA detection and  functional   analysis tools given the small size and 
sometimes low levels of expression of different miRNAs. An important addition to 
the miRNA toolbox came from locked nucleic acid (LNA) [ 109 ]. LNA-modifi ed 
oligonucleotides possess high thermal stability when hybridized with their cognate 
mRNA target molecules and therefore appear to be ideally suited for the targeting 
of small RNAs, such as miRNAs [ 109 – 111 ]. LNA is a family of conformationally 
locked nucleotide analogs that are relatively resistant to nuclease activity and may 
prove to be a suitable platform for the development of miRNA-based therapeutics. 
For example, it is known that miR-122 regulates cholesterol metabolism and hepa-
titis C virus (HCV) replication [ 112 ]. An LNA-modifi ed ASO blocked miR-122 
activity in the liver of African green monkeys without any evidence of toxicity 
[ 112 ], induced long-lasting decreases in plasma cholesterol levels, and decreased 
HCV levels in the blood of HCV-infected chimpanzees [ 113 ].   

    Development of miRNA Biogenesis-Based Therapeutics 

 In addition to the development of mimetic  and   ASOs to modulate miRNA function, 
recent efforts have also been directed toward developing small-molecule drugs that 
can infl uence the biogenesis of miRNAs or directly infl uence their function [ 114 ]. 
The small-molecule anti-infl ammatory drug enoxacin (Penetrex™) promotes the 
biogenesis of endogenous miRNAs [ 115 – 117 ]. Conversely, compounds that disrupt 
miRNA biogenesis have been identifi ed [ 118 ]. It will be important to determine if 
similar screening approaches can be used to identify chemical probes and potentially 
useful drugs to selectively modulate the activity of miRNAs involved in NDDs.  
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    Challenge of Delivering Therapeutic miRNA Targets in NDDs 

 The use of miRNAs as potential  therapeutic   targets remains controversial with 
regard to methods of delivery and target specifi city. When considering a treatment 
for NDDs that is mediated by miRNA delivery, we have to assess its ability to pass 
through the BBB as well as its neurotoxicity and off-target effects. To overcome the 
problem of the BBB, several siRNA delivery systems are being developed for 
in vivo purposes. These include vector-based, chemically modifi ed, and “packaged” 
RNA oligonucleotides [ 119 ].  

    Crossing the BBB to Deliver Therapeutics miRNA Targets 

   Exosome 

 A major drawback  in   delivering ASOs  is   the relative diffi culty of crossing the 
BBB. Intriguingly, systemically injected exosomes, which are small transport vesi-
cles secreted by many classes of mammalian cells, can be used to selectivity deliver 
small RNAs to the brain in mice [ 120 ]. Exosomes are cell-derived vesicles that 
enable cell-to-cell communication by transferring RNA molecules and proteins 
[ 120 ]. They have been shown to preserve mRNAs and miRNAs in the presence of 
RNase and to subsequently deliver them to recipient cells [ 121 ]. In particular, 
Alvarez-Erviti et al. isolated brain-targeting exosomes from dendritic cells bioengi-
neered to express an exosomal membrane protein (lamp 2b) fused to a ligand of the 
acetylcholine receptor. Exosomes were then loaded with siRNAs targeting BACE1 
mRNA by electroporation and injected intravenously, resulting in a signifi cant 
knockdown of BACE1 expression [ 120 ]. Using this approach as a future therapeutic 
vehicle to deliver siRNA/miRNA is worthy for several reasons, including the spe-
cifi c targeting of exosomes to the brain following systemic delivery, the ability to 
load the desired siRNA/miRNA into the exosomes, and the ability to escape an 
immune response.  

   Non-viral 

 To avoid the action of nucleases,  chemica  l modifi cation or non-viral carriers can be 
used [ 122 ]. Conjugation with non-viral carriers might induce marked toxicity 
because RNA molecules will also enter the non-targeted cells due to an interaction 
between the negatively charged cellular membrane and cationic carriers [ 123 ]. After 
RNA molecules have passed these physiological barriers, they have to enter the 
target cells to elicit their effects. This means that they have to cross the cell mem-
brane, escape endosomes, and localize to the nucleus. Therefore, nuclear- localization 
signals and cell-penetrating and endosomal-release signal peptides can infl uence 
the duration of action of injected RNA molecules [ 124 ].  
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   Viral 

 Adenoviral, lentiviral, and adeno- associated   virus-based local delivery has also 
been performed in animal models of AD and HD [ 97 ], demonstrating signifi cant 
improvement. Nevertheless, the strategy to locally deliver a drug to the brain is still 
far from normal practice because of the complexities associated with direct injec-
tion into the human brain.   

    Toxicity and Off-Target Effects of Delivering Therapeutic 
miRNA Targets 

  There are considerable challenges to  the   clinical application of exogenous RNAi 
effector sequences. A number of toxicities are associated with siRNAs and exoge-
nous RNAi precursors. High levels of expressed shRNAs in the liver are known to 
cause fatalities in mice due, in part, to saturation of the endogenous RNAi machin-
ery [ 125 ], and McBride and colleagues have observed toxicity arising from shRNA- 
based vectors in the brain [ 126 ,  127 ]. Expressed shRNAs likely abrogate the 
function of natural miRNAs [ 125 ,  128 ,  129 ]. Therefore, careful consideration 
should be given to the dosage used when applying ectopically introduced RNAi 
effectors. Another area of concern is the possibility of off-target inhibition of unin-
tended mRNAs through interactions between the 6- to 7-nt seed region of the exog-
enous siRNA guide sequences and the target mRNAs. Many off-target effects of this 
nature have been observed when introducing exogenous siRNAs [ 130 – 132 ]. Off- 
target effects can in some instances be mitigated by introducing specifi c base modi-
fi cations within the siRNA duplex [ 133 ]. However, to determine the full extent of 
any off-target inhibition, prior screening using candidate RNA and protein expres-
sion array analyses may be required [ 5 ].    

    Conclusion 

 In summary, the current evidence clearly points to a signifi cant role for miRNAs in 
NDDs. miRNAs are of particular interest in understanding these complexes of dis-
orders because they can potentially regulate several pathways involved in the onset 
and progression of these diseases. The study of miRNA appears particularly prom-
ising for understanding the very prevalent but poorly understood sporadic forms of 
NDDs, such as AD and PD. The challenge now is to understand the role of specifi c 
miRNAs in biological models and to translate this knowledge to clinical studies. 
Moving forward, the development of tools for the delivery, stable expression and 
controlled modulation of miRNA levels and their action in vivo will be a valuable 
asset in enhancing the therapeutic value of miRNAs in NDDs.     
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    Chapter 7   
 microRNAs and Fragile X Syndrome       

       Shi-Lung     Lin    

    Abstract     Fragile X syndrome (FXS) is one of the major causes for autism and 
mental retardation in humans. The etiology of FXS is linked to the expansion of the 
CGG trinucleotide repeats, r(CGG), suppressing the  fragile X mental retardation 1  
( FMR1 ) gene on the X chromosome, resulting in a loss of fragile X mental retarda-
tion protein (FMRP) expression, which is required for regulating normal neuronal 
connectivity and plasticity. Recent studies have further identifi ed that microRNAs 
are involved in the mechanisms underlying FXS pathogenesis at three different 
developmental stages. During early embryogenesis before the blastocyst stage, an 
embryonic stem cell (ESC)-specifi c microRNA, miR-302, interferes with  FMR1  
mRNA translation to maintain the stem cell status and inhibit neural development. 
After blastocyst, the downregulation of miR-302 releases FMRP synthesis and sub-
sequently leads to neuronal development; yet, in FXS, certain r(CGG)-derived 
microRNAs, such as miR-fmr1s, are expressed and accumulated and then induce 
DNA hypermethylation on the  FMR1  gene promoter regions, resulting in transcrip-
tional inactivation of the  FMR1  gene and the loss of FMRP. In normal neuronal 
development, FMRP is an RNA-binding protein responsible for interacting with 
miR-125 and miR-132 to regulate the signaling of Group 1 metabotropic glutamate 
receptor (mGluR1) and  N -methyl- D -aspartate receptor (NMDAR), respectively, and 
consequently affecting synaptic plasticity. As a result, the loss of FMRP impairs 
these signaling controls and eventually causes FXS-associated disorders, such as 
autism and mental retardation. Based on these current fi ndings, this chapter will 
summarize the etiological causes of FXS and further provides signifi cant insights 
into the molecular mechanisms underlying microRNA-mediated FXS pathogenesis 
and the related therapy development.  
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        Introduction 

 A large portion of the genome is noncoding DNA, which often contains 
microsatellite- like short nucleotide repeats with unknown function. Recent studies 
have shown that the transcripts of certain trinucleotide repeats can fold into hairpin- 
like RNAs, which are then further processed by RNaseIII-associated  Dicer s into 
microRNAs (miRNAs) or miRNA-like gene silencing molecules that are sized 
about 18–27 nucleotides and capable of interfering with specifi c target genes 
through either posttranscriptional mRNA degradation or translational suppression, 
or both [ 1 – 5 ]. 

 These miRNAs play crucial roles in several triplet repeat expansion diseases 
(TREDs), including fragile X syndrome (FXS), Huntington’s disease (HD), myo-
tonic dystrophy (DM), and a number of spinocerebellar ataxias (SCAs). Yet, most 
of the pathogenic mechanisms underlying these diseases remain largely unclear. To 
this, we will use FXS as a model to demonstrate how miRNAs are involved in the 
pathogenesis of FXS-associated disorders, such as autism and mental retardation. 

 FXS is one of  the   most common forms of inherited mental retardation, taking up 
approximately 30 % of total human mental retardation disorders [ 6 ]. This disease is 
originated from the transcriptional inactivation of  fragile X mental retardation 1  
( FMR1 ) gene and thus losing its encoded protein, FMRP. FMRP is associated with 
polyribosome assembly to form ribonucleoprotein (RNP) complexes that regulate 
certain protein translation involved in neuronal development and plasticity [ 7 ]. 

  FMRP   also contains a nuclear localization signal (NLS) and a nuclear export 
signal (NES) for shuttling certain mRNAs between the nucleus and cytoplasm [ 8 , 
 9 ], albeit the function remains to be determined. As previous studies have shown 
that  FMR1  gene is inactivated by the over-expansion of CGG trinucleotide repeats 
(i.e., r(CGG) ≥200 copies) and the hypermethylation of the  FMR1  r(CGG) and 
promoter regions in 99 % of FXS patients [ 10 ], the pathological cause of FXS likely 
resides in certain interactions between r(CGG) over-expansion and  FMR1  hyper-
methylation. Conceivably, r(CGG)-derived miRNAs may play a key role in this 
gene silencing mechanism. 

 Since RNA is a highly degradable material, research of the miRNA-associated 
FXS mechanisms requires the use of fresh samples isolated from either patient’s 
brain biopsies or comparable animal models. Due to lack of fresh human samples, 
almost all current studies adopt animal models instead. Zebrafi sh ( Danio rerio ) has 
been served as an excellent model for studying human mental disorders, including 
FXS and autism [ 11 ]. 

 They possess three  FMR1 -related familial genes,  fmr1 ,  fxr1 , and  fxr2 , which are 
orthologous to the human  FMR1 ,  FXR1 , and  FXR2  genes, respectively [ 12 ]. The 
tissue expression patterns of these familial genes in zebrafi sh are broadly consistent 
with those of humans as well [ 12 ,  13 ]. To investigate the effects of r(CGG)-derived 
miRNA over-expression on brain development, we had found and sequenced a 
450-nucleotide r(CGG) expansion motif located in and beyond the zebrafi sh  fmr1  
5′-untranslational region (5′-UTR), which contains approximately 50 copies of 
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r(CGG) similar to the numbers in normal human  FMR1  gene [ 3 ,  4 ]. In this r(CGG)-rich 
region, we further identifi ed and isolated several r(CGG)-derived miRNAs, provid-
ing the fi rst in vivo evidence of miRNA involvement in FXS pathogenesis [ 3 ,  4 ]. In 
view of all these genetic similarities between human and zebrafi sh, studies using 
this zebrafi sh FXS model not only have shed signifi cant light on the pathological 
mechanisms of human FXS but also are useful for developing potential therapies 
for treating FXS-associated disorders. 

   Based on the current fi ndings,  miRNAs   are involved in FXS during three develop-
mental stages, including pre-blastocyst,    post-blastocyst, and neural development, as 
illustrated in Fig.  7.1 . Embryonic cells prior to the blastocyst (32–64-cell) stage are 
undifferentiated. This is because embryonic stem cell (ESC)-specifi c miRNAs, in par-
ticular miR-302, induce the expression of ESC-specifi c transcription factors, such as 
Oct4, Sox2, and Nanog, to maintain the undifferentiated state of stem cells and inhibit 
developmental signals [ 14 ,  15 ]. In addition, miR-302 also targets the  FMR1  mRNA 
3′-UTR nucleotide 2774–2789 region (accession number NM_002024) for transla-
tionally suppressing FMRP synthesis. Such  miR-302- mediated FMRP suppression is 

  Fig. 7.1    Functional roles of  FMR1 /FMRP-associated miRNAs in neural development. Three 
groups of miRNAs were identifi ed to affect  FMR1  and FMRP expressions at different develop-
mental stages: (1) Before the embryonic blastocyst stage, miR-302 suppresses  FMR1  mRNA 
translation to maintain the ESC status and inhibit neural development. (2) After blastocyst, the 
expression of  FMR1  mRNA generates r(CGG)-derived miR-fmr1 miRNAs. In FXS, the over- 
expression and over-accumulation of miR-fmr1s in the neuron nuclei trigger DNA hypermethyl-
ation and hence inactivate  FMR1  transcription, the most prevalent event in FXS. (3) During neural 
development, miR-125a, miR-125b, and miR-132 may interact with FMRP to regulate the transla-
tion of certain neural proteins required for maintaining normal synaptic connection and plasticity. 
In FXS, the loss of FMRP may abolish these miRNA-mediated regulations and thus leads to the 
pathologies of FXS-related disorders, such as mental retardation and autism       
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a normal developmental event during the pre-blastocyst stage in order to maintain the 
pluripotency of early ESCs.

   After blastocyst, most of the ESC-specifi c miRNAs are downregulated and then 
ectodermic differentiation begins. At this post-blastocyst stage,  FMR1  expression is 
escalated and its transcripts are quickly accumulated. As a result, the processes of 
 FMR1  mRNA maturation generate r(CGG)-derived miRNAs. In normal individu-
als, the level of r(CGG)-derived miRNAs is not suffi cient to affect  FMR1  gene 
expression; yet, the high expansion of r(CGG) in FXS causes over-expression and 
over-accumulation of these r(CGG)-derived miRNAs and hence leads to the inhibi-
tion of  FMR1  and its protein FMRP expression. Since FMRP is responsible for 
regulating miR-125- and miR-132-mediated protein translation required for main-
taining neuronal connectivity and synaptic plasticity [ 16 ,  17 ], the defi ciency of 
FMRP disrupts these miRNA-mediated regulations and consequently results in pre-
mature neuronal development. In view of this established disease model, we will 
further discuss the functional roles of r(CGG)-derived miRNA, miR-125 and miR- 
132 in FXS pathogenesis.    

    Identifi cation of r(CGG)-Derived miRNAs in a Zebrafi sh 
FXS Model  

   Human and zebrafi sh brains  share   many genetic and  structural   similarities [ 11 – 13 ]. 
As it is impossible to directly experiment on living human brain tissues, the current 
studies of r(CGG)-derived miRNAs are mainly based on a transgenic zebrafi sh FXS 
model. To mimic human FXS, an r(CGG)-rich DNA motif isolated from the zebraf-
ish  fmr1  5′-UTR r(CGG) expansion region (accession number NW001511047 from 
the 124001st to 124121st nucleotide) is transgenically overexpressed with high titer 
retroviral delivery into zebrafi sh brains [ 3 ,  4 ]. 

 The over-expression of this r(CGG)-rich motif is mediated by an isolated gamma- 
aminobutyric acid receptor  ßZ2  ( GABAR2 ) promoter and hence only occurs in the 
GABAergic neurons of cortex, hippocampus, and cerebellum [ 4 ,  5 ]. Since previous 
studies have established that  GABAR2  and  FMR1  genes are co-expressed in the 
GABAergic neurons [ 18 ,  19 ], the zebrafi sh FXS model so obtained can specifi cally 
refl ect the damages of r(CGG)-derived miRNAs in the  FMR1 -positive neurons and 
subsequently prevents any potential off-target effect in other kinds of neuronal cells. 
Furthermore, by adjusting the multiplicity of retroviral infection (MOI), we can 
control the expression levels of r(CGG)-derived miRNAs to a certain amount suf-
fi cient to trigger the transcriptional suppression of  FMR1 , resembling the same etio-
logical mechanism of human FXS [ 4 ,  5 ]. 

 As depicted in Fig.  7.2a , wild-type zebrafi sh contains approximately 35–50 cop-
ies of CGG repeats in the  fmr1  5′-UTR, whereas the r(CGG) number in the  FMR1  
of human FXS is over 200, which conceivably may generate more than four times 
of r(CGG)-derived miRNAs.
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   To create a condition similar to the r(CGG) over-expression in human FXS, we 
have used retroviral delivery to introduce a  GABAR2 -mediated r(CGG)-expressing 
 red - shifted green fl uorescent protein  ( RGFP ) transgene into zebrafi sh [ 4 ,  5 ]. An 
r(CGG)-rich DNA motif isolated from the zebrafi sh  fmr1  5′-UTR is manually 
placed in the 5′-UTR of the  RGFP  gene. After increasing the r(CGG) expression 
over sixfolds of the normal level in zebrafi sh, FXS-like disorders start to be observed 
in the targeted GABAergic neurons, indicating the minimal threshold of the r(CGG) 
over-expression levels required for inducing  fmr1  gene suppression. Accordingly, 
since the diseased human  FMR1  possesses over 200 copies of r(CGG), this thresh-
old may be actually lower than sixfolds in human FXS. Following the elevation of 
r(CGG) over-expression, we have further identifi ed the presence of two r(CGG)-
derived miRNAs, namely miR-fmr1s, both of which are increased corresponding to 
the levels of r(CGG) expression. Meanwhile, the  fmr1  gene transcription is decreased 
in response to the increase of miR-fmr1 expression, suggesting that the expressed 
r(CGG) RNA transcripts can be processed into miR-fmr1s and then result in sup-
pressing the  fmr1  gene transcription. 

  Fig. 7.2    Model of the transgenic r(CGG)-overexpressing zebrafi sh resembling human 
FXS. Normal zebrafi sh  fmr1  5′-UTR region contains 35–50 r(CGG) copies, whereas the estimated 
r(CGG) number in human FXS  FMR1  is ≥200. In order to mimic the expression levels of human 
miR-fmr1s in FXS, the  fmr1  r(CGG) region was overexpressed ≥6-folds, leading to pathological 
results similar to human FXS. ( a ) Dose-dependent correlation between r(CGG)-derived miR-fmr1 
expression and transcriptional  fmr1  suppression, determined by northern blotting ( p  < 0.01). The 
levels of miR-fmr1 expression and  fmr1  knockdown were proportional to the expression rates of 
r(CGG) expression. ( b ) Sequence and structural features of the r(CGG)-derived miR-fmr1 precur-
sor. From the 5′ to 3′ end, it contains several key motifs, such as a poly-pyrimidine tract (PPT), an 
r(CGG)-rich hairpin-like pre-miRNA structure, a NIS, a short poly(A) tail, and sometimes a G/C-
rich tract. Two miRNA isoforms had been identifi ed as miR-fmr1-27 and miR-fmr1-42. ( c ) In situ 
hybridization with an anti-miR-fmr1-27 probe showed the different miR-fmr1 expression patterns 
between normal (wild-type) and FXS pallium–neocortical neurons       
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 The sequences of these two r(CGG)-derived miR-fmr1s have been confi rmed to 
be miR-fmr1-27 and miR-fmr1-42, respectively, as shown in Fig.  7.2b . They share 
a 26-nucleotide overlapping sequence in their 5′-end and are derived from the  fmr1  
5′-UTR r(CGG) expansion region approximately 65-nucleotide upstream of the 
translational start codon (accession number NM_152963). Both miR-fmr1s contain 
the same CCG-rich seed sequence for targeting the r(CGG) expansion region of the 
 fmr1  gene. 

 Notably, the miR-fmr1-42 further possesses three unique structures in its precur-
sor microRNA (pre-miRNA) sequence, including (1) multiple matched CGG-CCG 
base pairs in the stem arm of the hairpin-like pre-miRNA, (2) a nuclear import sig-
nal (NIS) motif located in the 3-end of the hairpin structure, and (3) multiple CCG- 
rich DNA binding motifs in the mature miR-fmr1-42 sequence. Based on these 
structures, it is conceivable that the NIS motif may allow the entry of mature miR-
fmr1- 42 into the cell nucleus via a certain unidentifi ed mechanism, while the mul-
tiple CCG-rich DNA binding motifs are involved in transcriptional suppression of 
the  fmr1  gene. In addition, the NIS motif is often fl anked with a short poly-A tail, 
which may facilitate the decay of miR-fmr1-42 and hence prevents the miRNA 
accumulation in the normal neurons. 

 The expression patterns of both miR-fmr1 isoforms have been identifi ed in the 
wild-type zebrafi sh brain, particularly located in the lateral pallium-neocortical and 
cerebellar neurons, as determined by fl uorescent in situ hybridization (FISH) stain-
ing with a specifi c locked nucleic acid (LNA) probe directed against the  miR-fmr1- 27 
sequence (Fig.  7.3 ). As shown in Fig.  7.2c , the FISH staining also indicated that 
wild-type pallium neurons (equivalent of human hippocampal stratum radiatum) 
present a limited amount of miR-fmr1s in the cytoplasmic region surrounding the 
cell nucleus, whereas the r(CGG)-overexpressing FXS neurons exhibit abundant 
miR-fmr1 expression and accumulation in all over the dendrite, soma, and nucleus 
areas. Further analyses using northern blotting of the two miR-fmr1s isolated from 
either cytoplasm or nuclei of the pallium neurons revealed that miR-fmr1-42 is the 
only miRNA accumulated in the nuclei of the FXS neurons [ 4 ,  5 ].

   After deleting the NIS motif, the accumulation of miR-fmr1-42 is dramatically 
reduced in the nucleus portion but found more in the cytoplasm, suggesting that NIS 
may be required for the transporting of miR-fmr1-42 from the cytoplasm to the 
nucleus [ 4 ]. 

 Following the nuclear accumulation of miR-fmr1-42, a marked increase of epi-
genetic DNA methylation in the  fmr1  promoter and its upstream region has been 
detected by bisulfi te PCR and sequencing assays [ 4 ]. It is also noted that these DNA 
hypermethylation events occur mostly in the CpG-rich binding sites of several  fmr1 - 
associated  transcriptional cofactors, such as NRF1 (GCGCGC), SP1 (GC box), and 
USF1/USF2 (E box). As previous studies have reported that blocking the binding of 
these transcriptional cofactors may cause transcriptional inactivation of  FMR1  in 
human FXS [ 20 ], the currently established r(CGG)-overexpressing zebrafi sh model 
not only successfully reveals this pathological process but also provides signifi cant 
insights into the molecular mechanism underlying miRNA-mediated  FMR1  
inactivation.    
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    Role of miR-fmr1 in the Etiological Mechanism of FXS 

   In view all of the above studies, Fig.  7.4  summarizes the etiological mechanism of 
FXS, in which excessive expression of r(CGG)- derived   miRNAs, such as miR- 
fmr1s, causes  miRNA   accumulation in the neuron nuclei and then forms RNA- 
induced transcriptional silencing (RITS) complexes to trigger massive DNA 
methylation in the  FMR1  gene promoter, consequently leading to the inactivation of 
 FMR1  transcription. As in this zebrafi sh FXS model we only overexpressed one- 
third of the ~50 r(CGG) copies in wild-type  fmr1  and had already identifi ed two 
miR-fmr1 isoforms, it is estimated that the ≥200 r(CGG) expansion in the diseased 
 FMR1  gene of human FXS may generate over 12 different kinds of r(CGG)-derived 
miRNA isoforms to inactivate  FMR1  transcription.

   As a result, it will be very diffi cult to target these various miR-fmr1s for treat-
ment. Also, how to demethylate the methylated  FMR1  gene promoter in FXS neu-
rons is another problem. To overcome these problems, we need to understand the 
detail RITS compositions in order to prevent the assembly between RITS and miR- 
fmr1s; yet, till now the RITS components remain largely unknown. 

 To unveil the compositions of RITS, our studies have found that Dicer1 rather 
than Drosha is required for the r(CGG)-derived miRNA biogenesis, while Rad54l 
and MeCP2 may play crucial roles in the RITS assembly with miR-fmr1s [ 4 ,  5 ]. 
Using antisense morpholino oligonucleotides directed against certain key RNAi- 

  Fig. 7.3    Expression patterns of miR-fmr1s in the wild-type 3-month-old zebrafi sh brain. In situ 
hybridization assays showed the normal miR-fmr1 expression mainly in the lateral pallium ( sec-
tion 1 ), pallium–neocortical junction ( section 2 ), and cerebellum ( section 3 )       
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and CpG methylation-associated effector genes [ 4 ], we discovered that the mecha-
nism of miR-fmr1-mediated gene silencing requires activities of Dicer 1 RNase, 
Rad54-like protein (Rad54l) and methyl-CpG binding protein 2 (MeCP2), but not 
Drosha RNase. Since the processing of intronic miRNAs has been known to bypass 
Drosha [ 21 – 23 ], the miR-fmr1 biogenesis may function through a similar process. 

 Moreover, our results also showed that both miR-fmr1 biogenesis and  fmr1  inac-
tivation can be prevented by the morpholino-mediated knockdown of Dicer 1, while 
only the  fmr1  inactivation but not miR-fmr1 biogenesis is affected by the knock-
down of either Rad54l or MeCP2. To this, further studies revealed that the  fmr1  
gene transcription in FXS neurons is increasingly re-activated in response to the 
decrease of either Rad54l or MeCP2 expression, suggesting that both Rad54l and 
MeCP2 activities are likely required for the miRNA-mediated  fmr1  inactivation. As 
previous reports have manifested that both Rad54l and MeCP2 are involved in the 
CpG methylation of repetitive chromatin sequences in autism spectrum disorders 
[ 24 ], a similar mechanism may be reiterated to cause the miRNA-induced hyper-
methylation of the  FMR1  r(CGG) expansion and promoter regions in human FXS.    

  Fig. 7.4    Mechanism of miRNA-mediated FXS pathogenesis. Over-expansion of r(CGG) in the 
 FMR1  gene that encodes FMRP underlies FXS-associated disorders, such as mental retardation 
and autism. Repeats expanded over 200 copies (full mutation) lead to a complete loss of  FMR1  and 
FMRP expression. The pathological progression causing such FMRP defi ciency includes eight 
steps: (1) Transcription of the  FMR1  gene starts after the embryonic blastocyst stage (i.e., day 
7–10 human embryo or 10–12 h post-fertilization zebrafi sh). (2) RNA splicing and further process-
ing excise the 5′-UTR r(CGG) expansion of  FMR1  mRNA into fragments. (3) The excised r(CGG) 
fragments are further processed into various repeat-associated miRNA precursors by certain ribo-
nucleases. (4) These miRNA precursors are exported to cytoplasm and then cleaved into mature 
miR-fmr1s by RNaseIII Dicers. (5) Excessive miR-fmr1s are accumulated in cytoplasm around the 
cell nucleus. (6) miR-fmr1s with a NIS signal enter the cell nucleus. (7) Nuclear accumulation of 
miR-fmr1s induces the formation of RNA-induced transcriptional silencing (RITS) complexes 
with Rad54l and MeCP2 near the  FMR1  gene promoter. (8) RITS complexes trigger DNA hyper-
methylation and hence lead to transcriptional  FMR1  inactivation, the most prevalent event in over 
99 % of the FXS patients       
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    Pathologies of miR-fmr1-Induced FXS Disorders 

  The pathological outcomes  of   the currently established miR-fmr1-mediated FXS 
animal model are completely reminiscent of the neurodegenerative and cognitive 
impairments in human FXS disorders, including neuronal deformity, immature syn-
apse formation, long dendritic spine shaping, diminishment of long-term potentia-
tion (LTP), and augmentation of group 1 metabotropic glutamate receptor-dependent 
long-term depression (mGluR1-LTD). 

 Alterations of neurite growth and synaptic connectivity have been examined in 
the FXS zebrafi sh brains, resembling the exact pathological features of human FXS 
neurons (Fig.  7.5 ). Formation of long stripe neuronal dendrites is an important mark 
of human FXS. In fi sh lateral pallium (equivalent of human hippocampal stratum 
radiatum), wild-type neurons present normal neurite growth and branching dendri-
fi cation, whereas miR-fmr1-affected FXS neurons exhibit long stripe dendrites and 
disconnected synapses similar to those found in the human FXS hippocampal–neo-
cortical junction [ 3 – 5 ]. In particular, high density of long, immature dendritic spines 
is markedly increased, indicating failures in forming normal synaptic connections 
between these FXS-affected neurons (Fig.  7.5a ).

   In FXS patients, changes in spine shape are often linked to the absence of FMRP 
function [ 25 ]. FMRP is a translational inhibitor associated with local protein syn-
thesis of certain mRNA species involved in neurite growth and synaptic connection, 
providing a crucial regulatory process for eliminating immature synapses and 
enhancing synaptic strength during normal brain development [ 26 – 28 ]. As a result, 
the miR-fmr1-mediated  FMR1  suppression causes FMRP defi ciency and hence hin-
ders synaptic strengthening through the formation of protein synthesis-dependent 
synaptic connections, consequently leading to a cascade of events that FXS is 
strongly implicated. 

 Impairment of synaptic plasticity is another major symptom of human FXS. Two 
types of synaptic plasticity are dependent on protein synthesis: LTP and long-term 
depression (LTD).  LTP   is a long-term increase in synaptic strength in response to 
high-frequency stimulation, whereas LTD is a long-lasting decrease in synaptic 
strength  to   below the normal baseline level after prolonged, low frequency stimula-
tion. Both LTP and LTD underline the encoding activities of new declarative memo-
ries in brain [ 29 ]. LTP in hippocampus is a learning-associated form of synaptic 
plasticity that is highly involved in the shape change of dendritic spines [ 30 ]. 

 It is also known that theta activity (3–8 Hz) is the major late-phase (protein 
synthesis- dependent) stimulation during the hippocampal encoding of long-term 
memory [ 29 ]. As shown in FXS zebrafi sh neurons (Fig.  7.5b ), theta burst- stimulated 
synapses of the pallium–neocortical junction (equivalent of human hippocampal 
CA1–CA3) exhibit diminished LTP compared to that of the wild-type controls [ 4 , 
 5 ]. This decreased LTP remains after the blockade of metabotropic GABAalpha 
receptor (GABA A R)-dependent synaptic inhibition by picotoxin treatment, similar 
to the reported response of human FXS neurons [ 4 ]. In addition, a decrease of the 
input–output currents, measured at the peak amplitude of dendritic fi eld excitatory 
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postsynaptic potentials (fEPSPs), occurs corresponding to the diminished LTP, indi-
cating a lower excitatory membrane response in the FXS neurons [ 4 ]. Given that the 
excitability of LTP of GABAergic neurons is mediated by activation of mGluR1 
[ 31 ], further studies of the connection between miRNA-mediated FMRP defi ciency 
and mGluR1 activity may provided answers to the pathological mechanism under-
lying LTP diminishment in FXS. 

  Fig. 7.5    Pathological alterations of FXS neurons. ( a ) Morphological changes of lateral pallium 
neurons in FXS ( middle row ) and  Nurr1 -knockdown ( Nurr1  KO;  bottom row ) zebrafi sh as com-
pared to the wild-types ( top row ). Using fl uorescent 3D-micrograph examination, three different 
kinds of neuronal connectivity were observed, including normal (wild-type), disrupted (FXS), 
tangled ( Nurr1  KO) neurite growth and synaptic circuit formation.  White arrows  indicated the 
formation of dendritic spines (most right panels). The  Nurr1  KO transgenics were generated by 
retroviral transfection of miR-739 into zebrafi sh, showing the distinctions between different 
miRNA functions. Abbreviations indicated:  Pa  pallium,  sP  subpallium,  Te  tectum,  H  hypothala-
mus. ( b ) Standard curves of synaptic LTP responses in pallium slices isolated from FXS zebrafi sh. 
Synaptic input–output fEPSP curves were evoked by varying bipolar current intensities, from 5.0, 
10.0, 15.0, 25.0, 45.0, 65.0, 100.0 to 155.0 μA (pulse duration 0.1 ms). Calibration: 1 mV, 10 ms. 
( c ) Pulse-induced LTD curves were measured at 40 μA for 125 ms. Calibration: 50 pA, 50 ms       

 

S.-L. Lin



117

 Post-synaptic stimulation of mGluR1 has been reported to increase the synthesis 
of certain neural proteins that trigger internalization of α-amino-3-hydroxy-5- 
methyl-4-isoxazole propionic acid receptors (AMPAR), leading to a process crucial 
for LTD expression [ 32 ,  33 ]. FMRP, one of mGluR1-stimulated proteins, is respon-
sible for quenching this LTD process [ 33 ]. In FXS, the loss of FMRP in hippocam-
pal neurons fails to quench LTD and hence results in a marked decrease of the LTP 
excitability, as shown in Fig.  7.5c . Yet, this prolonged LTD remains after co- 
treatment of an mGluR agonist, 3,5-dihydroxyphenyglycine (DHPG), and an 
 N -methyl-D-aspartate receptor (NMDAR) antagonist, D-2-amino-5-
phosphonovalerate (D-APV), suggesting that it is not mediated by NMDAR [ 4 ,  5 ]. 

 Further treatment of DHPG with anisomycin, a protein synthesis inhibitor, com-
pletely prevents the mGluR1-LTD augmentation in normal rather than FXS neurons 
[ 5 ], indicating that FMRP may regulate mGluR1-LTD through both protein 
synthesis- dependent and protein synthesis-independent mechanisms. Since FMRP 
functions to suppress the translation of certain proteins involved in neural develop-
ment and synaptic plasticity [ 8 ,  9 ], its defi ciency in FXS may lead to excessive 
accumulation of these FMRP-suppressed proteins which in turn augment the pro-
tein synthesis-dependent mGluR1-LTD. On the other hand, emerging studies also 
showed that FMRP is associated with certain neuron-specifi c miRNAs, which may 
contribute to the protein synthesis-independent LTD inhibition.   

    Roles of FMRP-Associated miRNAs in Neural Development 

    Recent studies have  found   several miRNA species associated with FMRP  in   main-
tenance of normal  neuronal   development and synaptic plasticity. Using microarray 
analyses of miRNAs co-precipitated with FMRP isolated from wild-type and 
 FMR1 -knockout mouse brains, 12 candidate miRNAs were identifi ed to specifi cally 
interact with wild-type FMRP, including let-7c, miR-9, 100, 124, 125a, 125b, 127, 
128, 132, 138, 143, and 219 [ 17 ]. Among them, only miR-125a, 125b, and 132 have 
known functions in relation to FXS [ 16 ,  17 ], while others remain under 
investigation. 

 Current studies showed that FMRP does not directly contact with miR-125a; yet, 
FMRP phosphorylation promotes the assembly of AGO2 and miR-125a into an 
RNA-induced silencing complex (RISC), which in turn suppresses post-synaptic 
density protein 95 (PSD-95) mRNA translation [ 16 ]. PSD-95 is a protein member 
of the membrane-associated guanylate kinase (MAGUK) family, which is almost 
exclusively located in the post-synaptic density of neurons and is involved in 
anchoring synaptic proteins [ 34 ,  35 ]. It directly or indirectly binds with neuroligin, 
NMDAR, AMPA receptors, and potassium channels to form a multimeric scaffold 
for their clustering and hence plays an important role in synaptic plasticity and the 
stabilization of synaptic changes during LTP [ 35 ,  36 ]. 

 Activation of mGluR1 stimulates the translation of PSD-95 mRNA and leads to 
AMPAR internalization [ 37 ], a process important for LTD expression. Interestingly, 
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studies also found that mGluR1 signaling further triggers the dephosphorylation of 
FMRP to dissociate the AGO2–miR-125a RISC complex and thus prevents the 
inhibitory effect of FMRP on PSD-95 translation [ 16 ]. Based on this fi nding, it is 
conceivable that the loss of FMRP in FXS may cause PSD-95 over-expression and 
ultimately results in mGluR1-LTD augmentation. 

 FMRP was also recently reported to affect NMDAR signaling via a negatively 
regulatory mechanism involving miR-125b and miR-132 [ 17 ], albeit no alteration 
of NMDAR-mediated LTD found in human FXS. Studies showed that both miR- 
125b and miR-132 have inhibitory effects on dendritic spine morphology and syn-
aptic physiology in mouse hippocampal neurons, while FMRP knockdown can 
alleviate these effects [ 17 ]. 

 Further target screening analyses revealed that miR-125b and AGO1 form cer-
tain RISC assembly to specifi cally suppress NMDAR subunit NR2A mRNA trans-
lation [ 17 ]. This silencing effect of miR-125b on NR2A may be one of many reasons 
causing dendritic spine changes; nevertheless, how does it relate to the known FXS 
pathologies such as diminished LTP and prolonged mGluR1-LTD remains unclear. 
Since there is no prior report of such an NMDAR-LTD alteration in the established 
mouse or zebrafi sh FXS model, research in this new direction may need to depend 
on the development of a novel animal model, in which NMDAR-LTD is affected by 
the loss of FMRP. Alternatively, it is possible that this NMDAR-LTD alteration may 
be covered or compensated by some unknown mechanisms in the current FXS ani-
mal models. To solve these questions, further investigation is needed. 

 Research of miRNA involvement in FXS is still at its very early stage. Although 
there are many miRNAs associated with FMRP, the majority of them currently do 
not have a clear function in relation to FXS. Yet, in view of this vast number of 
FMRP-associated miRNAs, it is conceivable that studies in this direction may dis-
cover fruitful knowledge to understand the detail processes of FXS pathogenesis 
and, in the long run, may lead to the development of novel medical interventions for 
treating FXS-related disorders, such as mental retardation and autism. The future 
application is very promising.     

    Conclusion 

 In sum, FXS is a genetic disease caused by dysregulation of multiple miRNA func-
tions, including r(CGG)-derived miR-fmr1s and neuron-specifi c miR-125a, 125b, 
132, and maybe many more waiting to be discovered. Based on the current under-
standing, the onset of FXS occurs after the embryonic blastocyst stage when ecto-
dermic differentiation starts to form primordial neurons. At this critical moment for 
neural development, the expression of  FMR1  and its protein FMRP functions to 
regulate the translation of certain neural proteins, so as to enhance the establishment 
of normal synaptic connection and plasticity. However, due to the mutated over- 
expansion of r(CGG) in FXS patients’  FMR1  5′-UTR, the expression of such 
mutated  FMR1  also generates an excessive amount of r(CGG)-rich fragments, 
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which are further processed into various miRNA isoforms, namely miR-fmr1s, by 
RNaseIII Dicers and are gradually accumulated in the cytoplasm and nuclei of neu-
ronal cells. Since many of these miR-fmr1s carry NIS motifs for entering the cell 
nuclei, their nuclear over-accumulation results in the formation of RITS complexes 
with Rad54l and MeCP2, which then cause DNA hypermethylation of the r(CGG) 
expansion and its adjacent promoter regions of the  FMR1  gene, leading to com-
pletely shutdown of  FMR1  and FMRP expression. Without FMRP regulation, 
mGluR1 signaling will trigger the synthesis of excessive neural proteins that cause 
AMPAR internalization, pre-mature synaptic plasticity, LTP diminishment, and 
prolonged LTD expression, a cascade of events strongly implicated in FXS. In addi-
tion, since FMRP interacts with miR-125a and miR-125b/132 to regulate the signal-
ing pathways of mGluR1 and NMDAR, respectively, its defi ciency may abolish 
these miRNA-mediated regulations and further aggravate the FXS pathologies. To 
clarify the involvement of these miRNAs in FXS, their functional roles are depicted 
in Fig.  7.1 . 

 The development of possible therapy for FXS is still under investigation. There 
are three major diffi culties in its therapeutic design: First, how to demethylate the 
highly methylated r(CGG) expansion and promoter regions in FXS patients’  FMR1  
gene? Second, how to deliver the drug through the blood–brain barrier (BBB)? Last, 
how to limit the drug effect only in GABAergic neurons? Currently, there are a few 
chemical drugs capable of causing DNA demethylation; yet, none of them are safe 
for treating neurons. Alternatively, recent fi ndings of reprogramming-related miR-
NAs, such as miR-302, may offer a new approach to solve these problems. 

 Previous studies have shown that miR-302 enhances somatic cell DNA demeth-
ylation and hence reprograms the somatic cells into an ESC-like state [ 14 ,  15 ]. 
Using retroviral deliver of an inducible miR-302 transgene into zebrafi sh FXS neu-
rons, we have found that there is a narrow window of miR-302 concentrations capa-
ble of silencing MeCP2 expression to demethylate the  fmr1  promoter region but not 
strong enough to suppress  fmr1  mRNA translation. Due to the similarity between 
human  FMR1  and zebrafi sh  fmr1  genes, this miR-302-mediated partial reprogram-
ming approach may be useful for developing a novel therapy treating 
FXS. Nevertheless, how to maintain the miR-302 expression within such a narrow 
dosage window in a specifi c group of brain neurons will be challenging. 

 The fi ndings in zebrafi sh and mouse FXS models have signifi ed a vast similarity 
between these animal models and human FXS, which may shed light on new thera-
peutic interventions. Furthermore, these animal models may provide signifi cant 
insights into the mechanisms of microsatellite-like nucleotide repeats in brain 
development for understanding their functional effects on human intelligence quo-
tient (IQ) and autism. 

 Given that there are many different microsatellite-like nucleotide repeats in the 
human genome, which may encode a variety of repeat-associated miRNAs 
 (ramRNAs), the availability of these animal models is surely useful for studying the 
functional roles of these various ramRNAs in vivo as a forthcoming challenge.     
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    Chapter 8   
 The Emerging Role of MitomiRs 
in the Pathophysiology of Human Disease       

       Filipe     V.     Duarte    ,     Carlos     M.     Palmeira    , and     Anabela     P.     Rolo    

    Abstract     microRNAs (miRNAs) are small, single-stranded noncoding RNA 
molecules involved in posttranscriptional control of gene expression of a wide num-
ber of genes. miRNAs align and bind especially to 3′UTR sequences of their target 
genes and initiate either mRNA degradation or translational repression, resulting in 
reduced protein levels. miRNAs are now recognized as major players in virtually 
every biological process. In recent years, the discovery of miRNAs has revolution-
ized the traditional view of gene expression and our understanding of miRNA bio-
genesis and function has thereby expanded. The discovery of mitochondrial-located 
miRNAs raises the issue of the molecular mechanism underlying their translocation 
from the nucleus to the mitochondria. Studies in different species indicate that it 
may exist a number of import pathways of nucleus-encoded RNAs to mitochondria, 
being the most of them largely ATP-dependent. Not only pre-miRNAs, but also 
mature miRNAs, are present in the mitochondria; these fi ndings have also raised the 
possibility of mitochondrial miRNA synthesis. Some pre-miRNAs sequences seem 
to be processed in the mitochondria, giving origin to mature miRNAs, which could 
be immediately active on the mitochondrial transcripts or exported to the cytosol in 
order to interfere with genomic-derived mRNA. Thus, the mitochondrial-processed 
miRNAs are likely to contribute to some posttranscriptional regulation of gene 
expression related to the mitochondrial functions. Coming from their location, the 
mitochondria, some miRNAs are currently named as mitomiRs; it refers to those 
miRNAs that can localize in mitochondria, whether transcribed from the nuclear or, 
potentially, the mitochondrial genome. When their genomics was analyzed, a num-
ber of mitomiRs mapped the nuclear genome at loci relevant to mitochondrial func-
tions or diseases. Current computational analyses, using different algorithms, drive 
scientists to argue that the mitochondrial genome can harbor sequences that could 
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be a target for several mitomiRs. However, perhaps a more challenging topic con-
cerning mitomiRs is whether the mitochondrial DNA can harbor miRNA sequences, 
indicating an involvement of mitochondria in small RNA-generating pathways. 

 The identifi cation of populations of miRNAs in the mitochondria pushed scien-
tists in the fi eld to question its biological functions. It is established that miRNAs, 
originated in the nuclear genome, are exported to cytosol where they are processed 
and exert their function by inhibiting nuclear genome-derived mRNA. Actually it is 
also known that some miRNAs are imported into mitochondria where they interact 
with some mitochondrial genome-derived mRNA molecules. More strikingly, it has 
also come to light that mitochondrial genome (mtDNA) can originate some miRNA 
molecules that exert their function directly on mitochondrial transcripts. The links 
between miRNA deregulation and human disease have been reported in almost all 
medicine fi elds. Currently, great efforts are being invested in understanding the 
involvement of miRNA deregulation in disease and unlocking the mechanisms by 
which they act. This new fi eld of investigation has revealed the tremendous poten-
tial of miRNAs as diagnostic or even as valuable therapeutic tools. 

 miRNAs have recently emerged as key regulators of metabolism. Metabolic syn-
drome is a systemic disorder that includes a spectrum of abnormalities associated 
with obesity and type II diabetes. Defects in mitochondrial function, namely related 
to oxidation of fatty acids, have been linked to diet-induced obesity and the develop-
ment of insulin resistance in adipose tissue and skeletal muscle. Consistently, obese 
individuals have mitochondria with compromised bioenergetic capacity. Therefore, 
increasing interest is being given to the role of miRNAs on metabolic regulation, 
with relevance on mitochondria and the mechanisms purported for miRNA actions, 
particularly acting in mitochondria or in mitochondria-related pathways. The 
involvement of miRNAs in mitochondrial metabolism, mitochondrial oxidative 
phosphorylation (OXPHOS), electron transport chain (ETC) components, lipid 
metabolism, and metabolic disorders is becoming more and more comprehended, as 
well as miRNAs contribution for processes such as mitochondrial dynamics or 
apoptosis regulation and cancer.  

  Keywords     Alzheimer’s disease   •   Amyotrophic lateral sclerosis (ALS)   •   Cancer   • 
  Glycolysis   •   Huntingtin (HTT)   •   Huntington’s disease   •   Metabolic disorders   • 
  microRNA (miRNA)   •   Mitochondria   •   Mitochondrial DNA (mtDNA)   • 
  Mitochondrial dynamics   •   Mitochondrial transcripts   •   Mitofusin   •   mitomiRs   • 
  Neurodegeneration   •   OXPHOS   •   Parkinson’s disease  

        Introduction 

   MicroRNAs (miRNAs)   are short, single-stranded, noncoding RNA molecules (19–
23 nucleotides) that act by posttranscriptional modulation of protein-coding genes, 
through repressing messenger RNA (mRNA) translation or promoting their degra-
dation (see Chap.   2     of the volume “microRNA: Basic Science” for a detailed dis-
cussion of miRNA machinery). Each miRNA can affect multiple target genes [ 1 ]. 
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 miRNAs are now recognized as major players in almost every biological process 
such as cell proliferation, apoptosis, differentiation, and organogenesis [ 1 ,  2 ]. In 
recent years, the discovery of miRNAs has revolutionized the traditional view of 
gene expression and our understanding of miRNA biogenesis and function has 
expanded. The links between miRNA deregulation and human disease have been 
reported in almost all medicine fi elds. Currently, great efforts are being invested in 
understanding the involvement of miRNA deregulation in disease and unlocking the 
mechanisms by which they act. This new fi eld of investigation has revealed the 
tremendous potential of miRNAs as diagnostic or therapeutic tools. 

 Many studies have already deeply focused on the characterization of mitochon-
drial DNA genetics, also trying to understand its modulation by miRNAs [ 3 ]. 
Mitochondria of all eukaryotes are the sole organelles (except for chloroplasts in 
plants) that have a distinct genome made of a double-stranded, circular DNA mol-
ecule (mtDNA). mtDNA mutations have been found to be implicated in a wide 
variety of both physiological (e.g., heat production, reactive oxygen species (ROS) 
generation, apoptosis, cellular differentiation, and aging) and pathological pheno-
types, including neurodegenerative diseases, diabetes, metabolic syndrome, and 
several cancers [ 4 ,  5 ]. Furthermore, there is an extensive network of bidirectional 
signals between nuclear and mitochondrial genomes. This regulatory crosstalk is 
crucial for the activity of the entire cellular machinery, basically by modulating 
mitochondrial biogenesis and metabolism through reciprocal mitochondrial-to- 
nucleus communication [ 6 ,  7 ]. 

 Relatedly, recent and increasing amount of data from whole genome and tran-
scriptome sequencing suggest that both nuclear- and mitochondrial-encoded small 
noncoding RNAs (sncRNAs), including short interfering RNAs (siRNAs), microR-
NAs (miRNAs) as well as long noncoding RNAs (lncRNAs), are responsible for the 
regulation of important signaling pathways involving mitochondria. They have been 
suggested to modulate the expression of mitochondrial proteins encoded by nuclear 
or mitochondrial genes, and also the regulation of mitochondrial structure, function, 
and dynamics [ 8 ,  9 ].   

    Mitochondria 

 For several years  mitochondria   have been subject of extensive studies intended to 
unravel the role of these organelles in cellular physiology. In this regard, the com-
plexity of cell physiological coordination has been recapitulated in a complex and 
network of signals that intersects and integrates with the intensive mitochondrial 
activity. Indeed, besides the production of most of cellular energy, mitochondria are 
able to modulate many intracellular signaling pathways, which are crucial for the 
maintenance of cellular homeostasis. They are sites of multiple metabolic path-
ways, including β-oxidation of fatty acids, tricarboxylic acid and urea cycles, con-
trol intracellular Ca 2+  metabolism and signaling, ion homeostasis, steroid hormone 
biosynthesis, regulate thermogenesis and settle the cell fate by integrating numerous 
death signals [ 10 ]. 
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 Mitochondria are cellular organelles delimited by two membranes that embrace 
about one-tenth of the cell’s proteins. The mitochondrion consists of four main 
structures or compartments: two membranes, the intermembrane space, and the 
matrix within the inner membrane. The  mitochondrial outer membrane (MOM)   
separates the cytosol from the intermembrane space. The MOM is responsible for 
interfacing with the cytosol and its interactions with cytoskeletal elements, which 
are important for the movement of mitochondria within a cell. This mobility is 
essential for the distribution of mitochondria during cell division and 
differentiation. 

 The  mitochondrial inner membrane (MIM)   separates the intermembrane space 
from the matrix. The folding of the MIM (cristae) serves to increase the surface area 
of this membrane. The MIM hosts the most important redox reactions converting 
the energy of nutrients into ATP. These reactions are catalyzed by the mitochondrial 
electron transport chain (ETC), which transports electrons from several substrates to 
oxygen, in the complex multistep process termed mitochondrial respiration. 
According to the chemiosmotic theory, mitochondrial respiration generates a trans-
membrane potential (ΔΨm) across the inner membrane, which is used by ATP syn-
thase to phosphorylate ADP. The MIM is normally impermeable to protons and 
other ions, and this solute barrier function of the MIM is critical for energy transduc-
tion. Permeabilization of the MIM dissipates ΔΨm and thereby uncouples the pro-
cess of respiration from ATP synthase, halting mitochondrial ATP production [ 11 ]. 

 In addition to the process of ATP formation, mitochondria are highly dynamic 
organelles that have been implicated in the regulation of a great and increasing 
number of physiological processes. Mitochondrial function is a key to cell life and 
death, and the deregulation of mitochondrial metabolism is critical to the pathogen-
esis of several diseases. Cells need energy not only to support their vital functions 
but also to die gracefully, through programmed cell death, or apoptosis [ 11 ]. 

 Furthermore, mitochondrial regulation is also present beyond cell death mecha-
nisms. Indeed, besides oxidative ATP production, mitochondria assume other func-
tions such as heme synthesis, β-oxidation of free fatty acids, metabolism of certain 
amino acids, production of free radical species, formation and export of Fe/S clus-
ters, iron metabolism, and play a crucial role in calcium homeostasis [ 12 ]. Still, the 
regulatory roles of mitochondria over normal physiology include the transduction 
pathway that underlies the secretion of insulin in response to glucose by β-cells. 

 The physiological “uncoupling” of mitochondria also plays a central role as a heat-
generating mechanism in non-shivering thermogenesis in young mammals. It has also 
been suggested that the production of free radical species by mitochondria may play 
a key role as a signaling mechanism, for example, in the regulation of ion- channel 
activities and also in initiating cytoprotective mechanisms in stressed cells [ 13 ]. 

 Mitochondrial  OXPHOS   produces more than 95 % of a cell’s energy in the 
form of ATP under normal physiological conditions. This process involves fi ve 
different protein complexes, Complex I–V. The respiratory chain or electron trans-
port chain (ETC; Complexes I–IV) in the MIM is associated with electron transfer 
components—coenzyme Q and cytochrome c. In the matrix, pyruvate oxidation, 
β-oxidation of fatty acids, and the TCA cycle pathways are associated. 
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 The total number of polypeptides involved directly in OXPHOS is 91 when 
cytochrome  c  is included. Of these proteins, some are nuclear-encoded, and some 
are mitochondrial-encoded in the mtDNA [ 13 ]. Because of its limited coding capac-
ity mtDNA relies on nuclear genes for structural components and biological func-
tions. Besides, nuclear-encoded genes also regulate mitochondrial transcription, 
translation, and mtDNA replication, thus the precise cooperation of nuclear and 
mtDNA expression is essential to regulate OXPHOS capacity in response to differ-
ent physiological demands and disease states [ 14 ,  15 ]. 

 Dysregulated mtDNA expression has been associated with human mitochondrial 
diseases and is also observed in normal aging process [ 16 ,  17 ]. The overall process 
of  oxidative phosphorylation (OXPHOS)   is tightly controlled by transcriptional 
regulation at the level of DNA, translational effects via RNA levels and stability, by 
substrate feedback inhibition, and by posttranslational modifi cations, including 
phosphorylation and acetylation. Ineffi cient electron transfer through complexes I–
IV causes human disease in part because of loss of energy metabolism but also 
because insults to the various enzymes (particularly Complexes I, II, and III) induce 
production of toxic ROS. Defects of complex V are also a cause of mitochondrial 
dysfunction [ 18 ]. It has also been reported that the deterioration of mitochondrial 
function underlies common metabolic-related diseases [ 19 ,  20 ], and several studies 
have identifi ed compromised oxidative metabolism, altered mitochondrial structure 
and dynamics, and impaired biogenesis and gene expression in insulin resistance or 
type 2 diabetes (T2DM) models [ 21 ,  22 ]. 

 Mitochondria also play a pivotal role in the process of cell death. It has been 
generally accepted that cells die by necrosis when ATP is not suffi cient, or they die 
by the process of apoptosis when suffi cient ATP is available. Apoptosis (programed 
cells death) is a process coordinated by a family of proteases—the caspases, which 
participate in the molecular control of apoptosis as triggers of cell death and as 
regulatory elements within this process. Excessive accumulation of Ca 2+  leads to the 
formation of ROS and to opening of the mitochondrial permeability transition pore 
(mPTP), which depolarizes the mitochondria and leads to mitochondrial swelling. 

 This may also provide a mechanism for the release of cytochrome  c  from the 
intermembrane space into the cytoplasm. Cytochrome  c  normally functions as a 
part of the respiratory chain, but when released into the cytosol it becomes a criti-
cal component of the apoptosis execution machinery, where it activates caspases 
and causes apoptotic cell death. Apoptosis may be triggered by extracellular 
signals (extrinsic pathway) or by intracellular processes (intrinsic pathway) [ 23 ]. 
An increased mitochondrial formation of ROS triggers the intrinsic pathway by 
opening permeability transmission pores with increased permeability of the outer 
mitochondrial membrane. 

 Mitochondrial shape is very heterogeneous, ranging from small spheres to inter-
connected tubules. During cell life, mitochondria undergo continuous cycles of 
fusion and fi ssion. Therefore, mitochondria are now recognized as highly dynamic 
organelles that move throughout a cell and constantly fuse and divide [ 24 ]. Studies 
over the last several years indicate that these membrane-remodeling processes pro-
mote homogenization of the mitochondrial population by content mixing and 
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thereby preserve mitochondrial function. It was reported, in pancreatic β-cells, that 
fusion and fi ssion events are paired. Fusion triggers fi ssion, but fi ssion has no effect 
on the following fusion event [ 25 ]. Research on mitochondrial fusion and fi ssion 
(collectively termed mitochondrial dynamics) gained much attention in recent 
years, as it is important for our understanding of many biological processes, includ-
ing the maintenance of mitochondrial functions, apoptosis, and aging [ 26 ].  

    miRNAs in Mitochondria 

   It has been described that a subset  of   miRNAs, highly conserved  noncoding   RNAs 
with regulatory function, play a critical role in regulating both mitochondrial func-
tion and also the DNA methylation machinery [ 8 ,  27 ]. Among them, several exam-
ples of particular interest concern to miRNAs that affect mitochondrial function and 
mitochondrial metabolism in cancer cells, resulting in tumor suppression by induc-
ing metabolic reprogramming [ 9 ]. 

 Recent indications highlight the existence of a regulatory link between the 
expression of some miRNAs, mitochondria, and several disease phenotypes. Indeed, 
data from whole genome and transcriptome sequencing suggested that a large num-
ber of sncRNAs including siRNAs, miRNAs, and lncRNAs are responsible of the 
regulation of important signaling pathways in mitochondria [ 28 ]. As an example, 15 
nuclear-encoded miRNAs, identifi ed in mitochondria isolated from adult rat livers, 
appeared to be involved in the expression of genes associated with apoptosis, cell 
proliferation, and differentiation [ 29 ]. Despite several nuclear-encoded regulatory 
RNAs targeting to mitochondria, there have also been identifi ed some stable and 
abundant mitochondrial lncRNAs transcribed from the regions of the mitochondrial 
genome complementary to ND5, ND6, and Cyt  b  genes [ 30 ]. Moreover, deep RNA 
sequencing studies carried out in human cardiac tissues revealed a high relative 
abundance of lncRNAs encoded by mitochondrial genome [ 31 ]. 

 Regarding mitochondrial small noncoding RNAs (ncRNAs), there have also 
been found some ncRNAs mapping within the mitochondrial D-loop region others 
transcribed in antisense orientation ND4 and ND6 mRNAs [ 32 ]. Additionally, there 
are several other recent reports showing that both human and mouse mtDNA encode 
for thousands of small RNAs, which are mainly derived from the sense transcripts 
of the mitochondrial genes [ 33 ]. 

 In the last years, it was reported that pre-miRNAs as well as mature miRNAs are 
present in the mitochondria, and these fi ndings have also raised the possibility of 
mitochondrial miRNA synthesis [ 34 ,  35 ]. It was suggested that some pre-miRNAs 
sequences seem to be processed in the mitochondria and may be to synthesize 
mature miRNAs, which could be immediately active on the mitochondrial tran-
scripts or exported in the cytosol in order to interfere with genomic mRNA. Thus, 
the mitochondrial-processed miRNAs are likely to contribute to some posttranscrip-
tional regulation of gene expression related to the mitochondrial functions [ 36 ]. 
Some miRNA molecules were already predicted from the mitochondrial genome by 
bioinformatics analysis. More interestingly, a recent report has already experimen-
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tally shown the accumulation of six miRNAs in human mitochondria [ 37 ]. The 
presence of these miRNAs was confi rmed in mitochondria from human skeletal 
muscle; further tan that, luciferase assay was used to confi rm that MT-RNR2 gene 
was the potential target of hsa-miR-mit3 and hsa-miR-mit4. 

 The discovery of  mitochondrial-located miRNAs (mitomiRs)   raises the issue of 
the molecular mechanism underlying their translocation from the nucleus to the 
mitochondria. Studies in different species indicate that it may exist a number of 
import pathways of nucleus-encoded RNAs to mitochondria, being the most of 
them largely ATP-dependent. Nonetheless, the molecular mechanisms of mitochon-
drial RNA import seem to vary largely in a species-specifi c way [ 34 ]. 

 Coming from their location, the mitochondria, some miRNAs are currently 
named as mitomiRs; it refers to those miRNAs that can localize in mitochondria 
whether transcribed from the nuclear or, potentially, the mitochondrial genome. 
When their genomics was analyzed, a number of mitomiRs mapped the nuclear 
genome at loci relevant to mitochondrial functions or diseases [ 34 ]. Moreover, the 
set of mitomiRs may vary depending on the cell type. Indeed, a targeted approach 
was already used by customizing tissue-specifi c miRNA microarrays, which led to 
the identifi cation of three rat cardiac-specifi c mitomiRs, namely miR-181c, miR- 
1192, and miR-883 [ 38 ]. 

 The identifi cation of populations of miRNAs in the mitochondria pushed scien-
tists in the fi eld to question its biological functions. It is established that miRNAs, 
originated in the nuclear genome, are exported to cytosol where they are processed 
and exert their function by inhibiting nuclear genome-derived mRNA. Actually it is 
also known that some miRNAs are imported into mitochondria where they interact 
with some mitochondrial genome-derived mRNA molecules. More strikingly, it has 
also come to light that mitochondrial genome (mtDNA) can originate some miRNA 
molecules that exert their function directly on mitochondrial transcripts [ 8 ,  34 ,  39 ]. 

 Actually, apart from the presence in the cytosol of miRNA regulating mRNAs 
that encode proteins involved in mitochondria-related activities, a small number of 
miRNAs were reported to be present within the mitochondrial matrix itself [ 29 ,  40 ], 
with revealed apoptosis/cell-death and cell-cycle/cell-division as among the most 
signifi cant processes targeted, but only one possible interaction with mtDNA- 
derived mRNA (between miR-130a and cytochrome c oxidase III). Moreover, 
unique sets of mitochondrial miRNAs, or mitomiRs, were already described to be 
present in human skeletal muscle and HeLa cells [ 41 ,  42 ]. 

 The mitomiRs    were found to have thermodynamic features and size distinct from 
canonical miRNAs and to be expressed almost entirely from nuclear genes in loci 
relevant to mitochondrial function. MitomiRs appeared to lack preferential target-
ing of nuclear-encoded mitochondrial genes, when compared with a set of cytosolic 
miRNAs, but most were predicted by RNA22, RegRNA, miRWalk, or TargetScan 
algorithms to target multiple mtDNA sites (including many within all the mtDNA- 
encoded protein genes). Interestingly, human mtDNA also seems to harbor mitomiR 
sequences (namely, miR-1974, miR-1977, and miR-1978), but it remains to be 
ascertained whether miRNAs are actually transcribed from these mitochondrial 
genes [ 41 ]. The general overview of miRNA origin and subcellular site of action is 
depicted in Fig.  8.1 .
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   In mammalian cells, miRNAs are involved not only in disease phenotypes 
progress, but also in physiological mechanisms, such as switch of energy source 
during muscle differentiation or cellular differentiation and reprogramming. 
Interestingly, miRNA machinery also plays a role in the initiation of mitochondrial 
translation. A recent study has pointed out a role of miR-1 in enhancing protein 
synthesis and ATP production in the mitochondria of differentiated muscle cells, 
suggesting miR-1 as a coordinator of the regulatory networks in both the cyto-
plasm and the mitochondria during muscle differentiation [ 43 ]. microRNAs were 
already known to mediate translational repression and mRNA degradation in the 
cytoplasm. However, and despite the fact that several miRNAs have also been 
detected in membrane- compartmentalized organelles such as mitochondria, its 
functional meaning is not very clearly elucidated. In the muscle, it is already 
described that miR-1, a microRNA specifi cally induced during myogenesis, effi -
ciently enters the mitochondria where it unexpectedly stimulates, rather than 
represses, the translation of specifi c mitochondrial genome-encoded transcripts. 

  Fig. 8.1    Depiction of miRNA origin and site of action in the cell. Most of the known miRNAs are 
originated in the nucleus, from the nuclear genome, and then exported to cytosol where they are 
processed by DICER and exert their function when assembled in RISC complex, by inhibiting 
nuclear genome-derived mRNA. Currently it is also known that some miRNAs are further imported 
into mitochondria where they interact with some mitochondrial genome-derived mRNA mole-
cules. More strikingly, it has also come to light that mitochondrial genome (mtDNA) can originate 
some miRNA molecules that exert their function directly on mitochondrial transcripts, although 
this pathway is still poorly understood       
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 These fi ndings reveal a positive regulatory function of miRNAs in mitochondria, 
and suggest a new layer of crosstalk between nuclear and mitochondrial genomes in 
eukaryotic cells.    

    miRNAs in Mitochondrial Dynamics 

   Mitochondria are highly  dynamic   organelles that possess  two   opposing activities. 
They divide and fuse constantly, and the balance between mitochondrial fi ssion and 
fusion affects the morphology of mitochondria, which dynamics and turnover are 
crucial for cellular homeostasis and differentiation [ 44 ]. Mitochondria form 
dynamic networks that are necessary for the maintenance of the organelle fi delity 
[ 45 ]. Various proteins participate in the regulation of mitochondrial dynamics, and 
a deregulation of mitochondrial dynamics is not only related to deregulation of 
mitochondrial function, but also closely correlated with apoptosis and several 
diseases. 

 miRNAs have emerged as an important class of posttranscriptional regulators of 
gene expression in virtually all fundamental cellular pathways, including 
mitochondria- associated signaling pathways. It is more than clear that their abnor-
mal expression may results in pathophysiological processes in the cell and, conse-
quently, in the onset of many diseases. It has been found that some miRNAs affect 
mitochondrial dynamics, thus impinging on the dynamic mitochondrial balance. 
miR-499 and miR-30 regulate the mitochondrial fi ssion machinery by directly tar-
geting DRP1 [ 46 ,  47 ], miR-19b negatively regulates mitochondrial fusion by down-
regulating mitofusin 1 (Mfn1) gene [ 48 ], and miR-106b is responsible for 
mitochondrial dysfunction by targeting mitofusin 2 (Mfn2) [ 49 ]. 

 A recent study has revealed that miR-27 acts as a novel factor regulating mito-
chondrial dynamics by suppressing the  mitochondrial fi ssion factor (MFF)   expres-
sion [ 50 ]. miR-27 suppresses the association of MFF mRNA with polysomes via its 
3′-untranslated region (UTR). Moreover, it was shown that ectopic expression of 
the miR-27 precursor resulted in mitochondrial fusion, thereby increasing the 
 mitochondrial membrane potential as well as the mitochondrial ATP level. Thus, it 
is now recognized that miR-27 is involved in negatively regulating mitochondrial 
fi ssion by directly targeting MFF. Several other reports have shown that mitochon-
drial fusion can inhibit cell death, whereas mitochondrial fi ssion is involved in the 
promotion of apoptosis. Given this, it is conjectured that the increased expression of 
miRNAs targeting genes needed for mitochondrial fi ssion, such as miR-27, may 
enhance mitochondrial fusion, thereby promoting tumor progression [ 50 ]. 

 Another example involves miR-761, which is responsible for the downregulation 
of the mitochondrial fi ssion factor; it can suppress mitochondrial fi ssion and apop-
tosis by targeting MFF, demonstrating that miR-761 and MFF constitute an axis in 
the machinery of the mitochondrial network and apoptosis [ 51 ]. Additionally, miR- 
30 family members have been reported to regulate apoptosis by targeting the mito-
chondrial fi ssion machinery, inhibiting mitochondrial fi ssion by suppressing the 
expression of p53 and its downstream target Drp-1 [ 47 ]. 
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 More recently, miR-140 has been demonstrated to be upregulated upon apoptotic 
stimulation, causing a downregulation of Mfn1 in cardiomyocytes [ 52 ]. miR-140 
has been hence reported to play a functional role in mitochondrial fi ssion and apop-
tosis, and knockdown of miR-140 was able to reduce myocardial infarct sizes in an 
animal model, exerting its effect on mitochondrial fi ssion and apoptosis through 
targeting Mfn1. 

 Mitochondrial fi ssion and its modulation by miRNA has also been shown in 
some metabolic conditions; miR-484 downregulation may contribute to the patho-
genesis of insulin resistance by targeting mitochondrial fi ssion protein 1 (Fis1), 
which is needed for mitochondrial fi ssion [ 53 ], as mitochondrial fi ssion is increased 
in diabetes and contributes to circulating insulin levels [ 54 ]. 

 The removal of damaged mitochondria by autophagy, a process referred to as 
mitophagy, is critical for maintaining proper cellular functions. Mitophagy regu-
lates the number of mitochondria to match the metabolic or developmental demands 
[ 55 ,  56 ], and is also a part of the quality control based on the removal of impaired 
mitochondria [ 44 ,  45 ]. Recent studies have suggested a role for miRNAs in autoph-
agy, including miR-101 [ 57 – 59 ], miR-204 [ 59 ,  60 ], and miR-30a [ 61 – 63 ]. miRNAs 
target transcripts of autophagy-related proteins, thereby suppressing their function 
in autophagy with pathological consequences [ 63 – 65 ]. For example, downregula-
tion of miR-34b/c is an early event in Parkinson’s disease [ 66 – 68 ]. In some tumors, 
the level of miR-21 is increased, and it suppresses the expression of PTEN, which 
regulates the mitophagy-associated PINK1 [ 69 ,  70 ]. Mitophagy has been character-
ized as a HIF-dependent mechanism [ 55 ,  71 ]. Furthermore, hypoxic repression of 
the mitochondrial function by miR-210 and ISCU1/2 may trigger mitophagy. 

 In the last years, miR-494, whose location is predominantly mitochondrial, has 
been found to modulate mitochondrial biogenesis by downregulating the mitochon-
drial transcriptional factor A (TFAM) and the nuclear transcription factor Forkhead 
box J3 (FOXJ3) during myocyte differentiation and skeletal muscle adaptation to 
physical exercise [ 70 ,  72 ].    

    Mitochondrial miRNAs in Cancer 

   The traditional hallmarks of  cancer,   as defi ned and subsequently reviewed  by   
Hanahan and Weinberg [ 36 ,  57 ,  59 ], comprise six biological capabilities acquired 
during the multistep development of human tumors. These six traditional cancer 
hallmarks include resisting cell death, inducing angiogenesis, sustaining prolifera-
tive signaling, evading growth suppressors, activating invasion and metastasis, and 
enabling replicative immortality. Importantly, the same authors have recently added 
two novel hallmarks to the traditional ones, i.e., the reprogramming of the energy 
metabolism of the cell and evading immune destruction which provides a certain 
basis for a change of our perception of typical tumor characteristics [ 10 ,  59 ]. 

 Under aerobic conditions, the normal cells generate ATP primarily in mitochon-
drial  OXPHOS   process, which utilizes products of glycolysis and Krebs cycle. 
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Under anaerobic conditions, relative little pyruvate, the end product of glycolysis, is 
directed to the Krebs cycle and it is converted to lactate instead. Nevertheless, this 
metabolic conversion of glucose appears to be energetically disadvantageous. 
Interestingly, it was observed that many cancer cells prefer glycolysis instead of 
OXPHOS even in the presence of suffi cient amount of oxygen. This anomalous 
energy metabolism is known as the   Warburg effect    [ 36 ,  61 ,  63 ]. Although the exact 
causes and functional consequences of this metabolic switch remain to be eluci-
dated, there is a growing consensus that the Warburg effect is not an inconsequential 
by-product of carcinogenesis, but is vital for cancer cells to maintain their prolifera-
tive potential, and is driven by various factors, including miRNAs [ 63 ,  64 ,  73 ]. 

 The phenomenon of hypoxia has already been related to altered miRNA expres-
sion, identifying specifi c  hypoxia-regulated miRNAs (HRMs)   that play an impor-
tant role in cell survival in low oxygen environment [ 74 ]. One of the miRNAs found 
to be consistently upregulated in normal and transformed cells during hypoxia is 
miR-210 [ 75 ], highlighting a role of miR-210 in cell adaptive response to hypoxia. 
In tumor tissues such as breast cancer and head and neck cancers, miR-210 expres-
sion levels have been demonstrated to be correlated with hypoxia gene signatures, 
which suggested a direct connection between miR-210 expression and hypoxia in 
cancer [ 76 ,  77 ]. The master HRM miR-210 has been investigated intensively, dis-
playing a variety of functionally important targets involved in cell cycle regulation, 
cell survival, differentiation, angiogenesis, and metabolism [ 75 ]. 

 Under hypoxic conditions, cell metabolism shifts from mitochondrial OXPHOS 
to glycolysis. HIF-1 plays a critical role in this effect, by upregulating the expres-
sion of most glycolytic enzymes as well as pyruvate dehydrogenase kinase, while 
downregulating mitochondrial respiration. The regulation of mitochondrial metabo-
lism during hypoxia by miR-210 has already been addressed, demonstrating that 
miR-210 directly targets iron-sulfur cluster assembly proteins (ISCU1/2) and 
decreases the activity of iron-sulfur proteins controlling mitochondrial metabolism, 
including complex I and aconitase [ 78 ]; this results in decreased OXPHOS. 

 Subsequent studies investigating the role of miR-210 in modulating mitochon-
drial function have also revealed COX10, SDHD, and NDUFA4 as direct targets 
of miR-210 [ 75 ]. Another study with A549 lung cells overexpressing miR-210 
exhibited an aberrant mitochondrial phenotype, and additionally mRNA expres-
sion profi ling analysis linked miR-210 to mitochondrial dysfunction [ 79 ]. 
Interestingly, as miR-210 is highly stable, when hypoxic cells undergo reoxygen-
ation, HIF-1α is degraded immediately, but miR-210 remains stable to sustain gly-
colytic phenotype. This inhibits mitochondrial metabolism under normoxia and 
may contribute to Warburg effect in cancer cells. These evidences support a role of 
miR-210 in modulating mitochondrial metabolism, and thus facilitating adaptation 
of cancer cells to hypoxic condition. 

 As mentioned, the fi rst process of catabolism of glucose is glycolysis, taking 
place out of mitochondria in cytoplasm. In context of miRNAs, it was found out that 
miR-155 indirectly upregulates hexokinase 2 (HK2), an enzyme involved in glucose 
phosphorylation, and, thus, may infl uence energy metabolism in breast cancer cells. 
Interestingly, one of two possible mechanisms mediating this miR-155-dependent 
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HK2 regulation includes miR-143 [ 66 ,  68 ,  80 ]. Other factor affecting glucose 
metabolism is alternative splicing of pyruvate kinase (PK), which splicing proteins 
are targeted by miR-124, miR-137, and miR-340. This miRNAs-dependent regula-
tion of PK is able to impair colorectal cancer growth and counteract the Warburg 
effect [ 69 ,  81 ]. Moreover, PK is a direct target of the tumor-suppressive miR-326, 
which is thus also a potential regulator of a glucose metabolism [ 71 ,  73 ,  82 ]. 

 In mitochondria, the regulation of energy metabolism can take place in both 
Krebs cycle and OXPHOS. Relatively to Krebs cycle, or TCA cycle, there are sev-
eral miRNAs reported to be regulating several steps within the cycle, such as miR- 
183 downregulating isocitrate dehydrogenase or miR-743a downregulating malate 
dehydrogenase, all pushing the metabolism to a more glycolytic status [ 36 ,  83 ]. 

  OXPHOS   process take place in two major steps both coupled in inner mitochon-
drial membrane: the oxidation of nicotinamide adenine dinucleotide, its reduced 
form (NADH), or fl avine adenine dinucleotide, its hydroquinone form (FADH 2 ), 
and the phosphorylation of ADP to form ATP [ 10 ,  83 ]. Presently there are also sev-
eral studies reporting the regulation of OXPHOS by miRNAs, particularly: miR- 
210 downregulating Complex III in mitochondria; miR-181c, miR-210 and miR-338 
downregulating Complex IV; and miR-141 downregulating Complex V in the mito-
chondrial ETC [ 36 ,  84 ]. 

 In the last decade, miRNAs have emerged as critical regulators in cancer-related 
processes, being considered either oncogenic or tumor suppressive miRNAs (Fig. 
 8.2 ). Studies have shown that tumor-targeting therapies using miRNAs is becoming 
a novel diagnostic and therapeutic tool [ 85 ]. Particularly miR-200a has been dem-
onstrated to suppress tumor growth in liver cancer [ 86 ], and also exhibited signifi -
cantly lower expression in breast cancer [ 87 ], thus acting as a negative regulator or 
tumor suppressor for the cell growth, which is consistent with the role of miR-200a 
in hepatocellular carcinoma [ 88 ]. Several targets of miR-200a have been identifi ed 
[ 89 ,  90 ]. Based on bioinformatics analysis, TFAM was predicted as one of miR- 
200a targets.  TFAM   is the primary transcription factor in mitochondria [ 91 ], being 
also implicated as a primary architectural protein of the mitochondrial genome by 
packing the mtDNA and a key regulator involved in mtDNA transcription and 
 replication [ 92 ]. Furthermore, it was reported that TFAM expression is involved in 
tumor progression, cancer cell growth, and chemoresistance [ 93 ]. Accordingly, 
TFAM has been reported as a functional target of miR-200a in breast cancer cells. 
miR-200a overexpression signifi cantly downregulated TFAM by directly targeting 
the 3′UTR of TFAM mRNA [ 87 ].

   However, overexpression of  TFAM   without 3′UTR could overcome the inhibi-
tion by miR-200a and rescue the expression of TFAM, which could reverse the 
inhibition of TFAM-mediated mtDNA copy number by miR-200a [ 87 ]. Furthermore, 
miR-494 has been found to modulate mitochondrial biogenesis by downregulating 
the TFAM and the nuclear transcription factor Forkhead box J3 (FOXJ3) during 
myocyte differentiation and skeletal muscle adaptation to physical exercise [ 72 ]. 

 A recent report suggests that p53-induced miR-34a plays an important role in 
 nonsmall cell lung cancer (NSCLC)   sensitization in response to capsaicin-induced 
DNA damage [ 94 ]. Bcl-2 was identifi ed as the miR-34a target in these capsaicin- 
treated NSCLC cells. Downregulation of Bcl-2 created an anti-survival environment 
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in these NSCLC cells that favored Bax-mediated apoptosis via mitochondrial death 
cascade involving caspase-9 and -3, but not caspase-8, thereby ruling out the 
involvement of extrinsic death pathway. It is also accepted that p53-target miR-34a 
inhibits SIRT1 thereby deacetylating and stabilizing p53 in a positive feedback loop 
[ 95 ]. It is thus tempting to speculate that miR-34 may be an important player in 
modulating mitochondrial death pathway in cancer cells. Additionally, in some 
tumors the level of miR-21 is increased, and it suppresses the expression of PTEN, 
which regulates the mitophagy-associated PINK1 [ 70 ]. 

 Concerning the role of miRNAs in cancer, one of the most studied pathways 
involves the miR-17/92 cluster, also known as oncomiR-1. There is increasing evi-
dence on the oncogenic potential of this cluster of miRNAs [ 73 ,  96 ]. Being initially 
found amplifi ed in diffuse cell lymphomas [ 80 ,  84 ], it was later shown, in B-cell 
lymphoma, that an ectopically overexpressed truncated version lacking miR-92 had 
oncogenic properties [ 81 ,  97 ]. Currently it has been described that this miRNA 
cluster can act as oncogene by suppressing apoptosis, and that oncomiR-1 is dereg-
ulated in B-cell lymphoma, B-cell chronic lymphocytic leukemia, acute myeloid 
leukemia, T-cell lymphoma, and particularly overexpressed in several types of can-
cer, such as osteosarcoma, neuroblastoma, neck, pancreatic, breast, lung, colorectal, 
ovarian, renal, and hepatic cancer [ 73 ,  82 ,  98 ].    

    miRNAs in Metabolic Disorders 

 Metabolic diseases are  mainly   characterized by the dysregulation, and consequent 
 miscarriage   of nutrient responsive genes or proteins to successfully coordinate 
pathways involved in the control of adaptive biological functions. Therefore, the 
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  Fig. 8.2    microRNA activity in cancer: oncogenic or tumor suppressor role       
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expression of genes involved in the regulation of metabolic function/signaling has 
to be fi nely tuned in order to properly respond to changes in metabolic status and 
then maintain cellular metabolic homeostasis. In addition to the classical transcrip-
tional regulators, recent discoveries have shown the remarkable role of microRNAs 
in the posttranscriptional regulation of gene expression and their participation in 
many biological processes including regulation of metabolic function [ 99 ]. 

 Being recently recognized  as   key regulators of metabolism, miRNAs have been 
found  to   act in one of the main organelles involved in metabolic pathways—mito-
chondria. Among the several roles that mitochondria play, energy metabolism is one 
of the most studied. As such, some miRNAs have already been identifi ed as regula-
tors in mitochondrial metabolism. miRNA-33 in particular has been shown to have 
a crucial role in cholesterol metabolism and also a conceivable use in clinical 
approaches [ 100 ]. 

 Interestingly, some other miRNAs have been connected to lipid metabolism; 
miR-143 and -24 have been associated to increased incidence of metabolic syn-
drome through polymorphisms in miRNA binding sites in APOL6 3′UTR [ 101 ]. In 
addition, miR-24 and miR-126 have been associated to fatty acid metabolism [ 102 ], 
whereas miR-204-5p associates with the oxidation of fatty acids [ 103 ]. Trying to 
convey the notion that, since several miRNAs are predicted to target the same gene, 
and given that a single miRNA might modulate several genes, some authors describe 
the actions of miRNAs in metabolically relevant organs such as the pancreas, liver, 
and adipose tissue, and try to integrate the contribution of specifi c effects within the 
global landscape of lipid and carbohydrate homeostasis during metabolic syndrome 
and cardiometabolic disease [ 99 ]. 

 Metabolic syndrome is a systemic disorder that includes a spectrum of abnor-
malities associated with obesity and type II diabetes. Defects in mitochondrial 
function, namely related to oxidation of fatty acids, have been linked to diet-
induced obesity and the development of insulin resistance in adipose tissue and 
skeletal muscle [ 21 ,  104 ]. Consistently, obese individuals have mitochondria with 
compromised bioenergetic capacity [ 105 ,  106 ]. miRNAs that are involved in 
metabolism and metabolic disorders indicate an important regulatory role in the 
key organs involved in lipid and glucose metabolism [ 107 ]. Accordingly, certain 
serum circulating miRNA profi les have been shown to be dysregulated in obese 
children [ 108 ], putting forward the idea that some serum miRNAs could be used as 
a potential predictive tool for obesity and type 2 diabetes [ 109 ]. 

  High-fat diet (HFD)   plays   a central role in the initiation of mitochondrial dys-
function that  signifi cantly   contributes to skeletal muscle metabolic disorders in obe-
sity. Given the emerging roles of miRNAs in the regulation of skeletal muscle 
metabolism, some authors started to study miRNAs involvement in mitochondrial 
function/dysfunction related to metabolic disorders. Certain studies addressed 
whether activation of a specifi c miRNA pathway would rescue the HFD-induced 
mitochondrial dysfunction via the sirtuin-1 (SIRT-1)/peroxisome proliferator- 
activated receptor γ coactivator-1a (PGC-1α) pathway [ 110 ]. 
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 Interestingly,  miR-149   was shown to inhibit poly(ADP-ribose) polymerase-2 
(PARP-2) and so  increases   cellular NAD+ levels and SIRT-1 activity that subsequently 
increases mitochondrial function and biogenesis via PGC-1α activation. Furthermore, 
skeletal muscles from HFD-fed obese mice exhibit low levels of miR- 149 and high 
levels of PARP-2, and they show reduced mitochondrial function and biogenesis due 
to a decreased activation of the SIRT-1/PGC-1α pathway, suggesting that mitochon-
drial dysfunction in the skeletal muscle of obese mice may be because of, at least in 
part, miR-149 dysregulation [ 110 ]. 

 Several miRNAs have been implicated in metabolic homeostasis based on loss- 
of- function studies in mice [ 107 ,  111 ]. miR-33, encoded by an intron of the sterol 
regulatory element binding protein (SREBP) gene, has been shown to collaborate 
with SREBP to regulate intracellular cholesterol levels and lipid homeostasis by 
targeting the adenosine triphosphate-binding cassette transporter A1, a regulator of 
cellular cholesterol effl ux [ 112 ]. Other metabolic miRNAs, such as miR-103 and 
miR-107, regulate insulin and glucose homeostasis, whereas miRNAs such as miR- 
34a are emerging as key regulators of hepatic lipid homeostasis [ 107 ]. 

 Some miRNAs have been linked to the regulation of glucose metabolism. 
Silencing of miR-103/107 improves glucose homeostasis and insulin sensitivity in 
mice [ 113 ]. Lin28a, which inhibits processing of let-7 miRNA, promotes insulin 
signaling and confers resistance to HFD-induced diabetes [ 114 ]. Conversely, let-7 
overexpression impairs glucose tolerance and reduces insulin secretion in mice 
[ 115 ]. Additionally, it has been found that pharmacologic inhibition of miR-208a in 
mice confers resistance to obesity and improves insulin sensitivity [ 116 ]. 

 Approximately one-third of miRNAs are encoded by introns of protein-coding 
genes, and frequently intronic miRNAs have been found to modulate, either posi-
tively or negatively, the same biological processes as the protein encoded by the 
host gene [ 117 ,  118 ].  Peroxisome proliferator-activated receptor γ coactivator 1β 
(PGC-1β)     is  a   transcriptional coactivator that regulates metabolism and mitochon-
drial biogenesis through stimulation of nuclear hormone receptors and other tran-
scription factors. The PGC-1β gene encodes two miRNAs, miR-378 and miR-378*, 
which counterbalance the metabolic actions of PGC-1β [ 119 ]. Mice genetically 
lacking miR-378 and miR-378* are resistant to HFD-induced obesity and exhibit 
enhanced mitochondrial fatty acid metabolism and elevated oxidative capacity of 
insulin-target tissues [ 119 ]. Among the many targets of these miRNAs, carnitine 
O-acetyltransferase, a mitochondrial enzyme involved in fatty acid metabolism, and 
MED13, a component of the Mediator complex that controls nuclear hormone 
receptor activity, are repressed by miR-378 and miR-378*, respectively, and are 
elevated in the livers of miR-378/378* KO mice. 

 The discovery of circulating miRNAs has highlighted their potential as both 
endocrine signaling molecules and disease markers. Deregulation of miRNAs may 
contribute to metabolic abnormalities, suggesting that miRNAs may potentially 
serve as therapeutic targets for ameliorating cardiometabolic disorders. 

 Another recent particular report has shown that HFD and excess fatty acids 
(FFAs) can cause enteric neuronal cell damage [ 120 ], contributing to  delayed   intes-
tinal transit. The mechanism involve decreased enteric neuronal cell viability 
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through mitochondrial damage and ER stress, being miR-375 strongly implicated in 
mediating the detrimental effects of HFD (e.g., by downregulating the pro-survival 
protein Pdk1 translation) [ 120 ]. HFD rich in saturated FFA rises oxidative stress in 
many tissues, such as brain and gastric and intestinal mucosa [ 121 ]. Mitochondria, 
as the major source of ROS, are susceptible to FFA accumulation and the ROS- 
induced lipid peroxidation [ 122 ]. A recent study has showed a signifi cant increase 
in mitochondrial SOD after palmitate exposure, suggesting a mitochondrial oxida-
tive stress overload [ 120 ]. It was also reported a signifi cant decrease in the mito-
chondrial quantity measured by cytochrome c oxidase IV protein level, as well as 
ultrastructural changes consistent with mitochondrial dysfunction, all of these 
effects being at least in part mediated by miR-375. Systemic injection of miR-375 
inhibitor to HFD-fed mice prevented the development of detrimental effects of HFD 
on intestinal transit and enteric neurons, providing direct evidence for the role of 
miR-375 on modulating ER stress and mitochondrial function [ 120 ]. 

 Since when miRNA emerged as a new class of epigenetic regulators of gene 
expression, there has been great interest in its role modulating metabolism and pro-
moting the development and progression of metabolic disorders, namely diabetes- 
related chronic complications [ 123 ]. Abnormal levels of some miRNAs have been 
observed in the development of diabetic kidney disease [ 124 ]. Additionally, the 
development of diabetic nephropathy in rats has been linked to the regulation of 
NOX4 levels by miR-25, where NOX4 is a catalytic subunit of NADPH oxidase 
[ 125 ]. Furthermore, other studies have shown that, in  db / db  mice, the increased 
miR-21 levels halted the proliferation of mesangial cells and reduced the 24 h urine 
albumin releasing rate [ 126 ]. 

 A fundamental  function of   mitochondria is to produce ATP via OXPHOS to sup-
ply energy for a variety  of   cellular functions. Unsurprisingly, also this vital function 
in mitochondria is targeted by miRNAs. miR-15b, miR-16, miR-195, and miR-424 
have emerged as regulators of the ATP levels [ 9 ]. The overexpression of these miR-
NAs was shown to suppress ATP levels and affect mitochondrial integrity as well, 
by acting on their common target, the ADP-ribosylation factor-like 2 (ARL2) 
mRNA [ 127 ]. Additionally, upregulation of other miRNAs such as miR-15b or 
miR-195 has been reported to induce mitochondrial degeneration and ATP reduc-
tion in cardiomyocytes [ 9 ]. 

 In mitochondria, the regulation of energy metabolism can take place in both 
Krebs cycle and OXPHOS. Relatively to Krebs cycle, or TCA cycle, there are sev-
eral miRNAs reported to be regulating several steps within the cycle, such as miR- 
183 downregulating isocitrate dehydrogenase or miR-743a downregulating malate 
dehydrogenase, all pushing the metabolism to a more glycolytic status [ 36 ]. 
Currently, it is also known that some miRNAs modulate mitochondrial OXPHOS, 
through targeting several mitochondrial players involved in electron transfer and 
ATP production. In Table 1 we present a summary of miRNAs already reported to 
act in mitochondria and directly target some components involved in mitochondrial 
ETC. For example, miR-338 modulates OXPHOS and the mitochondrial function, 
targeting cytochrome c oxidase subunit IV (mt-COX4) mRNA in neurons [ 128 ]. 
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  OXPHOS process   takes place in two major steps both coupled in inner mito-
chondrial membrane:  the   oxidation of nicotinamide adenine dinucleotide, its 
reduced form (NADH), or fl avine adenine dinucleotide, its hydroquinone form 
(FADH2), and the phosphorylation of ADP to form ATP [ 10 ]. Presently there are 
also several studies reporting the regulation of OXPHOS by miRNAs, particularly: 
miR-210 downregulating Complex III in mitochondria; miR-181c, miR-210, and 
miR-338 downregulating Complex IV; and miR-141 downregulating Complex V in 
the mitochondrial ETC [ 36 ]. Particularly, some authors have already reported that 
the rat mitomiR miR-181c is involved in electron chain complex IV remodeling in 
cardiomyocytes [ 38 ]. 

 Similarly to other reports on mitomiRs, rat cardiomyocyte mitochondria were 
found to harbor a unique miRNA expression pattern, with miR-181c enriched two-
fold in the mitochondrial fraction with respect to whole heart because of transloca-
tion of the miRNA into the organelles, for which cytochrome c oxidase subunit I 
(mt-COX1) mRNA was confi rmed as a target for miR-181c [ 38 ]. The authors dem-
onstrated that  miR-181c,    derived from the nuclear genome, translocates to the 
mitochondria, and more importantly, regulates mitochondrial gene expression and 
affects mitochondrial function. Coordination of nuclear gene expression and mito-
chondrial gene expression is thus essential. It was proven that in cardiomyocytes 
miRNA can regulate mitochondrial gene expression, specifi cally that miR-181c 
binds to the 3′-end of the mRNA of a mitochondrial gene, mt-COX1, a subunit of 
complex IV of the respiratory chain, and initially results in a decrease in mt-COX1 
protein, complex IV remodeling, and increased production of ROS [ 38 ]. 

 More recently, an in vivo method for administration of miR-181c in rats was 
used, displaying reduced exercise capacity and signs of heart failure, by targeting 
the 3′-end of mt-COX1 [ 129 ]. The mRNA levels of mitochondrial complex IV 
genes in the heart, but not any other mitochondrial genes, were signifi cantly altered 
with miR-181c overexpression, suggesting selective mitochondrial complex IV 
remodeling due to  miR-181c    targeting mt-COX1. Isolated heart mitochondrial 
studies showed  signifi cantly    altered O 2 -consumption, ROS production, matrix cal-
cium, and mitochondrial membrane potential in miR-181c-treated animals, show-
ing that miRNA delivered to the heart in vivo can lead to cardiac dysfunction by 
regulating mitochondrial genes [ 129 ]. Moreover, other authors reported an impor-
tant role for miR-181a in regulating the mitochondrial apoptotic pathway in 
 cardiomyocytes challenged with oxidative stress [ 130 ]. The downregulation of 
miR-181a signifi cantly inhibited H 2 O 2 -induced cellular apoptosis, ROS production, 
the increase in malondialdehyde (MDA) levels, the disruption of mitochondrial 
structure, and the activation of key signaling proteins in the mitochondrial apoptotic 
pathway. miR-181a/c may thus represent potential therapeutic targets for the treat-
ment of cardiovascular diseases. 

 Regarding the involvement of mitochondria in energy metabolism and miRNA 
modulation is the newly described relationship  between    miR-26 and mitochondrial 
morphology in adipocytes. Adipose  tissue   contains thermogenic adipocytes (i.e., 
brown and brite/beige) that oxidize nutrients at exceptionally high rates via non-
shivering thermogenesis. Its recent discovery in adult humans has opened up new 
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avenues to fi ght obesity and related disorders such as diabetes. miR-26 was found to 
be a key regulator of human white and brite adipocyte differentiation, being upregu-
lated in early adipogenesis [ 131 ]. 

 Intriguingly, miR-26a signifi cantly induced pathways related to energy dissipa-
tion, shifted mitochondrial morphology toward that seen in brown adipocytes, and 
promoted uncoupled respiration by markedly increasing the hallmark protein of 
brown fat, uncoupling protein 1 (UCP1) [ 131 ]. miR-26a transfection evoked an 
increase in UCP1+ adipocytes up to 50 %. Ultrastructural analysis by transmission 
electron microscopy (TEM) further revealed a shift of mitochondrial morphology 
toward brown adipocyte characteristics as well as a slightly increased density of 
cristae. Additionally, mitochondria of adipocytes from miR-26a-transfected cells 
were bigger in size and more roundish (i.e., brown-like) in the late brite stage, indi-
cating that miR-26a/b promote characteristics of energy-dissipating thermogenic 
adipocytes during human adipocyte differentiation. 

 Additionally,  prohibitin (PHB)     has also been reported to play a crucial role in 
adipocyte differentiation  and   mitochondrial function, a process also modulated by 
miRNA action [ 132 ]. The levels of both miR-27a and miR-27b were shown to be 
downregulated following adipogenic induction of human adipose-derived stem 
cells, whereas the mRNA level of PHB was upregulated. Moreover, overexpression 
of miR-27a or miR-27b inhibited PHB expression and adipocyte differentiation. 
More specifi cally, it was shown that ectopic expression of miR-27a or miR-27b 
impaired mitochondrial biogenesis, structure integrity, and Complex I activity 
accompanied by excessive ROS production [ 132 ], lightening an anti-adipogenic 
role of miR-27.  

    miRNAs in Neurodegeneration 

   The role of  miRNAs has   currently been extended to the  neurodegenerative   diseases’ 
fi eld. Altered expression of miRNAs is increasingly recognized as a feature of many 
disease states, including Alzheimer’s disease, Parkinson’s disease, amyotrophic lat-
eral sclerosis (ALS), and Huntington’s disease pathogenesis [ 83 ,  133 ,  134 ]. 

 miRNAs are nowadays known for playing several important roles not only in 
neural differentiation during central nervous system (CNS) development but also in 
the progression of neurological disorders [ 135 ]. Some examples of the involvement 
of miRNAs in the nervous system have been reported, namely their regulatory roles 
in the expression of genes associated with spinal cord injury (SCI)-induced infl am-
mation, oxidative stress, and apoptosis [ 136 – 138 ]. The fi ndings have shown that 
miR-21 regulates astrocytic hypertrophy in injured spinal cords [ 139 ], and also 
alterations in the levels of miR-145 have been observed in neurons after sciatic 
nerve transection [ 140 ], as well as in injured spinal cords [ 136 ]. In rat hippocampal 
tissue, for example, it has been reported the presence of miRNA protein machinery 
in mitochondrial fractions [ 141 ]. 
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 Moreover, miRNAs were found in complexes co-immunoprecipitated from purifi ed 
mitochondria, therefore displaying a role for mitochondria in regulating miRNA activity. 
More importantly, a subset of miRNAs was preferentially enriched in hippocampal 
mitochondria, but was found to be decreased following severe traumatic brain injury. 
Moreover, the levels of miR-155 and miR-223, both playing a role in infl ammatory 
processes, were found to be elevated in cytoplasm and mitochondria, pointing out a 
role for mitochondrial regulation of miRNA expression in response to brain injury. 
Another study concerning neural damage found that miR-145 is mainly expressed in 
neurons and astrocytes located in the gray matter of the spinal cord. Using in vivo and 
in vitro genetic modifi cation approaches, it has been demonstrated a novel role of miR-
145 in the regulation of astrocytic dynamics, as well as its importance in astrocytes as 
a critical factor inducing astrogliosis after spinal cord injury [ 142 ]. 

 Traditionally, conditions such as Parkinson’s disease, Alzheimer’s disease, and 
ALS have been considered as distinct entities; nevertheless, there is increasing evi-
dence of clinical, pathological, and genetic overlap, culminating in a fi nal common 
fi nal pathway of neuronal cell death. The pathogenic mechanisms underlying neu-
rodegeneration are complex, but the universal risk factor is aging, along with com-
mon features such as protein aggregation, neuroinfl ammation, and mitochondrial 
dysfunction. miRNAs are found in high abundance within the nervous system where 
they are key regulators of functions such as neurite outgrowth, dendritic spine mor-
phology, neuronal differentiation, and synaptic plasticity [ 83 ,  143 ]. 

 The onset of neurodegenerative disorders is very often associated with aging and 
senescence. Also in these biological phenomena miRNAs are playing a role, and 
tissue specifi c miRNA induction might have a protective function [ 144 ]. This might 
be the case for the aged brain-specifi c miR-22, which was demonstrated in a neuro-
degenerative model to exert a neuroprotective role by targeting factors implicated in 
Huntington’s disease [ 145 ]. Similarly, miR-101a might have an Alzheimer’s disease 
contrasting effect by inhibiting the production of Amyloid-beta precursor protein 
(APP) [ 146 ].   

    Alzheimer’s Disease 

     Alzheimer’s disease   is a complex neurodegenerative disorder and the most  common 
  form of dementia in the elderly [ 84 ,  147 ]. The clinical signs of disease are a slow, 
progressive loss of cognitive  function   and memory loss, due to destruction of syn-
apses and neurons, which ultimately leads to dementia and death. Alzheimer’s dis-
ease is progressive with different brain regions and cells affected in a sequential 
process of increasing deposition of amyloid-β (Aβ) plaques and neurofi brillary 
tangles of hyperphosphorylated tau [ 96 ,  148 ]. 

 The vast majority of Alzheimer’s disease is sporadic, with no obvious genetic 
component, suggesting that other mechanisms are responsible. Recent studies have 
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demonstrated that alterations in the network of miRNAs contribute to the disease 
process, and several studies have used profi ling strategies to show miRNA deregula-
tion in Alzheimer’s disease. Several miRNAs have been identifi ed as deregulated 
including miR-107, miR-29, miR-9, miR-181, miR-34, miR-106, and miR-146 [ 83 , 
 84 ]. Many of these have been linked to altered regulation of key genes known to be 
involved with Alzheimer’s disease. 

 Downregulation of miR-107 at an early stage of Alzheimer’s disease has been 
observed in temporal cortex and correlated with the upregulation of  β-site amyloid 
precursor protein-cleaving enzyme 1 (BACE1)   in two studies, which could impact 
upon Aβ production [ 97 ,  149 ]. This fi nding was confi rmed as being specifi c to miR- 
107 (and not a family member such as miR-103) and demonstrated that as miR-107 
declines with advancing pathology, BACE1 increases along with neuritic plaque 
density [ 98 ,  150 ]. Interestingly, miR-107 and miR-124a, two miRNAs experimen-
tally proven to target BACE1 also regulate other aspects of APP metabolism, thus 
demonstrating the capacity for single miRNAs to infl uence several components of 
the same pathway and the potential to produce additive effects. miR-107 directly 
targets a disintegrin and metalloproteinase 10 (ADAM10), another secretase enzyme 
which processes APP, and miR-124a is involved in the regulation of APP mRNA 
alternative splicing via direct targeting of polypyrimidine tract binding protein 1 
(PTBP1) [ 133 ,  134 ,  151 ]. 

 The miR-29 family of miRNAs has target sites on BACE1 mRNA and loss of this 
cluster is negatively correlated with BACE1 expression in a subset of sporadic 
Alzheimer’s disease cases [ 143 ,  152 ]. In addition to regulating BACE1, miR-29a/b 
are increased in the aging brain and linked to modulation of microglial activation 
[ 147 ,  153 ]. The miR-29 cluster has been sequenced in a cohort of sporadic and 
familial patients and variants were found within the cluster that signifi cantly associ-
ated with Alzheimer’s disease [ 148 ,  154 ]. 

 More recently, miR-339-5p has also been demonstrated to downregulate protein 
expression of BACE1 in human primary brain cultures and to be signifi cantly 
reduced in brain tissue specimens of AD patients as compared with age-matched 
controls [ 155 ]. Therefore, miR-339-5p has been reported as a strong regulator of 
BACE1 expression in human brain cells and most likely dysregulated in at least a 
subset of AD patients, making this miRNA a novel drug target [ 155 ]. 

 miR-9 is a highly conserved, brain enriched miRNA and the most frequently 
identifi ed misregulated miRNA in Alzheimer’s disease to date [ 83 ,  156 ]. Addition 
of Aβ to primary neuron cultures results in a rapid decrease of miR-9 in vitro and 
suggests that deregulation may be related to plaque formation [ 67 ,  149 ]. The targets 
for miR-9 include neurofi lament heavy chain (NFH), a protein found in neurofi bril-
lary tangles, and sirtuin 1 (SIRT1), a deacetylase that interacts with tau and is linked 
to accumulation of hyperphosphorylated forms of tau in the disease [ 150 ,  157 ]. 
Three other miRNAs have been found to suppress SIRT1, namely miR-181c, miR- 
34, and miR-132, all of which show consistent altered expression in Alzheimer’s 
disease brain [ 151 ,  158 ].     
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    Parkinson’s Disease 

     Parkinson’s disease (PD)   is characterized clinically by bradykinesia, tremor, and 
rigidity. This  is   caused by the progressive loss of dopaminergic neurons in  the   sub-
stantia nigra pars compacta. The majority of cases are idiopathic; however, around 
20 % of patients have a positive family history. The most important and widely 
accepted monogenically inherited Parkinson’s disease genes are α-synuclein 
(SNCA) and leucine-rich repeat kinase 2 (LRRK2) for late-onset disease and Parkin 
(PARK2), oncogene DJ1 (DJ1) and PTEN Induced Putative Kinase 1 (PINK1) for 
early onset [ 152 ,  159 ]. The neuropathology of Parkinson’s disease is characterized 
by cellular inclusions known as Lewy bodies in neurons, the main components of 
which are α-synuclein, neurofi lament, and ubiquitin. 

 Recent studies suggest that miRNAs may be involved in the development of 
Parkinson’s disease. Of particular interest, because it not only relates miRNAs with 
neurodegeneration but also further relates miRNA with mitochondrial regulation 
and the onset of disease, is the case of complex-I targeting in neuronal cells [ 160 ]. 
The role of TNF-α in the regulation of cell death and miRNA-mediated mitochon-
drial functions was evaluated using neuronal cells SH-SY5Y (model of dopaminer-
gic neuron degeneration similar to PD). It was found that increased levels of TNF-α 
alter the miRNAs targeting nuclear-encoded mitochondrial complex-I subunits, 
decreases ATP levels, increases ROS levels and mitochondrial turnover through 
autophagy, further inducing mitochondrial oxidative stress by dysregulation of 
complex-I activity and consequent cell death. 

 Deletion of Dicer (one of the regulators of miRNA expression machinery) in 
dopaminergic neurons in transgenic mice led to reduced locomotion and symptoms 
reminiscent of human Parkinson’s disease [ 153 ,  161 ]. Expression profi ling of miR-
NAs from patient midbrain samples revealed a signifi cant decrease in miR-133b. 
miR-133b targets Pixt3, a transcription factor enriched in dopaminergic neurons, 
which is defi cient in the aphakia mouse model of Parkinson’s disease [ 154 ,  162 ]. A 
negative feedback model has been proposed to explain the relationship, in which, 
Pitx3 specifi cally induces transcription of miR-133b and Pitx3 activity is directly 
downregulated by miR-133b [ 83 ,  156 ]. 

 miRNA profi ling to evaluate deregulation of miRNAs in various regions of 
human Parkinson’s disease brain tissue has also reported a widespread reduction in 
the miR-34b/c cluster, which could be detected early in the disease course. Depletion 
of these miRNAs in dopaminergic neuronal cells led to a reduction of cell viability 
accompanied by mitochondrial dysfunction [ 67 ,  163 ]. 

 One of the most important factors in Parkinson’s disease pathology is 
α-synuclein protein accumulation [ 157 ,  163 ]. Examination of the SNCA gene has 
revealed an unusually highly conserved and long 3′UTR sequence which is impor-
tant in the posttranslational control of the gene and strongly suggests a role for 
miRNA regulation [ 158 ,  164 ]. Two miRNAs have been identifi ed as directly tar-
geting SNCA, namely miR-7 and miR-153. These brain-enriched miRNAs have 
been found to bind directly to SNCA mRNA and downregulate its expression 
[ 159 ,  165 ]. In addition, miR-7 suppresses SNCA mediated cytotoxicity in neuronal 
cell models [ 161 ,  166 ].     
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    Amyotrophic Lateral Sclerosis 

     Amyotrophic Lateral Sclerosis (ALS)   is characterized by the progressive loss of 
 upper   and lower motor neurons from the motor cortex, brain stem  and   spinal cord. 
For the patient, this results in severe muscle atrophy leading to paralysis and death 
usually within 2–5 years of symptom onset [ 162 ,  167 ]. A family history of ALS is 
found in 5 % of patients, with the remaining 95 % of cases sporadic in nature. 
Several genes have now been identifi ed as causative in ALS of which the most fre-
quent are C9ORF72, superoxide dismutase 1 (SOD1), and transactive response 
DNA-binding protein (TARDBP) [ 83 ,  165 ]. 

 Dicer knockdown was already used to generate transgenic mice lacking the abil-
ity to produce mature miRNAs in a subset of their postmitotic motor neurons [ 163 , 
 168 ], in order to determine if miRNAs are essential to motor neuron survival. The 
transgenic animals showed progressive locomotor defects and denervation muscle 
atrophy caused by motor neuron loss. Further work revealed a specifi c increase in 
NFH expression, which was at least in part attributed to the loss of miR-9. This is a 
miRNA highly expressed in the brain and found to be upregulated in mouse models 
of the juvenile motor neuron disorder known as spinal muscular atrophy (SMA) 
[ 163 ,  169 ]. In addition, miRNAs that directly target neurofi lament light chain (NFL) 
have been found to be altered in ALS. Upregulation of miR-146a and downregula-
tion of miRNAs 524-5p and 582-3p were reported in SALS spinal cord [ 164 ,  170 ]. 

 Changes in miRNAs have also been seen in peripheral ALS tissues, namely in 
the muscle from mutant SOD1 mouse models of ALS [ 165 ,  171 ]. A dramatic 
increase in the miR-206 was observed in transgenic mice at the time of symptom 
onset and was found to be a direct result of denervation. miR-206 is a skeletal 
muscle-enriched miRNA that has fundamental roles in muscle development and 
plasticity [ 166 ,  172 ]. A similar increase in miR-206 has also been observed in 
human ALS patient muscle tissue [ 167 ,  173 ]. The loss of miR-206 from transgenic 
SOD1 mice accelerated the rate of disease progression, most likely because miR- 
206 is a key player in nerve-muscle communication and therefore essential for rein-
nervation following nerve damage [ 165 ,  174 ].     

    Huntington’s Disease 

     Huntington’s disease   is an autosomal dominant inherited disorder caused by an 
elongated  CAG   repeat expansion in the Huntingtin (HTT) gene. The classical motor 
symptom of chorea is not present in all patients, whilst other  motor   features such as 
impaired balance or abnormal fi ne fi nger movements are more likely to interfere 
with the patient’s quality of life [ 168 ,  175 ]. Although HTT is ubiquitously expressed, 
the aggregates of mutant HTT protein, which are a pathological hallmark of the 
disease, are restricted to neuronal cells [ 169 ,  173 ,  176 ]. 
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 There are widespread gene expression changes in Huntington’s disease and 
evidence suggests these can be attributed partly to miRNA deregulation [ 170 ,  175 , 
 177 ]. Depletion of wild type HTT compromises miRNA mediated gene silencing 
and the mutant protein disrupts neuronal P body integrity [ 21 ,  104 ,  171 ]. There is 
also evidence to suggest other key components of miRNA biogenesis are deregu-
lated in mouse models of the disease, including Dicer, Drosha, and Exportin-5, at 
different stages of the disease course [ 105 ,  106 ,  172 ]. Studies to profi le miRNA 
expression in human tissue, mouse models of disease, and cellular systems have 
revealed numerous expression changes in miRNAs, suggesting that deregulation is 
extensive in Huntington’s disease [ 107 ,  111 ,  173 ]. 

 More specifi cally, the miR-200 family is altered in the cortex of mutant HTT 
mouse models at early stages of disease, which may compromise a network of genes 
involved in neuronal plasticity and survival [ 112 ,  174 ]. In cellular models of 
Huntington’s disease, miR-146a, miR-125b, and miR-150 are downregulated while 
miR-34b was elevated by the presence of mutant HTT protein [ 175 ]. Further inves-
tigation revealed complex interplay between these miRNAs and several transcrip-
tions factors, including p53, RelA, and NFkB, [ 173 ,  176 ]. Interestingly, miR-146a, 
miR-150, and miR-125b also targeted HTT and were predicted to interact with tata 
binding protein (TBP), a protein known to be recruited into mutant HTT aggregates, 
and were shown to modulate aggregate formation [ 175 ,  177 ]. 

 In a recent study with a monkey model of Huntington, 11 miRNAs were found 
to be signifi cantly associated with HD in the frontal cortex of the HD monkeys 
[ 178 ]. miR-128a, which has a corresponding disruption in humans and mice with 
HD, was downregulated in HD monkey model by the time of birth, and was also 
downregulated in the brains of pre-symptomatic and post-symptomatic HD patients. 
Additionally, the authors reported a panel of canonical HD signaling genes regu-
lated by miR-128a as well, including HTT and Huntingtin Interaction Protein 1 
(HIP1) [ 178 ]. 

 While the clinical application of miRNAs as biomarkers and therapies is perhaps 
premature, the rate of discovery is promising. In an era of personalized medicine, 
the use of miRNA expression signatures to subclassify neurodegenerative disease, 
provide markers for therapeutic effectiveness and prognosis prediction, is an attrac-
tive prospect. Despite the anticipated off-target effects that cannot be fully pre-
dicted, saturation of the miRNA biogenesis pathway and possible immune activation, 
miRNA-based therapy has shown promise in animal models of neurodegeneration.         
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    Chapter 9   
 microRNAs in Cerebrovascular Disease       

       Ondřej     Volný     ,     Linda     Kašičková     ,     Dominika     Coufalová     ,     Petra     Cimfl ová     , 
and     Jan     Novák     

    Abstract     Cardiovascular diseases are major causes of morbidity and mortality in 
developed countries. Cerebrovascular diseases, especially stroke, represent major 
burden of disability and economy impact. Major advances in primary and second-
ary prevention and therapy are needed in order to tackle this public health problem. 
Our better understanding of pathophysiology is essential in order to develop novel 
diagnostic and therapeutic tools and strategies. microRNAs are a family of impor-
tant post-transcriptional regulators of gene expression and their involvement in the 
pathophysiology of cerebrovascular diseases has already been reported. Moreover, 
microRNAs may represent above-mentioned potential diagnostic and therapeutic 
tools in clinical practice. Within this chapter, we briefl y describe basic epidemiology, 
aetiology and clinical manifestation of following cerebrovascular diseases: extra-
cranial carotid atherosclerosis, acute stroke, intracranial aneurysms and cerebral 
arterio-venous malformations. Further, in each chapter, the current knowledge about 
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the involvement of specifi c microRNAs and their potential use in clinical practice 
will be summarized. More specifi cally, within the subchapter “miRNAs in carotid 
atherosclerosis”, general information about miRNA involvement in atherosclerosis 
will be described (miR-126, miR-17-92, miR-155 and others) with special emphasis 
put on miRNAs affecting carotid plaque progression and stability (e.g. miR-145, 
miR-146 or miR-217). In the subchapter “miRNAs in acute stroke”, we will provide 
insight into recent knowledge from animal and human studies concerning miRNA 
profi ling in acute stroke and their expression dynamics in brain tissue and extracel-
lular fl uids (roles of, e.g. let-7 family, miR-21, miR-29 family, miR- 124, miR-145, 
miR-181 family, miR-210 and miR-223). Subchapters dealing with “miRNAs and 
AV malformations” and “miRNAs and intracranial aneurysms” will focus on miR-
21, miR-26, miR-29 family and miR-143/145.  

  Keywords     microRNA   •   Carotid atherosclerosis   •   Ischemic stroke   •   Intracranial 
aneurysms   •   Cerebral arterio-venous malformations  

        Carotid Atherosclerosis 

    Epidemiology of Carotid Atherosclerosis 

 Atherosclerosis represents  a   complex arterial disease characterized by vascular 
wall infl ammation and remodelling in the end resulting in the creation of athero-
sclerotic plaques [ 1 ]. According to the site of plaques occurrence, atherosclerosis 
clinically presents as coronary artery disease (CAD), carotid atherosclerosis (Fig. 
 9.1 ) or peripheral artery disease (PAD) [ 2 ]. Carotid arteries represent one of the 
specifi c places of plaques accumulation, especially concerning the ostium and 
bifurcation of common carotid artery, probably due to alteration of blood fl ow at 
these locations [ 3 ]. Accumulation of atherosclerotic plaques in carotid arteries 
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affects signifi cantly blood supply to the brain and predisposes patients to fainting, 
syncope and possibly to ischemic stroke. Based on data of Framingham cohort 
study, the reported prevalence of carotid artery atherosclerosis (defi ned as stenosis 
>50 % evaluated by carotid ultrasound) in the study population was 7 % in women 
and 9 % in men [ 4 – 6 ]. In term of stroke aetiology, the atherosclerotic aetiology 
accounts for 10–15 % of ischemic strokes and soon revelation of carotid atheroscle-
rosis represents a risk factor for future stroke development [ 7 ].

       Clinical Evaluation of Carotid Atherosclerosis 

  Carotid stenosis can be evaluated  by   various non-invasive methods [ 8 ,  9 ]:

•      B - mode ultrasound    (parameters as intima-media thickness (IMT), echogenic 
quality and 3D volume measurement of plaque characteristics)  

•     Transcranial Doppler    (microemboli detection used as a marker of plaque insta-
bility; detection of intracranial carotid stenosis)  

•    Computed tomography angiography /  CTA    (assessment of arterial stenosis and 
basic plaque characteristics)  

•    Magnetic resonance imaging /  MRI    (evaluating the intraplaque haemorrhage and 
presence of a fi brous cap, both representing radiological markers of plaque 
vulnerability)  

  Fig. 9.1    Atherosclerotic plaque in the left internal carotid artery, curved multiplanar reconstruc-
tion (MPR). Sagittal ( left ) and axial ( right ) CT angiography scans of the neck demonstrating >90 
% narrowing of the internal carotid artery behind the common carotid artery bifurcation. 
Atherosclerotic plaque is represented by a hypodense area in the arterial lumen ( black star ),  open 
arrows  point to the plaque calcifi cations (the most apparent hyperdense part; on the axial scan 
forming a hyperdense rim).  White arrow  on the axial scan ( right ) shows the residual vascular 
lumen (diminished by mass of the plaque).  CCA  common carotid artery,  ECA  external carotid 
artery,  ICA  internal carotid artery,  VA  vertebral artery       
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•    Positron emission tomography /  PET    (research imaging technique used for 
evaluation of vascular wall infl ammation)    

 Periodical carotid plaque evaluation represents a tool for therapy monitoring and 
carotid plaque evolution. The most important is a proper treatment of vascular risk 
factors (hypertension, diabetes, dyslipidemia, smoking cessation, etc.), specifi cally, 
the therapy of dyslipidemia is typically led by statins which lower serum cholesterol 
levels, reduce subclinical infl ammation inside the plaque, and promote intraplaque 
stabilization independently of cholesterol lowering as well [ 10 ].   

    Pathophysiology of Atherosclerosis and Roles of miRNAs 

   From the pathophysiological point of view,    atherosclerosis    represents a complex 
process of arterial wall infl ammation and remodelling that includes activation of 
endothelial cells (ECs) by various external stimuli, e.g. disrupted blood-fl ow [ 3 ] or 
oxidized LDL (oxLDL) presence [ 11 ], which further leads to activation/prolifera-
tion of vascular smooth muscle cells (VSMCs), vascular wall fi broblasts and also 
other cell types, such as platelets, adipocytes or macrophages (and their altered form 
“foam cells”) [ 1 ,  11 ]. All above-mentioned processes results in the end in the cre-
ation of atherosclerotic plaques. Predominantly, atherosclerotic plaques are formed 
at places exposed to disrupted blood fl ow, in vivo specifi cally in the aortic arch and 
arterial bifurcations [ 12 ]. Recent advances in our understanding of atherosclerosis 
pathophysiology revealed that shear stress signifi cantly affects the gene expression 
of EC exposed to either high or low shear stress, and miRNAs seem to participate 
even in the fl ow-regulation of atherosclerosis [ 12 ,  13 ]. 

 Roles of miRNA in atherosclerosis include mainly (a) regulation of gene expres-
sion in all aforementioned cells and (b) miRNAs serve as mediators of cell-to-cell 
communication [ 13 ,  14 ]. From the atherosclerotic point of view, miRNAs (also 
termed “athero-miRs”) can be divided to several groups concerning their individual 
characteristics—to mechano-responsive or mechano-irresponsive (depending on the 
response to shear-stress) or to proatherogenic, antiatherogenic or ambigual (accord-
ing to their effects on atherosclerosis progression) [ 15 ]. Providing the complex over-
view of miRNAs involved in atherosclerosis is not the main goal in this 
subchapter—here we will provide just a brief summary of the roles of main ather-
omiRs, i.e. miR-17-92 cluster, miR-126, miR-143/145 cluster and miR-155, and then 
we will specifi cally focus on human studies dealing with carotid atherosclerosis.    

    AtheromiRs 

    Concerning  the   complex pathophysiology of atherosclerosis, from all potential 
miRNAs involved, we should defi nitely mention ,   widespread miR-17-92 cluster 
[ 16 ], endothelium-specifi c miR-126 [ 17 ], vascular-smooth muscle,    cell enriched 
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miR-143/145 cluster [ 18 ,  19 ], and also immunity-related miR-155, that is even 
tightly connected to macrophages function [ 20 ]. 

 Members of miR-17-92 cluster (i.e. miR-17, miR-18a, miR-19a, miR-19b, miR- 
20a and miR-92a) were shown to be downregulated after the exposure of endothe-
lial cells to laminar (≈stable) fl ow [ 21 ], which makes miR-17-92 proatherogenic—we 
can imagine that by downregulating miR-17-92, endothelium somehow “protects 
itself” from miR-17-92 effects. miR-17-92 was shown to target Krüppel-like factor 
(KLF)-2 and KLF-4 and this targeting promoted endothelial infl ammation—on the 
other hand, if miR-17-92 was inhibited, it reduced the expression of proinfl amma-
tory markers [ 22 ]. Moreover, on the contrary to tumour angiogenesis that is pro-
moted by miR-17-92 increase [ 23 ,  24 ], endothelial sprouting and neovascularization 
are promoted if miR-17-92 cluster activity is decreased [ 23 ,  24 ] and this may poten-
tially contribute to restenosis occurrence. Concerning other general roles of miR- 
17- 92 cluster in the regulation of cell cycle and apoptosis [ 25 ], more studies are 
needed to shed a light on the precise functions of this cluster in atherosclerotic 
process; however, inhibition of miR-17-92 cluster may generally be considered 
atheroprotective. 

 Endothelial specifi c miR-126 (and its passenger strand miR-126*) are both 
known to be highly expressed in endothelium and they are crucial for vascular integ-
rity and the vessel development (by targeting PIK3R2, Spred-1 [ 17 ,  26 ], VEGF [ 27 ] 
or, e.g. by affecting angiopoietin signalling [ 28 ]). Their upregulation in endothelial 
cells generally seems to be atheroprotective. By targeting vascular cell adhesion 
molecule (VCAM)-1 miR-126 attenuates endothelial infl ammation [ 29 ]. Similarly, 
miR-126 packaged in apoptotic bodies enhances endothelial recovery through 
upregulation of CXCL12 (particularly by inhibiting RGS16, CXCL12 inhibitor 
[ 30 ]), and miR-126* keeps endothelial proliferative reserve by targeting DLK1 
[ 31 ]. Moreover, circulating levels of miR-126 were shown to be decreased in 
patients with coronary atherosclerosis and diabetes, which may contribute to the 
pathophysiology of both diseases [ 32 ,  33 ]. On the other hand, miR-126 transfer into 
VSMCs was shown to promote VSMCs turnover, thus suggesting a potentially neg-
ative role in vascular remodelling [ 34 ]. miR-126 functions thus need to be evaluated 
strictly in the tissue (or cell)-dependent manner. 

 Focusing now on VSMCs, miR-143/145 should be mentioned. To fulfi l their 
functions in the vessel tone regulation, VSMCs need to remain in so-called  contrac-
tile  (or  quiescent ) phenotype; during various pathologies, the phenotypic switch to 
“synthetic” (or “proliferative”) phenotype occurs interfering with VSMCs normal 
function [ 35 ]. miR-143/145 was shown to be one of the crucial regulators of the 
phenotypic switch—increased levels of miR-143/145 are needed in VSMCs to 
remain in “contractile” phenotype [ 18 ,  36 ]. Knockout of miR-143/145 leads to 
incomplete differentiation of VSMCs and results, e.g. in aneurysm development 
[ 36 ]. Interestingly, it was shown that miR-143/145 levels are increased in ECs under 
the laminar fl ow [ 37 ] and moreover, miR-143/145 is transferred from ECs into 
VSMCs in order to keep them in “contractile” phenotype [ 38 ]. miR-143/145 target-
ing thus defi nitely represents a potential therapeutic target in the treatment of ath-
erosclerosis for the future. 
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 Lastly, if talking about atherosclerosis, macrophages need to be mentioned 
together with miR-155. miR-155 represents a master infl ammation-miRNA and the 
important regulator of the immune system functions [ 20 ]. It was repeatedly shown 
that miR-155 knockout or inhibition in experimental models of atherosclerosis led 
to reduction of atherosclerotic plaques size and decreased macrophage accumula-
tion [ 39 ,  40 ]. Via targeting of endothelial NO-synthase (eNOS), miR-155 further 
disrupts endothelial relaxation, which also contributes to the pathophysiology of 
atherosclerosis [ 41 ]. Interestingly, circulating (particularly plasmatic) levels of 
miR-155 were shown to be increased in experimental models of atherosclerosis [ 42 ] 
and miR-155 was shown as one of the most abundant miRNAs contained within 
LDL particles. This may partly explain LDL proinfl ammatory effects [ 43 ]. On the 
contrary, also antiatherogenic effects or miR-155 were described—e.g. absence of 
miR-155 in the haematopoetic cells in the hyperlipidemic mice increased athero-
sclerotic plaque formation [ 44 ]. Moreover, in human subjects with CAD, circulat-
ing levels of miR-155 are reduced [ 32 ]. More information about the confl icting role 
of miR-155 within atherosclerosis development can be found in the recent study 
performed by Ma et al. [ 45 ].     

    miRNAs in Carotid Atherosclerosis in Humans 

   Human studies dealing with carotid    atherosclerosis mostly    determined expression 
of miRNAs from carotid atherosclerotic plaques obtained during endarterectomy of 
carotid arteries in patients with symptomatic stenosis [ 46 – 48 ]. Comparison of 
carotid plaques miRNA expression revealed a set of differentially expressed miR-
NAs compared to miRNA expression in normal carotid arteries and within this set, 
miR-21, miR-34a, miR-146a, miR-146b-5p and miR-210 were found to be upregu-
lated [ 47 ]. In the very interesting study by Cipollone et al., the subset of fi ve miR-
NAs (miR-100, miR-127, miR-145, miR-133a and miR-133b) were further shown 
to be increased in patients after stroke compared to patients with plaques but with-
out stroke, thus predicting higher plaque instability [ 46 ]. In the agreement with 
Cipollone results, miR-145 expression was shown to be higher in carotid plaques 
from patients with hypertension [ 48 ], who are more prone to develop stroke if 
hypertension is not properly treated. Higher carotid plaque expression of miR-145 
may thus be considered as a risk factor for plaque instability [ 46 ,  48 ]. Interestingly, 
higher circulating miR-145 levels were shown [ 49 ] and at the same time abolished 
[ 50 ] as a potential stroke biomarker (as described further). 

 Focusing more on circulating miRNAs, levels of miR-21 and miR-221 were 
shown to be higher in patients with carotid atherosclerosis [ 50 ] and urinary levels of 
miR-29b were shown to correlate with cIMT in patients with type 2 diabetes mel-
litus (T2DM) [ 51 ]. All three miRNAs may thus serve as potential markers of carotid 
atherosclerosis refl ecting the disease severity [ 50 ,  51 ]. 
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 Lastly, we would like to point out very interesting role of miR-217 described in 
the senescence of ECs (using human umbilical vein ECs, aortic ECs and coronary 
ECs together with endarterectomy samples) [ 52 ]. miR-217 was shown to be 
expressed in human carotid plaques and it was shown to regulate the expression of 
silent information regulator 1 (Sirt1)—as the cells were ageing, miR-217 levels were 
increasing with concomitant decrease in Sirt1 levels, a phenomenon known to occur 
during ageing. Blockade of miR-217 reversed effect of ageing and increased angio-
genic activity. miR-217 antagonism may thus represent very interesting strategy to 
reduce endothelial senescence and prevent the development of age-related diseases.    

    Summary 

 Both atherosclerosis in general and particularly carotid atherosclerosis represent 
risk factor for stroke development. Studies using endarterectomy and plasma/urine 
samples to reveal biomarkers of plaque instability or disease severity defi nitely indi-
cate that miRNAs may serve not only as potential diagnostic but also therapeutic 
targets in carotid atherosclerosis. Further studies on larger cohorts and involving 
patients with various comorbidities are needed as well as studies using animal mod-
els of plaque instability, to reveal the true potential of miRNAs in the carotid athero-
sclerosis for future clinical practice.   

    Ischemic Stroke 

   Epidemiology of Ischemic Stroke 

 Stroke  represents   a major cause of disability and the second leading cause of death 
worldwide (after coronary artery disease), with an incidence of about 17 million per 
year. It affects both the elderly and the young (in 2010, 31 % of strokes affected 
adults under 65; more than 83,000 children and youths under 20 have had strokes). 
Improvements in primary prevention and lifestyle changes have led to a decreased 
incidence of age-adjusted stroke. Nevertheless, the overall number of strokes has 
been increasing and is expected to accelerate over the coming decades because of 
the population ageing. It is predicted that stroke will account for 6.2 % of the total 
burden of illness in developed countries by 2020. Without major advances in pri-
mary and secondary prevention, acute stroke management and treatment, and in 
post-stroke rehabilitation, the burden and cost of this disease will considerably 
increase [ 53 – 55 ]. Stroke can be classifi ed as ischemic or haemorrhagic. Ischemic 
stroke can be either transient ischemic attack (TIA) or cerebral infarction. 
Haemorrhagic strokes can be either intracerebral or sucharachnoid. Figure  9.2  
shows the computed tomography (CT) differences between acute ischemic and 
haemorrhagic strokes.
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       Brief Aetiology and Pathophysiology of Ischemic Stroke 
and Intracerebral Haemorrhage 

  Ischemic strokes  represent at least 85 % of  all   strokes. Sometimes, the cerebral 
infarctions with  a   small defi cit are called “minor strokes”. Cerebral ischemia repre-
sents a consequence of arterial or arteriolar occlusion leading to the blood fl ow 
reduction. Possible ischemic stroke mechanisms (aetiologies) include ischemic 
strokes of atherotrombotic (30 %), lacunar (20 %) or cardioembolic origin (30 %); 
of other known aetiology, e.g. arterial dissection, vasculitis, hemodynamic infarc-
tions, thrombophilia, cortical vein or dural sinus thrombosis (5–10 %); and 5–10 % 
are strokes of unknown cause termed cryptogenic strokes [ 54 ,  56 ]. 

 It is important to mention that therapeutic and preventive strategies depend on 
the proper diagnosis of the stroke cause. Typical example is an indication for anti-
coagulation versus antiplatelet therapy (secondary prevention) in patients with 
cardioembolic versus non-cardioembolic strokes. Identifi cation of the exact cause 
is also important for prognosis and treatment of additional risk factors. 

  Fig. 9.2    Ischemic and haemorrhagic stroke on CT. ( a ) Normal CT (typical baseline fi nding in 
patients with acute ischemia); ( b ) acute ischemia 24 h after stroke onset (hypodense area marked 
by  white arrows ); ( c ) sucharachnoid haemorrhage (hyperdense signal marked by  white arrows ); 
( d ) intracerebral haemorrhage (ICH); ( e ) intraventricular haemorrhage; ( f ) cortical vein/dural 
sinus thrombosis (hyperintensities represents acute clots in cortical vein and superior sagittal 
sinus)       
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  Intracerebral haemorrhages  (ICHs) are divided in the primary and secondary. 
Primary ICHs are caused by a rupture of cerebral artery/arteriole, and are typically 
associated with uncontrolled hypertension. Based on the localization apparent on 
neuroimaging methods, they can be divided into two main types: typical and atypi-
cal. The typical ICH is located in deep brain structures supplied by perforating 
arteries. The atypical ICHs are located more superfi cially (e.g. lobar haemorrhages). 
Atypical ICHs (20 % of all ICH) are usually secondary to medical conditions differ-
ent to hypertension, such as coagulopathies, arterio-venous malformations, other 
vasculopathies, and tumours. 

 From clinical point of view, presentation of ICH is very similar to acute ischemic 
stroke, and therefore ICHs cannot be differentiated from acute ischemia based only 
on clinical examination. ICH manifestation corresponds to its location and volume, 
and also to the bleeding progression. Because treatments of ischemic and haemor-
rhagic strokes differ, brain CT or MRI are essential for differential diagnosis and 
treatment decision-making [ 57 – 60 ].  

    microRNA in Acute Ischemic Stroke 

 There are numerous roles of miRNAs in acute ischemic stroke—e.g. intracellular 
miRNAs participate  in   pathophysiology of ischemic stroke via affecting the target 
genes  expression   involved  in   atherosclerosis, angiogenesis and/or neuro- 
infl ammation [ 61 ]; extracellular miRNAs serve as mediators of cell-to-cell commu-
nication affecting pathophysiology and course of the disease. Molecules released 
into the extracellular space might represent clinically valuable biomarkers. It was 
shown that almost any ischemic conditions (coronary artery disease, peripheral 
artery disease) lead to alteration in circulating miRNA levels [ 62 ]. The tissue- specifi c 
miRNAs are released into the circulation after cell damage or death, and thus indi-
rectly indicate the organ damage [ 63 ,  64 ]. Since the levels of circulating miRNAs are 
not random and exact mechanisms of miRNA secretion/excretion still need to be 
clarifi ed, these miRNAs may even refl ect the course of disease and bring to clini-
cians information regarding patients prognosis and outcome (e.g. in myocardial 
infarction, specifi c miRNA profi le may predict development of heart failure [ 65 ]; in 
stroke, miRNA profi les were shown to be predictive in stroke recurrence [ 66 ], etc.). 

 Within the fi eld of ischemic stroke, miRNAs have been studied both in different 
animal models and human stroke populations. In terms of miRNAs detection both 
principal approaches, i.e. studying the expression profi les of many miRNAs at the 
same time (“miRNA profi ling”), as well as candidate-miRNAs approach (i.e. focus-
ing more deeply on a subset of miRNAs, their possible targets and biological roles) 
have already been employed. 

 Within the following subchapter, we will focus on profi ling studies giving a 
rationale for further miRNA studies in the fi eld of ischemic stroke.  
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    Animal Models of Stroke 

  Experimental stroke  models   used in following studies comprise mainly of cell cul-
ture (varying from generally accessible cell cultures such as HEK cells, N2A cells, 
to the primary cultured cortical neurons) of oxygen-glucose deprivation (OGD) 
simulating hypoxic-ischemic conditions by restriction of oxygen and glucose or 
pure hypoxia (e.g. for 30 to 60 min). Otherwise the H 2 O 2  application responsible for 
simulating the reactive oxygen species (ROS) specifi c damage has been induced 
and studied. In studies focused on the roles of progenitor cells after acute ischemia, 
the subventricular zone (SVZ) cells has been isolated and studied in hypoxic- 
ischemic conditions. 

 In animal model studies, models of the middle cerebral artery occlusion (MCAO) 
have been typically used but with different approaches to the induction of occlusion 
(usually lasting from 60 to 120 min followed by varying periods of reperfusion and 
sampling). The way of MCAO technique has been also highly variable (using 
electro- coagulation, embolic techniques or complete mechanical obstruction, etc.). 
In terms of animals, spontaneously hypertensive rats (SHR), Wistar rats, Sprague- 
Dawley rats or C57BL/6J mice have been used. 

 In human studies, there is no possibility to simulate experimental stroke, thus 
only patients admitted to hospitals with stroke symptoms might be involved in 
miRNA sampling from different bodily fl uids. So far, only the blood and its deriva-
tives, and/or cerebrospinal fl uid have been used in human stroke research.   

    Profi ling microRNA Studies in Acute Ischemic Stroke 

 Up to date several miRNA  profi ling   studies were performed using both  animal   
model of stroke [ 67 – 72 ] and human stroke patients [ 73 – 78 ], in the animal studies 
using either brain tissue or blood or both; in the human studies using bodily fl uids 
of patients after ischemic event. 

    Animal Profi ling Studies 

   The very fi rst miRNA  profi ling   in animal stroke model was  performed   by Jeyaseelan 
et al. in 2008. Using MCAO model, they performed screen for 236 various miRNAs 
in both blood and brain at two different time points (20/106 and 25/82 differentially 
expressed miRNAs at 24 and 48 h in blood/brain were identifi ed). Moreover, the 
expression of following miRNAs was detected for the fi rst time in the rat brain: 
miR-126, miR-129, miR-129*, miR-145, miR-181a/b/c and miR-185. 

 Focusing on the specifi c group of miRNAs the authors confi rmed several targets: 
laminin-1 and integrin-1 as targets of miR-124, VSNL1 (neuronal calcium sensor) 
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as a target of miR-290 (and possibly also miR-124a); aquaporin (AQP4) as a target 
of miR-30a-3p and miR-383, and matrix metalloproteinase 9 (MMP9) as a target of 
miR-132 and miR-664 [ 69 ]. In their following study, they focused on miRNAs 
expression in later phases of stroke (48–168 h after ischemic stroke) and identifi ed: 
miR-21, miR-142-3p, miR-142-5p and miR-146a to be increased and miR-196a/b/c, 
miR-224 and miR-324-3p to be decreased as compared to the acute phase. Moreover, 
levels of miR-206, miR-290, miR-291a-5p and miR-30c-1* positively correlated 
with infarct volume [ 70 ]. 

 Further, Dharap and colleagues used SHR and extended fi ndings from the fi rst 
study of Jeyaseelan by sacrifi cing animals at fi ve different time points (3, 6, 12, 24 
and 72 h). It was shown that 49 miRNAs were dysregulated after transient MCAO, 
24 miRNAs were upregulated and 25 showed downregulation at least one of these 
time points. Other subsets of miRNAs were detected at two or more time points 
showing that expression of some miRNAs (e.g. miR-140, miR-145, miR-260, miR- 
292- 5p) tended to increase and of other miRNAs (e.g. miR-376-5p, miR-153) 
tended to decrease over time, while other miRNAs were altered only transiently 
(e.g. miR-29c) or permanently without the specifi c increase or decrease (e.g. 
miR-344-3p). 

 The authors further focused on miR-145 and its target  superoxide dismutase 
(SOD2)   using antagomir against miR-145 showing that inhibition of miR-145 led to 
SOD2 upregulation and consequently protected the neurons from cell death [ 67 ]. 
Similarly to Dharap, Gubern et al. in 2013 also proved the expression change of 32 
miRNAs during acute phase of stroke (30 min and 6 h) and late stroke phases (7 and 
14 days). Their group further focused on miR-347 and its targets (Acsl4, Bnip31 
and Phyhip) showing its importance in regulation of neuronal cell death [ 68 ]. 

 Compared to previously mentioned studies, Selvamani et al. [ 71 ] focused on 
stroke from slightly different point of view—studying effect of age and sex on 
miRNA expression (miR-127-3p, miR-335, miR-543, miR-139-5p, miR-33a, miR- 
338- 3p, miR-222, miR-15b, miR-92a, miR-424, miR-495 and miR-33) in blood and 
brain at day 2 and 5 after the MCAO. Interestingly, on the day 2, differences in 
miRNA levels were affected mainly by age, and on the day 5 mainly by sex showing 
the need to keep in mind the confounding factors. 

 Animal profi ling studies defi nitely created a great background for the studies 
mentioned further by identifying a wide range of miRNAs altered in brain tissue 
after stroke. These studies showed that a large number of miRNAs was altered in rat 
brain after ischemic event and that this set was not completely the same as the set of 
blood identifi ed miRNAs. Nowadays, it has been revealed that after stroke, also 
other organs than brain are involved in the complex body reaction affecting patient 
outcome. Thus identifi cation of other miRNAs involved, e.g. in infl ammation, or 
being other organ specifi c (e.g. fi nding of liver specifi c miR-122 to be increased in 
blood after stroke) may further stimulate the research in order to better understand 
the complex effect of stroke on the organism.    
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    Human Profi ling Studies 

   Unlike the animal profi ling studies,    where brain tissue  is   available and enable much 
deeper focus on molecular biology of stroke, only bodily fl uids are available in 
ischemic stroke in humans for miRNA analysis. 

 One of the fi rst attempts to identify circulating miRNAs in peripheral blood of 19 
patients after stroke was performed by Tan et al. in 2009. Relatively young patients 
(aged 19–49 years) were enrolled and from 836 miRNAs studied in total, 157 were 
found to be dysregulated after stroke (138 upregulated, 19 downregulated). Out of 
these let-7f, miR-126, -1259, -142-3p, -15b, -186, -519e and -768-5p were consis-
tently downregulated in all patients independently of the stroke subtype (according 
to TOAST classifi cation). 

 Interestingly, miRNA clustering revealed different expression patterns in patients 
with good and poor clinical outcome defi ned as modifi ed Rankin scale (mRS) ≤2 
versus mRS >2. Although being a small-sized study enrolling only young individu-
als, the very promising results defi nitely identifi ed miRNAs potentially useful as 
biomarkers of acute stroke and thus much larger studies were performed by the 
same group in 2013 [ 76 ] and 2014 [ 74 ]. 

 In the fi rst mentioned study, authors studies no-risk or low-risk patients with 
stroke, to avoid a potential effect of atherosclerosis, hypertension or diabetes on 
circulating miRNA profi les and identifi ed 293 miRNAs out of whose 21 miRNAs 
presented with similar expression in all stroke samples [ 76 ]. Four of these, miR- 
25*, -34b, -483-5p and miR-498, were shown to be downregulated in all cases. 

 In the latter mentioned study, the authors involved two groups of stroke patients: 
relatively young (≈45 years) and older cohort (≈60 years) after stroke. The latter 
cohort displayed a number of age-related comorbidities, which also was a reason to 
involve healthy control (≈40 years) and patients with metabolic syndrome without 
the history of stroke as two control cohorts [ 74 ]. Out of 314 miRNAs studied, down-
regulation was observed in 58 and upregulation in 47 miRNAs in acute (24, 48 h up 
to 7 days) or late phase (from 2 months to 2 years) of stroke. Sixty-three miRNAs 
were found to be altered at both phases and fi ve upregulated miRNAs, miR-27a*, 
miR-125b-2*, miR-422a, miR-488 and miR-627, showed high AUCs for patients 
after stroke, compared to those with metabolic syndrome. Moreover, authors showed 
that clustering of 32 miRNAs enabled distinguishing among individual stroke sub-
types according to TOAST classifi cation. 

 Another profi ling after stroke was performed by Wang et al. [ 78 ]. This study 
group focused on early stroke detection using MRI in 136 stroke patients within 24 
h from stroke onset. Based on the MRI fi nding, MRI(+) and MRI(−) stroke patients 
were distinguished and profi les were taken for these patients together with 116 
healthy subjects. Altogether, 42 miRNAs were chosen for further confi rmation and 
out of these, 13 miRNAs were confi rmed as upregulated and 4 miRNAs as being 
downregulated. miR-106b-5p and miR-4306 showed gradual expression and being 
the lowest in controls, higher in MRI(−) and the highest in MRI(+) patients. 
Contrarily, miR-320e and miR-320d showed opposite trend, i.e. being downregu-
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lated in MRI(−) and more downregulated in MRI(+) patients, thus being identifi ed 
as potential biomarkers of acute stroke. 

 One of the very recent profi ling studies of human serum was performed by Li 
et al. This study identifi ed 115 differentially expressed miRNAs in ischemic stroke 
patients. Out of whose miR-32-3p, miR-106-5p, miR-1246 and miR-532-5p were 
identifi ed as potential stroke biomarkers [ 79 ]. 

 Another attempt to study specifi c roles of miRNAs in stroke was performed by 
Jickling et al. In this study the authors determined miRNA profi les from peripheral 
blood mononuclear cells, not from plasma or serum [ 73 ]. This different approach 
enables to study leukocytes expression profi les and reveal a potential interconnec-
tion between immunity, infl ammation and stroke. In conclusion miR-122, miR- 
148a, let-7i, miR-19a, miR-320d and miR-4429 were decreased and miR-363 and 
miR-487b increased in the cells of patients with stroke and thus the potential regula-
tion of leukocyte adhesion, extravasation and thrombi formation was proposed [ 73 ]. 

 Most recently, Sorensen et al. published interesting paper identifying potential 
miRNA biomarkers of acute stroke not only from blood but also using the cerebro-
spinal fl uid [ 75 ]. At the time of this manuscript preparation, only abstract of this 
study was available. The authors identifi ed miR-151-3p and miR-140-5p to be 
upregulated and miR-18b-5p to be downregulated in blood after stroke and miR- 
523- 3p was identifi ed in more than 50 % of patients and in none of the controls in the 
cerebrospinal fl uid. These results, together with results from other research groups 
mentioned above or further clearly demonstrate a potential of miRNAs as biomark-
ers of acute ischemic stroke and the need for complex studies taking into account not 
only the traditional cardiovascular and metabolic risk factors, sex, age but also using 
control cohorts with other neurological disorders that can resemble stroke.     

    Candidate microRNA Studies 

 Following section summarizes up-to- date   information regarding animal and human 
studies in acute stroke with the special emphasis put on the let-7 family, miR-21, 
miR-29 family, miR-124, miR-145, miR-181 family, miR-210 and miR-223. Roles 
of other miRNAs are briefl y summarized in the last subsection. Overview of below 
described miRNAs is provided in Tables  9.1  and  9.2 , detailed description can be 
found further in the text.

       let-7 Family 

     let-7 family   represents a  group   of  nine   miRNAs termed let-7a to let-7i. Being one 
of the fi rst miRNAs even described with important functions in  C. elegans  develop-
mental timing [ 111 ], its functions in humans has been extensively studied and 
except of participating in tumorigenesis, angiogenesis and immunity, let-7 family 
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    Table 9.1    Overview of the targets and roles of the main miRNAs involved in stroke pathogenesis   

 miR  Target  Model  Function in stroke  References 

 Let-7 
family 

 –  –  Involved in neurogenesis and 
neuronal differentiation. 
Downregulated in stroke 

 [ 80 ] 

 IGF-1 
signalling 

 –  Application of antagomir against 
let-7f led to increased 
neuroprotection 

 [ 81 ] 

 miR-21  Fas-Ligand  MCAO Wistar, 
CN, HEK-293 

 Expression of miR-21 is increased 
after MCAO. In OGD cultured 
cortical neurons, miR-21 levels are 
unchanged. Introduction of miR-21 
into HEK cells caused 
downregulation of Fas-Ligand. 
Potential therapeutic target 

 [ 82 ] 

 Bcl-2  N2A NBLC  Increased expression of miR-21 by 
reoxygenation after OGD in N2A 
cells had antiapoptotic effect 

 [ 83 ] 

 miR-29 
family 

 BH3-genes  MCAO, 
C57BL/6, 
hippocampal 
neural cells 

 miR-29b and miR-29c are 
downregulated after stroke and this 
can be prevented by oral 
supplementation of α-tocotrienol. 
Stereotactic injection of miR-29b 
improved brain function and 
lowered infarct size. Moreover, 
miR-29b transfection into cell lines 
protected cells from cell death 

 [ 84 ] 

 DNMT3a  MCAO, SHR  MCAO in adult rat caused 
downregulation of miR-29c, which 
promotes ischemic damage to brain 
via DNMT1a induction. 
Substitution of miR-29c improves 
survival and neuronal damage 

 [ 85 ] 
 PC12 cells 

 Bcl2L2  MCAO, Wistar, 
CN 

 miR-29b is upregulated after 
ischemic insult and promotes 
neuronal cells death by targeting 
Bcl2L2 in MCAO model 

 [ 86 ] 

 Birc2 
(Bak1) 

 FNS in SDR  Fastigial nucleus stimulation (FNS) 
is known to reduce brain damage 
and its effect is partly mediated by 
downregulation of miR-29c. 
Application of FNS prior to 
ischemic insult had neuroprotective 
effect mediated by miR-29c 

 [ 87 ] 

 –  MCAO, C57BL/6 
J, CN 

 Study of miRNA expression in 
salvageable ischemic penumbra: 
 miR-29b-2 , -19b, 339-5p and 
miR-341 are dysregulated and they 
possibly participate on regulation 
of gene expression in this area 

 [ 88 ] 

(continued)
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Table 9.1 (continued)

 miR  Target  Model  Function in stroke  References 

 miR- 
124 

 VSNL1  MCAO, SDR  VSNL1 expression correlated with 
miR-124 dynamics 

 [ 69 ] 

 Ku70  MCAO, SDR  After 2 h of focal cerebral ischemia 
and 24 h reperfusion, miR-124 was 
downregulated and Ku70 
upregulated. Intraventricular 
administration of miR-124 
antagomir prevented neuronal cells 
death and decreased infarct size 

 [ 89 ] 

 JAG1  MCAO, Wistar, 
SVZ NC 

 miR-124 levels are decreased in 
subventricular zone (SVZ) after 
MCAO and via targeting JAG-1, 
miR-124 affects Notch signalling 
pathway and reduces progenitor 
cells proliferation and promotes 
their differentiation 

 [ 90 ] 

 Usp14  MCAO, 
C57BL6/N, CN 

 Lentiviral induced expression of 
miR-124 had protective effect on 
cortical neurons when OGD was 
applied and similarly, miR-124 
application in animal model led to 
decreased infarct size and smaller 
functional impairment. This is 
mediated via miR-124-Usp14- 
REST pathway 

 [ 91 ] 

 Bcl-2, 
Bcl-xl 

 MCAO, 
C57BL/6, SHR, 
CN 

 miR-124 levels are increased after 
MCAO in animal model and 
injection of agomir for miR-124 
reduces infarct size. Pro/anti- 
apoptotic signalling via Bcl genes 
is involved in observed effect 

 [ 92 ] 

 iASPP  MCAO, 
C57BL/6, N2A 
cells 

 miR-124 was increased after 
cerebral ischemia 

 [ 93 ] 

 miR- 
145 

 SOD2  MCAO, SHR  miR-145 is increased after 
transient focal ischemia, targets 
SOD2 and application of 
antagomir against miR-145 
increases SOD2, however, without 
any signifi cant neuroprotection 

 [ 67 ] 

(continued)
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Table 9.1 (continued)

 miR  Target  Model  Function in stroke  References 

 miR- 
181 

 HspA5 
(GRP78) 

 MCAO, CB57/
B6, astrocytes 

 miR-181a is upregulated in 
ischemic core and downregulated 
in surrounding penumbra. Increase 
in miR-181a promotes neuronal 
cell death due to decrease in 
GRP78 

 [ 94 ] 

 Bcl-2, 
Mcl-1 

 MCAO, SDR, 
N2A cells, 
astrocytes 

 Decreased miR-181a after OGD 
reduces apoptosis and 
mitochondrial dysfunction in 
cultured astrocytes and N2A cells. 
In animal model of MCAO, 
application of miR-181a prior to 
ischemic insult resulted in reduced 
infarcted area and prevented loss of 
CA1 pyramidal neurons 

 [ 95 ,  96 ] 

 Bcl-2, 
XIAP 

 MCAO, CB57/
B6 

 miR-181a antagomir treatment 
after stroke reduced infarction size, 
infl ammatory response (NFκB 
activation, leukocyte infi ltration) 
and improved neurological defi cits 
in mice 

 [ 97 ] 

 miR- 
210 

 VEGF 
pathway 

 MCAO, C57BL/6  Using lentiviral vector, miR-210 
was introduced to experimental 
animals and this caused increase in 
new microvessels and increase in 
neural progenitor cells in SVZ 

 [ 98 ] 

 Notch 
pathway 

 MCAO SDR, 
HUVEC 

 Increase in miR-210 (using 
lentiviral vector) caused increased 
angiogenesis and thus recovery 
after MCAO 

 [ 99 ] 

 miR- 
223 

 AQP4  MCAO SDR  Increased expression of miR-223 
correlated with decreased 
expression of aquaporin 4 

 [ 69 ] 

 GluR2, 
NR2B 

 miR-223 KO  miR-223, via targeting glutamate 
receptors (AMPAR and NMDAR) 
subunits (GluR2 and NR2B, 
respectively) prevents glutamate- 
induced neurotoxicity after stroke 

 [ 100 ] 
 mice, 
hippocampal NC 
culture 

   MCAO  middle cerebral artery occlusion,  OGD  oxygen-glucose deprivation,  HEK  human embry-
onic kidney cells,  NC  neural cells,  NBLC  neuroblastoma cells,  CN  (primary) cortical neurons,  SDR  
Sprague-Dawley Rats,  SHR  spontaneously hypertensive rats,  IGF  insulin growth factor,  Bcl-2  
B-cell lymphoma 2,  DNMT3a  DNA methyltransferase 3A,  Bcl2L2  Bcl-2-like protein 2,  Birc2  
baculoviral IAP repeat containing 2,  Bak1  BCL2-antagonist/killer 1,  VSNL1  visinin like 1 protein, 
 JAG1  jagged 1,  Usp14  Ubiquitin carboxyl-terminal hydrolase 14,  iASPP  inhibitor of apoptosis- 
stimulating protein of p53,  SOD2  superoxide dismutase 2,  HspA5  heat shock protein A5,  Mcl-1  
myeloid cell leukaemia 1,  XIAP  X-linked inhibitor of apoptosis protein,  VEGF  vascular endothe-
lial growth factor,  AQP4  aquaporin 4,  GluR2  AMPA receptor subunit GluR2,  NR2B  N-methyl 
 D -aspartate receptor subtype 2B  
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   Table 9.2    Summary of other miRNAs involved in stroke pathogenesis   

 miR  Target  Model  Function in stroke  References 

 miR- 
17- 92 

 PTEN  MCAO 
C57BL/6 J 

 After ischemic insult to animals or cell, 
miR-17-92 is increased. This upregulation leads 
to increase in neural progenitor cells 
proliferation via PTEN, Wnt and c-Myc related 
pathways 

 [ 101 ] 

 SVZ NC 

 miR- 
103 

 NCX  MCAO 
SDR 

 Blockage of miR-103-1 with specifi c antagomir 
prevents downregulation of NCX and increases 
recovery and decreases infarct size in 
experimental animals 

 [ 102 ] 

 OGD BHK, 
PC-12 cells, 
CN 

 miR- 
107 

 GLT-1  MCAO 
SDR 

 Expression of miR-107 is upregulated in 
plasma and brain after MCAO, which 
downregulates GLT-1 and leads to glutamate 
accumulation and excitotoxicity 

 [ 103 ] 

 ↓O2 
NG108-15 
cell 

 miR- 
134 

 HSPA12  MCAO 
C57BL/6 
J, OGD 
CN 

 Downregulation of miR-134 reduces neuronal 
cell death via increase in protective heat shock 
protein HSPA12 

 [ 104 ,  105 ] 

 miR- 
137 

 Grin2A  MCAO 
SDR, 
HEK-293 

 miR-137 is downregulated in brain after stroke 
as well as after mild stress, a model of 
depression in rats. Upregulation of miR-137 
levels restored behavioural changes, probably 
partially via targeting Grin2A, a component of 
NMDA receptor 

 [ 106 ] 

 miR- 
200c 

 Reelin  MCAO 
CB57/B6 

 Intracerebroventricular pretreatment with 
miR-200c antagomir results in decreased 
infarct size and neurological defi cit, partly by 
targeting Reelin, protein known to be involved 
in neurodevelopment 

 [ 107 ] 

 H 2 O 2  exp., 
N2A cells 

 miR- 
376- 
5p 

 HIF1α  MCAO, 
HUVEC 

 miR-376-5p is downregulated after stroke and 
it alters angiogenesis via affecting VEGF/Notch 
signalling in a HIF1α dependent manner 

 [ 108 ] 

 miR- 
424 

 CDK6, 
CDC25A 

 C57BL/6 
J, murine 
BV2 
microglial 
cells 

 miR-424 is decreased after stroke. Pretreatment 
and post-treatment of MCAO animals with 
miR-424 mimic resulted in decrease in cerebral 
infarction and brain edema probably via 
affecting microglia activation and cell cycle 
progression 

 [ 109 ] 

 CCND1 

 Nrf2  MCAO, 
C57BL/6 
J, CN 

 miR-424 levels increased at 1 and 4 h and 
decreased 24 h after ischemia in peri-infarct 
cortex. By affecting levels of antioxidative 
enzymes, miR-424 overexpression caused 
protection from oxidative stress which resulted 
in reduced neuronal cell death 

 [ 110 ] 

   MCAO  middle cerebral artery occlusion,  OGD  oxygen-glucose deprivation,  HEK  human embry-
onic kidney cells,  NC  neural cells,  NBLC  neuroblastoma cells,  CN  (primary) cortical neurons,  SDR  
Sprague-Dawley Rats,  SHR  spontaneously hypertensive rats,  PTEN  phosphatase and tensin homo-
log,  NCX  sodium-calcium exchanger,  GLT-1  Glial Glutamate Transporter 1,  HSPA12  heat shock 
protein A12,  Grin2A  glutamate receptor subunit epsilon-1,  HIF1α  Hypoxia-inducible factors 1α, 
 CDK6  cyclin dependent kinase 6,  CDC25A  cell division cycle 25A,  CCND1  cyclin D1,  Nrf2  
nuclear factor erythroid 2-related factor  
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represents one of the most abundant miRNA families in the brain, where it fulfi ls 
crucial roles in neurogenesis and differentiation, as recently reviewed [ 80 ]. 

 In the pathophysiology of stroke, let-7 may be involved in neurogenesis [ 111 ], 
angiogenesis and infl ammation. It is one of the miRNAs transferred via exosomes 
affecting the gene expression of recipient cells in the atherosclerosis process [ 112 , 
 113 ]. Expression of let-7 family members was repeatedly shown to be downregu-
lated in above-mentioned profi ling studies [ 68 ,  69 ,  71 ], and specifi c blockade of 
let-7f using antagomir led to increased neuroprotection in the rat model via affect-
ing the insulin like growth factor (IGF-1) signalling pathway [ 81 ]. It can be hypoth-
esized that a downregulation of let-7 family members after the stroke leads to 
activation of neuroprotective mechanisms mediated at least partly by the IGF-1 
signalling.     

    miR-21 

 In animal brains,  miR-21   expression   has been reported in profi ling studies as 
increased [ 69 ,  77 ] and  being   even more dominantly increased in small artery stroke 
patients [ 77 ]. miR-21 is generally known to be involved in ischemia and hypoxia 
related processes and also has a strong antiapoptotic effect [ 114 ]. 

 In the study by Buller and colleagues, expression of miR-21 has been observed 
to be signifi cantly increased in ischemic boundary zone as compared to contralat-
eral neurons in the MCAO animal model. However, in OGD cultured cortical neu-
rons, no such upregulation of miR-21 has occurred [ 82 ]. On the other hand, when 
miR-21 was introduced to the OGD-cells, much better survival due to decreased 
apoptosis via downregulation of Fas-Ligand has been proven [ 82 ]. In accordance 
with this, reoxygenation of the N2A cells after OGD increased miR-21 levels and 
also promoted N2A cells survival [ 83 ]. 

 Taking into account that miR-21 is known to be involved not only in cerebral, 
but also in myocardial ischemia, where it was shown to be produced by fi broblasts 
in the site of infarction having antiapoptotic effect on surrounding cardiomyocytes 
[ 115 ], strategies leading to increased miR-21 expression may potentially serve as 
novel future therapeutic strategies in ischemic stroke.  

    miR-29 Family 

     miR-29 family   is represented by four members: miR-29a, -29b-1, -29b-2 and 29c. 
With many potential  targets   of all family members,  there   is still a controversy, 
whether miR-29 is pro-survival or pro-apoptotic since the upregulation of miR- 29b 
has been recognized as a neuronal survival factor interfering with apoptosis by 
affecting Bcl-2 and BH3 pathways [ 84 ,  116 ], while the downregulation of miR-29 
protects hearts against ischemia-reperfusion injury [ 117 ]. Luciferase target assays 
have indicated that miR-29 family members target both pro- and anti-apoptotic 
Bcl-2 family members, and thus it is necessary to evaluate this miRNA family func-
tions in the context of disease and model chosen in particular studies [ 117 ]. 
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 Focusing more on stroke, both the downregulation [ 85 ,  87 ,  116 ] and upregulation 
[ 86 ,  88 ] of miR-29 family members have been observed in animal MCAO models 
with various interpretation of observed fi ndings. Khanna et al. and Pandi et al. 
reported miR-29b and miR-29c downregulated in ischemic area. This loss of miR-
29b/c participated on ischemic brain damage and can be prevented by oral adminis-
tration of α-tocotrienol or by re-induction of both mentioned miRNAs in the 
brain—all these actions resulted in decreased volume of infarct and promoted cell 
survival. Conversely, recently Huang et al. reported the downregulation of miR-29c 
after the fastigial nucleus stimulation, which is known to be neuroprotective and 
indeed, overexpression of miR-29c resulted in increased infarct volume and poor 
neurological outcomes [ 87 ]. In accordance with Huang et al., results of Shi et al. 
showed that miR-29b was upregulated after ischemic event and promoted neuronal 
cell death by targeting Bcl2L2 [ 86 ]. 

 Slightly different approach was chosen by Dhiraj et al. [ 88 ], whose group decided 
to study miRNA expression in salvageable tissue called penumbra. After the three 
vessel occlusion followed by 24 h of reperfusion, unilateral hemispheric lesion was 
induced and comparison of miRNAs expressed in brain ischemic cells and culti-
vated neuronal cells has been performed. The miR-29b-2, miR-19b, miR-339-5p 
and miR-341 were found to be dysregulated in both models of ischemic damage 
suggesting their possible participation in the regulation of gene expression in sal-
vageable ischemic penumbra. The authors suggested also above-mentioned Bcl-2 
targeting as one of potential mechanisms [ 88 ].     

    miR-124 

    miR-124 is almost  exclusively   expressed   in the central nervous system  and   partici-
pates in the regulation of neuronal differentiation and adult neurogenesis [ 118 ], 
which makes this miRNA to be referred as “brain-specifi c miRNA” [ 119 ]. Already 
in 2009 Laterza et al. showed that brain injury (induced by MCAO) caused miR-
124 upregulation in plasma, similarly to elevation of miR-122 after liver injury and 
miR- 133 after muscle injury [ 119 ] and suggested this miRNA as possible tissue-
specifi c biomarker. Similarly, Weng et al. using the expression profi ling of 671 miR-
NAs in various tissues (brain, heart, lung, liver, kidney, colon, skin, skeletal muscle 
and pancreas) confi rmed miR-124 to be preferentially expressed in the nervous sys-
tem, especially in the cerebellum, cerebrum and occipital and temporal lobes, and 
to be present in serum 6 and 48 h after the MCAO in rats [ 72 ]. Later on, elevation 
of circulating miR-124 was also confi rmed in the profi ling study by Jeyaseelan and 
colleagues [ 69 ]. Moreover, they reported the  visinin like 1 protein (VSNL1)  , a neu-
ronal calcium sensor abundantly expressed in the central nervous system as the 
miR-124 target in animal stroke model [ 69 ]. Nowadays, VSNL1 is a protein studied 
as a potent biomarker of various dementias [ 120 ] and also miR-124 is supposed to 
be involved in pathophysiology of dementia by targeting β-site APP cleaving 
enzyme 1 (BACE1) [ 121 ]. Studies of post-stroke related neuronal damage, post-
stroke cognitive decline and dementia development should defi nitely focus on this 
possible interconnection. Concerning miR-124, other numerous functions within 
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the brain tissue, several other targets and pathways have already been identifi ed and 
are summarized in Table  9.1 . 

 Interestingly, results concerning the miR-124 up- or downregulation after isch-
emic insult are contradictory, which is to our opinion caused by differences among 
individual studies concerning sample size, MCAO induction technique, sample col-
lection, RNA isolation, choice of internal control and other aspects. 

 There are two studies reporting miR-124 downregulation after stroke in animal 
model of MCAO. Zhu et al. reported Ku70 (DNA repair protein), upregulation after 
MCAO and this upregulation may further be induced via the antagomir-124 applica-
tion prior to the MCAO resulting in decreased volume of infarction [ 89 ]. A slightly 
different study was performed by Liu and colleagues, where the authors reported 
miR-124 downregulation 7 days after the MCAO. This was correlated with neuro-
nal progenitor cells proliferation. Artifi cial administration of miR-124 caused 
decrease in progenitor cells proliferation and increase in their differentiation, thus 
also promoting global damage to the brain [ 90 ]. Thus, both of these studies have 
suggested miR-124 downregulation as a protective mechanism for brain tissue 
repair after stroke. 

 However, in two other studies, similar properties of miR-124 upregulation, i.e. 
preventing tissue-injury, were described [ 91 ,  92 ]. In the fi rst study mentioned, miR- 
124 upregulation after both OGD and MCAO in cell-line and animals, respectively, 
were confi rmed and this prevented neuronal apoptosis. Authors revealed Ups14, 
(de)ubiquitination-related protein, as a target of miR-124 and revealed that via 
Ups14 targeting, miR-124 indirectly increases levels of RE1 silencing transcription 
factor (REST), which upregulation was reported in neurons destined to death [ 91 ]. 
Thus, miR-124 application led to decreased infarct volume size and also to decreased 
functional impairment, determined by the Rotarod test, tight rope test and modifi ed 
Morris maze test. In the latter study, miR-124 upregulation in ischemic penumbra 
was reported and functional studies using miR-124 knockdown/increase led to 
infarct volume size increase/reduction, respectively. Similarly, in the primary corti-
cal neurons, OGD caused miR-124 upregulation and miR-124 agomir and antagomir 
delivery reduced or promoted cell death. These effects of miR-124 are probably 
mediated via Bcl-2 and Bcl-xl pathways [ 92 ]. 

 Most recently Liu and colleagues elegantly demonstrated that miR-124 upregu-
lation in infarcted area caused the downregulation of inhibitory member of the 
apoptosis-stimulating proteins of p53 family (iASPP), and thus affecting the 
p53-mediated neuronal cell death [ 93 ]. Compared to the aforementioned studies 
by Doeppner and colleagues and Sun and colleagues, who reported upregulation 
of miR-124, this is not benefi cial for neuronal cells—blockage of miR-124 with 
specifi c antagomir caused upregulation of iASPP and this resulted in reduced 
infarct size and reduced neuronal cell death. 

 It can be concluded that miR-124 is brain-specifi c microRNA with plentiful roles 
in the regulation of neuronal cell death, apoptosis and proliferation. Since the results 
of so far conducted studies are contradictory, more studies are needed to confi rm the 
exact roles of miR-124.     
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    miR-145 

    miR-145 should be  briefl y   mentioned also in  the   stroke fi eld,    even though it is much 
more connected with the vessel biology. miR-143/145 cluster is involved in the 
function of ECs and VSMCs; however, its levels have been reported to be upregu-
lated in brain tissue after ischemic insult [ 67 ]. Using bioinformatics prediction, 
superoxide dismutase 2 (SOD2) was revealed as miR-145 target and application of 
antagomir against miR-145 led to SOD2 increase, however, without any signifi cant 
increase in the neuroprotection [ 67 ]. Recently, miR-145 was shown to be connected 
to microglia function and being identifi ed as one of the p53 targets during ROS 
exposition [ 122 ]. Since oxidative stress is connected with reperfusion injury, poten-
tial roles for miR-145 in oxidative stress control, exceeding its known roles in ves-
sel biology, may come up in the future.     

    miR-181 Family 

   miR-181 family represents a  highly   conserved  group   of miRNAs that consists of 
four members named consecutively miR-181a, -181b, -181c and 181d, and that is 
highly expressed in mammalian brain [ 123 ]. Main roles of this miRNA family was 
reported in the hematopoiesis and infl ammation [ 124 ]; however, from the molecular 
point of view, miR-181 family targets multiple mRNAs of proteins involved in 
apoptosis (e.g. Bcl-2 family of antiapoptotic proteins [ 125 ]) or in tissue protection 
(e.g. protective proteins of endoplasmatic reticulum or heat shock proteins [ 94 , 
 126 ]). Ouyang and colleagues focused repeatedly on various aspects of miR-181 
functions in the context of cerebral ischemia concerning regulation of oxidative 
stress or functions of molecular chaperons [ 126 ,  127 ]. In their very fi rst study, they 
identifi ed miR-181a to be upregulated in ischemic core and conversely downregu-
lated in the surrounding penumbra corresponding with the potential of the cells to 
die in core and survive in penumbra [ 94 ]. Accordingly, supplementation or inhibi-
tion of miR-181 in cultured astrocytes increased and reduced astrocytes cell death, 
respectively, similarly to effects observed in vivo. One of the targets found to be 
responsible for observed effect was GRP78, one of the well-known heat shock pro-
teins—if GRP78 levels were maintained stable, miR-181a administration did not 
promote the cell death [ 94 ]. Concerning further delayed neuronal cell death, miR- 
181 was shown to indirectly regulate the glutamate transporter (GLT-1), which 
induction is known to prevent the brain from excitotoxicity induced by neurotrans-
mitter glutamate [ 128 ]. 

 In agreement with the previous studies, application of miR-181a mimics prior 
[ 95 ] or after [ 97 ] the ischemic insult resulted in neuroprotection. Especially the study 
by Xu and collaborators has shown a great potential of miR-181 application. Since 
in the clinical practice, clinicians are typically faced with patients after the onset of 
stroke with no possibility to pretreat them. Xu and colleagues applied miR- 181 
antagomirs either intravenously (1 h after the MCAO) or intracerebroventricularly 
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(2 h after the MCAO) and interestingly both ways of application have shown reduced 
infarction volume (at about one third at 48 h after reperfusion). Neurologic defi cit 
was assessed by the Rotarod test and was signifi cantly improved as well as the over-
all 4-weeks survival (90 % versus 72 % in sham) and neurobehavioural recovery. In 
conclusion, miR-181 antagomir treatment showed great promises for the future ther-
apeutic applications in the early post-stroke treatment.    

    miR-210 

  miR-210  , a  master   hypoxia-miR,  represents   a hypoxia-induced and anti-apoptotic 
miRNA with approximately 35 specifi c transcripts as its direct or indirect targets 
[ 129 ]. Its overexpression in normoxic human endothelial cells stimulates formation 
of capillary-like structures, and increases cells migration and differentiation [ 130 ]. 
Consistent with the reported induction under hypoxic conditions via HIF-dependent 
and independent pathways [ 129 ], miR-210 expression was reported to be higher in 
ischemic brain, where it plays many protective roles against ischemia induced 
injury [ 98 ,  99 ]. In the setting of cerebral ischemia in rat or mice, increase in miR-
210 by lentiviral vector led to increased number of new vessels [ 99 ] and progenitor 
cells in subventricular zone [ 98 ], thus resulting in increased angio- and neurogene-
sis, and preventing mice from ischemia-induced injury. To sum up miR-210 repre-
sents another promising target for stroke therapeutics.  

    miR-223 

    From the more  deeply   studied miRNAs, as the last one miR-223 will be mentioned. 
Together with miR- 130a   and miR-320, this miRNA was reported to  target   aquapo-
rin genes, especially aquaporin 4 that is typically expressed in the brain [ 131 ]. miR- 
320a was shown to directly affect the expression of aquaporin 4 and aquaporin 1. 
Blockade of miR-320a with antagomir led to increase in the aquaporin expression 
and reduction of infarct volume [ 131 ]. Similar results were obtained with the use of 
antagomir-130a. Reduction in infarct size and increased neuronal recovery were 
observed after the application [ 132 ]. 

 miR-223 is of further interest, since except of its proved aquaporin targeting 
[ 69 ], it was also reported as a platelet-secreted [ 133 ] and lipoprotein particle- 
transferred [ 134 ] miRNA, playing one of the central roles in the cholesterol metabo-
lism [ 135 ]. Similarly to miR-181 mentioned above and miR-107 mentioned further, 
miR-223 also has a potential to protect brain from glutamate excitotoxicity by tar-
geting the glutamate receptor subunits GluR2 and NR2B [ 100 ]. Moreover, in the 
study by Duan et al. it was observed that miR-223 levels were lower in patients with 
diabetes mellitus, which promoted platelet activation and increased the risk of 
stroke development in DM patients [ 136 ].     
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    Other miRNAs in Ischemic Stroke 

 From the profi ling studies mentioned at the beginning of the chapter it is obvious, 
that more miRNAs are involved in the pathophysiology of acute stroke than those 
described above. However, information regarding their function still need to be 
determined or is of a limited extent, thus we provide only basic information regard-
ing their pathophysiologic, diagnostic or therapeutic potentials. 

 Due to its involvement in general cellular processes, miR-17-92 cluster has been 
described to be involved in the pathophysiology of almost any disease [ 137 ],     includ-
ing   stroke [ 101 ]. In the subventricular zone of animals after MCAO, miR-17-92 
cluster levels were increased and this, via targeting of PTEN, increased a prolifera-
tive capacity of neural progenitor cells, as confi rmed also in vitro. 

 Following the numerical order, other miRNA involved in  stroke   is  miR-103  .  It   is 
responsible for a regulation of Na + –Ca 2+  exchanger (NCX). Its downregulation by a 
specifi c antagomir reduced brain damage and neurological defi cit in experimental 
animals [ 102 ]. Like above-mentioned miR-181 family, also other miRNAs were 
shown to affect the glutamate signalling (particularly miR-107 [ 103 ]) or target heat- 
shock proteins (particularly HSPA12), e.g. miR-134 [ 104 ,  105 ]. Another miRNA 
recently described to promote stroke damage is miR-200c. Its blockade increased 
levels of Reelin, thus promoting neuronal migration and synaptogenesis, resulting 
in neuroprotection [ 107 ]. Concerning angiogenesis, similar effects to miR-210 were 
observed in miR-376-5p. This miRNA affects the VEGF/Notch signalling modulat-
ing angiogenesis as well [ 108 ]. 

 Last but not the least, miR-424 was shown to be downregulated in brain tissue 
within the profi ling studies [ 69 ] and it was also shown to be downregulated in 
peripheral leukocytes in patients after stroke [ 109 ,  110 ]. Restoration of miR-424 
activity led to decrease in infarct volume and neuronal cell death, which was associ-
ated with decreased microglia activation [ 109 ] and reduced oxidative stress [ 110 ].   

    Candidate microRNAs as Biomarkers of Acute Stroke 

   Using animal models,    elevation of serum miR-124 was reported in two  independent 
  studies and this upregulation was consistent for at least 48 h after stroke induction 
[ 72 ,  119 ], which would make miR-124 as a potential stroke biomarker. However, no 
correlations with outcome of experimental animals or infarct size were observed 
[ 72 ,  119 ]. Interestingly, in human studies, levels of miR-124 were reported both to 
be upregulated [ 138 ] and downregulated [ 139 ] after acute stroke. In the study by 
Leung et al., upregulation of miR-124 was prominent only in the early phase (below 
6 h). In the further sampling, levels of miR-124 were signifi cantly lower compared 
to acute phase [ 138 ]. Leung et al. moreover showed that miR-124 levels were higher 
in patients with haemorrhagic stroke compared to ischemic stroke only [ 138 ]. In 
another study by Liu et al., miR-124 levels were downregulated and they negatively 
correlated with infarct volume, CRP levels and levels of matrix metalloproteinase 9 
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(MMP9), thus somehow refl ecting damage of neural tissue and infl ammatory activ-
ity. However, no correlation with stroke severity defi ned by NIHSS was observed 
[ 139 ]. Similar properties were observed also for another neuri-miR, miR-9. The true 
diagnostic potential of miR-124, although being termed as brain specifi c, needs to 
be determined in larger multicentric studies since the results of currently conducted 
studies are contradictory. 

 Leaving miR-124 and moving further with human studies, let-7, miR-21, miR- 
30a and miR-126, miR-221 levels were studied as potential diagnostic and prognos-
tic biomarkers. 

 Concerning let-7, miR-30a and miR-126, altogether 247 patients at different 
time points after stroke (in the acute phase within 24 h, in the subacute phase within 
1 week and in the chronic phases within 48 weeks after stroke) were enrolled. It was 
observed that let-7 levels were decreased after stroke with a slow restitution after 
the 24th week. Interestingly, levels of let-7 were more profoundly decreased in 
patients with stroke of atherosclerotic aetiology [ 140 ]. Cut-off value for the let-7 
was calculated to 1.675 at 24 h with the sensitivity 92 % and specifi city 84 %. 

 Another larger study was performed in 233 patients (partly patients with isch-
emic stroke and partly patients with carotid atherosclerosis without ischemic stroke) 
and 157 controls focusing on miR-21, miR-221 and miR-145 levels in the serum 
after ischemic stroke [ 50 ]. miR-21 and miR-221 showed opposite trends, i.e. miR- 
21 being upregulated and miR-221 being downregulated in patients compared to the 
controls. Concerning miR-145, its levels were not detected in more than 50 % of 
study subjects and its potential for stroke diagnosis is thus not very promising [ 50 ]. 
However, if the whole blood RNA was isolated, miR-145 levels were shown to be 
upregulated after ischemic stroke in a smaller study by Gan et al. [ 49 ] and also in 
the profi ling study performed by Sepramaniam et al. [ 74 ]. Gan et al. moreover sug-
gested increase in miR-145 to be predictive for better outcome, due to miR-145 
targeting of KLF-4/5 and its effect on reendothelization [ 49 ]. 

 Promising results were observed for miR-210, previously mentioned as hypoxia- 
miR, which levels were reported to be downregulated in peripheral blood leuko-
cytes in patients after stroke. Decrease in miR-210 levels in these patients was 
continuous and deepened within 2 weeks from stroke onset [ 141 ]. Moreover, after 
the correlation with NIHSS and mRS, patients with higher miR-210 levels had bet-
ter prognosis, compared to patients with the lowest miR-210 expression. Zeng et al. 
further determined miR-210 peripheral blood mononuclear cells (PBMC) levels 
together with the levels of other potential biomarkers, including various cytokines 
(e.g. IFNγ, IL-1, IL-6, TNFα and others) and haemostatic markers (fi brin and its 
degradation products FDP, D-dimers, etc.). Combination of miR-210, FDP and IL-6 
had even higher sensitivity and specifi city for stroke outcome prediction (defi ned by 
mRS after 3 months) compared to the use of individual markers alone [ 142 ]. 

 Last but not the least, also miR-223 was suggested as a potential biomarker of 
acute stroke [ 143 ]. After dissociation of erythrocytes, RNA was isolated from the 
remaining cells and miR-223 levels were determined to be increased after stroke 
with more prominent increase in large and small vessel stroke subtypes. Moreover, 
a negative correlation with NIHSS (and in animal part of the study with infarct size) 

O. Volný et al.



179

and a positive correlation with circulating IGF-1, one of miR-223 targets, were 
observed. Due to its pleiotropic effect, miR-223 specifi city for stroke needs to be 
tested in other consecutive studies. 

 Recently, Kim et al. focused on atherosclerosis related miRNAs in the diagnos-
tics of acute stroke. They revealed that miR-126 levels correlated with brain ath-
erosclerotic damage and that levels of miR-17 were increased after acute stroke 
being also predictive of early stroke recurrence (within the study period, thus 
probably 1 year—only abstract was available to authors during the manuscript 
preparation [ 66 ]).    

    Future Directions 

 In conclusion we would like to point out the tremendous development and progress 
that has been done regarding the roles of miRNAs in ischemic stroke. Studies above 
are defi nitely informative about the involvement of miRNAs in the stroke patho-
physiology and also about their potential clinical utilities as diagnostic, prognostic 
and even therapeutic tools. 

 For future research,  it   is needed to defi ne the standardized protocols of miRNAs 
detection,  extraction   and isolation. Current studies differ and vary a lot in the source 
of miRNAs—in animal studies, sometimes ischemic core and sometimes penumbra 
have been used and this has not been quite often precisely specifi ed; in the human 
studies, miRNA source ranged from the whole blood through plasma or sera to the 
isolated cells only. Also, various internal controls are used, sometimes using addi-
tive cel-miR-39, sometimes using miR-16 or another defi ned ubiquitous 
miRNA. Universal internal control should soon be established to normalize the data 
from various studies and obtain clearer and more normalized results. Also the need 
of multicentric studies employing more than 300 subjects is anticipated and this 
inquires specifi c needs of proper and universal sample storage protocols. 

 Last but not the least, the miRNA potential in stroke therapy should be further 
investigated and focused not only on effects of injected ago- or antagomiRs, but 
also determining potential side effects, mechanisms of uptake and elimination. 
Also, the ways of application should be precisely defi ned in order to increase spe-
cifi c targeting of brain tissue.   

    Intracranial Aneurysms 

    Epidemiology of Intracranial Aneurysms 

  Intracranial aneurysms  represent   acquired lesions of cerebral arterial wall occurring 
in 0.5–3 % of general population and accounting for 80–85 % of non-traumatic 
sucharachnoid haemorrhages (i.e. bleeding into sucharachnoid space). 
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 These saccular-shaped lesions are typically localized in proximal arterial 
bifurcations. Typical anatomical localizations are as follows: internal carotid artery 
(ICA), anterior communicating artery (ACom), middle cerebral artery (MCA), tip 
of basilar artery (BA) and arteries of the cerebellum. 

 Risk factors associated with higher occurrence include higher age, female sex, 
cigarette smoking, hypertension and genetic predisposition (e.g. autosomal domi-
nant polycystic kidney disease, Marfan’s syndrome, Ehlers-Danlos syndrome type 
IV) [ 144 – 147 ]. 

 Clinicians are faced with a decision regarding an optimal management of intra-
cranial aneurysms; however, there are still many unsolved controversies regarding 
the risk of rupture and treatment of smaller asymptomatic aneurysms due to lack of 
randomized control trials. Decisions are thus made regarding patient history data, 
size and location of aneurysm/s, expert opinion and guidelines. 

 On the one hand, the particular effect of aneurysms growth on subsequent risk of 
rupture is not determined; on the other hand, patients with obvious enlargement 
should be strongly considered for interventional treatment (endovascular coiling or 
neurosurgical clipping, Fig.  9.3  [ 148 ]).

   For those treated conservatively, proper management of hypertension, smoking 
cessation and repeat CT angiography or MR angiography are strongly recom-
mended (Fig.  9.4 ) [ 144 ].

   Biomarkers predicting the clinical course of intracranial aneurysm are still lack-
ing. As long as miRNAs represent potential biomarkers sensitively refl ecting the 
diseases state, maybe their potential role in the monitoring of aneurysms will come 
up in the near future.   

    microRNA Profi ling Studies and Aneurysms 

    Animal Studies 

 Up to date there is only one study using animal model performed by Lee et al. in 
2013 [ 149 ]. Aneurysms  formation   was induced by ligation of the left common 
carotid  artery   and the posterior branches of both renal arteries in Sprague-Dawley 
rats. Biological sampling from aneurysms (dissected out of left posterior communi-
cating artery) or from healthy arteries (dissected out of the circles of Willis) were 
obtained and subsequent miRNA array profi ling was done identifying 14 miRNAs 
upregulated (miR-1, miR-21, miR-22-5p, miR-24-1-5p, miR-26b, miR-29a, miR-
29b, miR-29c, miR-101b, miR-140, miR-147, miR-181c, miR-223, miR-451) and 
6 miRNAs downregulated (miR-92b, miR-138, miR-181d, miR-433, miR-489, 
miR-551b) in aneurysmatic vessels. Detected miRNAs are known to be involved in 
infl ammation, apoptosis or angiogenesis and more detailed studies are defi nitely 
needed to validate the profi ling results and to better understand the intracranial 
aneurysms development.  
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  Fig. 9.3    Endovascular coiling of ruptured anterior communicating artery aneurysm, digital sub-
traction angiography images (DSA images). Seventy-fi ve-year-old female with a ruptured aneu-
rysm as a source of sucharachnoid haemorrhage indicated for interventional treatment. ( top ) 
Subtracted right internal carotid artery angiograms in antero-posterior ( top left ) and lateral ( top 
right ) view showing aneurysm ( open arrow ) of the anterior communicating artery of size 12 × 6 mm 
( bottom ). Final control series after the endovascular coiling showing almost total obliteration of 
the aneurysmal sac.  A1  A1 segment of the anterior cerebral artery,  ACA  A2 and A3 segments of the 
anterior cerebral artery,  ACom  anterior communicating artery,  ICA  internal carotid artery,  MCA  
middle cerebral artery       

    Human Studies 

   Unlike in the case of stroke in  human   studies biological  material   other than bodily 
fl uids can be collected when the intracranial aneurysms (IAs) are surgically treated. 
So far, there were two profi ling studies using tissue obtained from patients during 
the surgery and two studies focusing on detection of intracranial aneurysms using 
circulating microRNAs. 
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  Fig. 9.4    Management of residual aneurysm sac after endovascular coiling. Forty-two-year-old 
female with anterior communicating artery aneurysm indicated for endovascular coiling. A tiny 
residual aneurysm was revealed on MRI control scanning 6 months after the procedure (conserva-
tive approach with regular MRI controls was recommended). ( top left ) CT angiography showing 
the aneurysm ( open arrow ) of the right anterior communicating artery ( top right ) MR angiography 
revealing a residual fi lling of the aneurysm ( open arrow ), size of 2 mm ( bottom ) MRA angiogra-
phy reconstruction of the circle of Willis.  A1  A1 segment of the anterior cerebral artery,  A2  A2 
segment of the anterior cerebral artery,  ICA  internal carotid artery,  MCA  middle cerebral artery       

 In the study by Jiang et al. (2013) microarray analysing of full-thickness vessel 
wall samples from 14 ruptured IA patients and 14 controls was made. Thirty dif-
ferentially expressed miRNAs were found to be dysregulated and 18 miRNAs 
were found to be signifi cantly different between IAs and control group (miR-1, 
miR-7- 1-3p, miR-23b-3p, miR-24-1-5p, miR-28-5p, miR-28-3p, miR-29b-2-5p, 
miR- 29c- 5p, miR-29c-3p, miR-133a, miR-133b, miR-140-3p, miR-143-5p, miR-
143-3p, miR-145-5p, miR-145-3p, miR-455-5p) [ 150 ]. One year later, Liu et al. 
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screened IA samples and found 157 differentially expressed (72 upregulated and 
85 downregulated) miRNAs. Out of these, let-7a, miR-1, miR-30c and miR-101 
were shown to be involved in the regulation of programmed cell death, extracel-
lular matrix organization response to oxidative stress, TGF-β signalling pathway 
and smooth muscle proliferation [ 151 ]. 

 Profi ling studies focusing on circulating miRNAs were performed by Jin et al. in 
2013 [ 152 ] and Lie et al. in 2014 [ 153 ]. In the study by Jin et al., blood samples of 
24 IA patients were analysed. Patients were divided into four groups according to 
aneurysm characteristics (including aneurysms with/without daughter aneurysm, 
ruptured aneurysms and angiography-negative group). Aneurysms were located in 
the ophthalmic artery, basilar artery, posterior communicating artery and internal 
carotid artery. Altogether 86 miRNAs (69 upregulated, 17 downregulated) were 
identifi ed by microarray study. In the larger study by Li et al., authors included 40 
IA patients (20 with ruptured IA and 20 with unruptured IA) and 20 healthy volun-
teers (having neurological symptoms, such as headache, indicated for digital sub-
traction angiography) [ 153 ]. One hundred nineteen miRNAs were signifi cantly 
changed in patients with unruptured aneurysms and 23 miRNAs in patients with 
ruptured aneurysms (20 of them in both ruptured and unruptured patients). miR-16 
and miR-25 were studied in more detail, because these miRNAs were the most 
abundant in plasma. Using logistic regression, authors proved hypertension and lev-
els of these two miRNAs, as independent predictors for the presence of IAs.     

    Candidate miRNA Studies and Intracranial Aneurysms 

    miR-21 

  miR-21  , as described in  previous   chapters  dealing   with stroke, has very important 
roles in hypoxia, apoptosis and tumorigenesis. Role in the aneurysm formation was 
suggested in 2012 in the study by Maegdefessel et al.—authors showed increased 
miR-21 expression in the developed abdominal aortic aneurysm and this upregula-
tion seemed to be protective since miR-21 blockade caused aneurysm enlargement 
[ 154 ]. Shortly after this pioneering attempt, potential roles of miR-21 were also 
shown in IAs in profi ling studies observing also increase in miR-21 levels suggesting 
a potential regulatory role for miR-21 in controlling aneurysmal growth [ 153 ,  154 ].  

    miR-26 

  miR-26   is  known   to be involved in  programmed   cell death and response to oxidative 
stress, TGF-β signalling pathway and importantly in smooth muscle cell prolifera-
tion—it is one of the miRNAs involved in the regulation of phenotypic switch of 
VSMCs through Smad1 and Smad4 proteins [ 155 ]. Within the rat model of abdomi-
nal aortic aneurysm, levels of miR-26 were found to be decreased, suggesting a 
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potential failure in the regulatory mechanism, since inhibition of miR-26 expression 
should promote apoptosis and differentiation [ 155 ]. On the contrary, in profi ling 
studies both Lee et al. and Li et al. observed increased level of this miRNA in IA rats 
and patients, respectively [ 149 ,  153 ]. Distinct roles of miR-26 in aneurysm forma-
tion thus still needs to be clarifi ed.  

    miR-29 Family 

    All three  members   of miR-29 family (miR-29a, miR-29b and miR-29c, see above) 
have been associated with  aneurysm   formation,    as shown mostly on abdominal aor-
tic aneurysms—miR-29 inhibition attenuated and miR-29 overexpression promoted 
abdominal aneurysm formation in various animal models [ 156 – 158 ]. Concerning 
IAs, contradictory results are currently present. While two profi ling studies revealed 
that levels of miR-29b are robustly downregulated in IA [ 150 ,  151 ], other two indi-
cated miR-29 upregulation [ 149 ,  153 ]. Since miR-29 is known to be involved in the 
formation of extracellular matrix and fi brotic processes, its potential involvement in 
aneurysm formation should be defi nitely studied into more detail [ 159 ].     

   miR-143 and miR-145 

 Considering miR-143/145  function   in the VSMCs,    it is not surprising that it has 
been studied in the fi eld of  intracranial   aneurysms.  In   the profi ling performed by 
Jiang et al., miR-143/145 levels were found to be decreased [ 150 ]. Elia et al. further 
focused on miR-143/145 functions in the development of IAs and also detected 
downregulation of miR-143/145 levels [ 36 ]. Downregulation of this cluster is 
known to promote VSMCs phenotypic switch to “proliferative” phenotype, which 
may theoretically results in aneurysm formation, however, since the whole research 
discovering the roles of miRNAs in IAs is at the beginning, more functional studies 
are still needed to describe precise mechanism leading to IA formation.    

    Brain Arteriovenous Malformations 

    Epidemiology of Brain Arteriovenous Malformation 

   Brain arteriovenous malformations (AVM)   represent a complex (nidus) of abnormal 
arteries and veins that directly fi stualize without an intervening capillary bed 
(Figs.  9.5  and  9.6 ). They differ in morphology, size, location, particular clinical 
symptoms and risk of rupture (and subsequent intracranial bleeding). Narrow inci-
dence is estimated to 1.12–1.42 cases per 100,000 person years.

    The fi rst-ever haemorrhage at presentation range from 38 to 68 %. This clinical 
symptom represents the most common one followed by seizures and/or headache. 
Nevertheless, the AVMs natural history and risk of rupture is still largely unknown 
[ 160 – 163 ]. 
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 AVM rupture and subsequent intraparenchymal bleeding account for the most 
devastating complications with overall annual rate of haemorrhage for non-treated 
malformations 2.1–4.1 %. Based on several multivariate analyses, the nidus size 
(large nidus is more predictive of increased risk for future bleeding and re- bleeding), 
deep brain location and deep vein drainage were determined to be signifi cant in risk 
for spontaneous haemorrhage [ 164 – 166 ]. 

  Fig. 9.5    Diagnostic imaging of brain arteriovenous malformations. ( top left ) CT angiography, 
scan showing a hyperdense mass of enlarged feeding arteries ( arrow head ) supplying the nidus 
( open white arrow ) ( top right ) MRI, T2 weight image. The nidus appears on the scan as a hypoin-
tense mass with a feeding artery ( bottom left ) MR angiography, scan demonstrating a residual 
fi lling ( open black arrow  pointing to the hyperintense area) of the nidus after endovascular embo-
lization of AVM (hypointense region marked with  white open arrow ) ( bottom right ) Digital sub-
traction angiogram demonstrates a blood supply (feeding arteries) of the AVM ( open white arrow ) 
from branches of the middle cerebral artery ( arrowheads )       
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  Fig. 9.6    Arteriovenous malformation on digital subtraction angiography (DSA). DSA represents 
a gold standard in a diagnostic management of AVM. It is widely used to delineate location, num-
ber of feeding vessels and pattern of drainage. AVM on the angiogram appears as a packed mass 
of enlarged feeding arteries ( white arrow heads ) that supply the central nidus ( open arrow ). Scans 
present a 19-year-old patient with AVM in the parieto-occipital region. The nidus is fed by vessels 
from carotid artery and vertebrobasilar circulation. Dilated veins ( black arrow heads ) drain the 
nidus into the superior sagittal sinus and transverse sinus. Abnormal venous opacifi cation in arte-
rial phase of DSA represents evidence for pathological shunting; ( left ) Lateral view of the AVM 
showing feeding arteries arising from branches of the middle cerebral artery (anterior circulation); 
( middle ) Lateral view showing draining veins into the superior sagittal and transverse sinus; ( right ) 
Anteroposterior view showing feeding arteries arising from the posterior cerebral artery (vertebro-
basilar circulation).  ACA  anterior cerebral artery,  BA  basilar artery,  ICA  internal carotid artery, 
 PCA  posterior cerebral artery,  TR  transverse sinus,  SAG  superior sagittal sinus,  SIG  sigmoid sinus       

 Studies regarding angio-architecture features (regarding muscular and elastic 
laminae and presence of intervening brain parenchyma), risk of rupture and AVM 
evolution are needed in order to help clinicians in treatment decision-making and 
management.   

    miR-18a and Cerebral AVMS 

 Information regarding the  role   of miRNAs in AVMs are limited to miR-17-92 clus-
ter and out of  this   cluster almost entirely on miR-18a. As mentioned before, miR- 
17- 92 cluster is known to play multiple functions in almost any tissue [ 137 ]. 
miR-18a represents an important member of miR-17-92 cluster which is involved in 
the regulation of angiogenesis. Antiangiogenic activity in AVM progression was 
particularly infl uenced by miR-18a (together with miR-17, miR-19a and miR-20a). 
Overexpression of miR-18a and miR-19a regulated the levels of thrombospondin 1 
and the connective tissue growth factor (CTGF) [ 24 ,  167 ,  168 ]. 

 Furthermore, in 2013 Ferreira et al. used AVM samples from six patients in order 
to determine the effect of miR-18a introduction on AVM-derived brain endothelial 
cells (AVM-BECs). miR-18a introduction led to increase in TSP-1 and decrease in 
inhibitor of DNA-binding protein 1, which resulted into better AVM-BECs function 
suggesting miR-18a supplementation as a potential AVM treatment [ 168 ].   
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    Conclusions 

 Determining the roles of microRNAs in cerebrovascular diseases is still at its 
beginning; however, much progress in the fi eld has already been done and much 
progress is yet to be expected. Better understanding of the post-transcriptional regu-
lation of gene expression in endothelial cells, vascular smooth muscle cells, fi bro-
blasts or even neurons or glia may direct further research and development of new 
drugs based on RNA interference for the treatment of atherosclerosis, stroke or its 
complications. Studies focusing on circulating miRNAs may reveal new and unex-
pected communication pathways among individual tissues and these fi ndings may 
represent a potential source of new biomarkers, refl ecting organ damage, or being 
predictive of the response to therapy or patients prognosis. We can defi nitely sum up 
that miRNA research hold great promises for the future therapeutics, diagnostics 
and for promotion of personalized medicine.     
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    Chapter 10   
 microRNAs and Cardiovascular Remodeling       

       Koh     Ono    

    Abstract     Heart failure (HF) is associated with signifi cant morbidity and mortality 
attributable largely to structural changes in the heart and with associated cardiac 
dysfunction. Remodeling is defi ned as alteration of the mass, dimensions, or shape 
of the heart (termed cardiac or ventricular remodeling) and vessels (vascular remod-
eling) in response to hemodynamic load and/or cardiovascular injury in association 
with neurohormonal activation. Remodeling may be described as physiologic or 
pathologic; alternatively, remodeling may be classifi ed as adaptive or maladaptive. 
The importance of remodeling as a pathogenic mechanism has been controversial 
because factors leading to remodeling as well as the remodeling itself may be major 
determinants of patients’ prognosis. The basic mechanisms of cardiovascular 
remodeling, and especially the roles of microRNAs in HF progression and vascular 
diseases, will be reviewed here.  

  Keywords     Hypertrophy   •   Ischemia   •   Fibrosis   •   Heart failure   •   Atherosclerosis  

        Introduction 

  Cardiovascular disease   is the leading cause of morbidity and mortality in developed 
countries.  Cardiovascular remodeling   is thought to be an important aspect of dis-
ease progression in heart failure (HF), regardless of cause. It is manifested clinically 
by changes in cardiac size, shape, and function in response to aging, cardiac injury, 
or increased load. The importance of remodeling as a pathogenic mechanism is not 
completely understood because the factors leading to remodeling have not been 
fully investigated. Generally, pathological processes of the heart are associated with 
an altered expression profi le of genes that are important for cardiac function 
(Fig.  10.1 ) [ 1 ].
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   The regulation of cardiac gene expression is complex, with individual genes 
controlled by multiple transcription factors associated with their regulatory 
enhancer/promoter sequences to activate gene expression [ 2 ]. Moreover, epigenetic 
regulation of gene expression and alternative splicing mechanisms also further 
complicate the patterns of gene expression. microRNAs (miRNAs; miRs) have 
reshaped our view of how gene expression is regulated by adding another layer of 
regulation at the posttranscriptional level. Cardiovascular remodeling encompassed 
many pathologies including cardiac hypertrophy, myocardial ischemia/myocardial 
infarction (MI), cardiac fi brosis, arrhythmia, and vascular diseases that will be dis-
cussed in more detail in the following sections (Fig.  10.2 ).

   The implications of miRNA-derived regulation in cardiovascular pathology have 
only been recognized very recently, and research on miRNAs in relation to such 
diseases has now become a rapidly evolving fi eld. In this chapter, we will summa-
rize the current understanding of miRNA function in the pathogenesis of cardiovas-
cular remodeling.  

    Cardiac Hypertrophy 

    Left ventricular  hypertrophy   is a common fi nding in patients with hypertension and 
it can be diagnosed  either   using an electrocardiogram or by echocardiography. 
Because cardiac hypertrophy, an increase in heart size, is  associated   with nearly all 
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  Fig. 10.1    Pathological processes of the heart under stress       
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forms of HF, it is of great clinical importance that we understand the mechanisms 
responsible for cardiac hypertrophy. Therefore, the regulation of hypertrophy- 
associated genes has attracted great interest from many researchers. 

 Pathological hypertrophy is mainly caused by hypertension, loss of myocytes 
following ischemic damage, and genetic alterations that cause cardiomyopathy. 
Moreover, metabolic abnormality or neurohormonal activation can also lead to 
hypertrophy [ 3 ]. Pathological hypertrophy is the phenotypic endpoint that has been 
most studied in relation to miRNAs in the heart to date. 

 Clinical studies in human hearts have indicated that the fetal gene expression 
program is reactivated in pathologic hypertrophy and failing hearts, which results in 
a switching of structural proteins from adult to fetal isoforms [ 4 ]. It is well known 
that there is a decrease in the fast-shortening-velocity isoform (α-myosin heavy 
chain) coupled with an increase in the slow-shortening-velocity isoform (β-myosin 
heavy chain [β-MHC]) during the transition from cardiac hypertrophy to HF [ 5 ]. 
This contributes to the decrease in contractile function in failing human hearts. 
Interestingly, transcriptome analysis of failing and fetal hearts revealed a similar 
pattern of miRNA expression. More than 80 % of the deregulated miRNAs in fail-
ing hearts displayed a similar expression pattern as in fetal hearts, suggesting that 
reactivation of a fetal miRNA program may contribute to the gene expression pat-
tern of failing hearts [ 6 ]. The most consistent changes were upregulation of miR-21, 
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  Fig. 10.2    Dysregulated microRNAs in cardiovascular disease       
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miR-29b, miR-129, miR-210, miR-211, miR-212, and miR-423, with down-
regulation of miR-30, miR-182, and miR-526. Interestingly, gene expression analy-
sis revealed that most of the upregulated genes were characterized by the presence 
of a signifi cant number of the predicted binding sites for downregulated miRNAs 
and vice versa. 

 In animal models of cardiac hypertrophy, whole arrays of miRNAs have indi-
cated that separate miRNAs are upregulated, downregulated, or remain unchanged 
with respect to their levels in a normal heart [ 6 – 12 ]. In these studies, some miRNAs 
have been more frequently reported than others, indicating the possibility that these 
miRNAs might have common roles in hypertrophy pathogenesis. 

 Tissue-specifi c expression of miRNAs was fi rst reported in 2002 [ 13 ]. It is known 
that there is a family of so-called myomiRs that are encoded within the introns of the 
separate myosin heavy chain genes. miR-208a, miR-208b, and miR-499 are located 
within the Myh6, Myh7, and Myh7b genes, respectively. It was reported that miR-
208 −/−  mice show reduced cardiac hypertrophy in response to pressure overload [ 14 ]. 
Targets of miR-208a include thyroid hormone receptor-associated protein 1 [ 14 ,  15 ], 
suggesting that miR-208a initiates cardiomyocyte hypertrophy by regulating triiodo-
thyronine-dependent repression of β-MHC expression. miR- 27a also regulates 
β-MHC gene expression by targeting TRβ1 in cardiomyocytes [ 16 ]. Overexpression 
of miR-208a was suffi cient to upregulate Myh7 and to elicit cardiac hypertrophy, 
resulting in systolic dysfunction [ 15 ]. Although miR-208a is required for cardiac 
hypertrophy, the role of miR-208b in these pathologic conditions remains to be elu-
cidated. miR-499 is encoded in an intron of the myh7 gene and is considered likely 
to play a role in myosin gene regulation [ 17 ,  18 ]. 

  miR-1   is also a cardiac and skeletal muscle-specifi c miRNA, and it is probably one 
of the most abundant miRNAs in the heart. It was reported to target a cytoskeletal 
regulatory protein,  twinfi lin 1 (Twf1)  , which binds to actin monomers and prevents 
their assembly into fi laments [ 19 ]. Downregulation of miR-1 induced by hypertro-
phic stimuli, such as transverse aortic constriction or α-adrenergic stimulation with 
phenylephrine, results in increased Twf1 expression, and overexpression of Twf1 is 
suffi cient to induce cardiac hypertrophy. Another target of miR-1 is insulin- like growth 
factor (IGF-1), IGF-1 receptor [ 20 ], calmodulin 1 and 2, Mef2a [ 21 ], and sodium 
calcium exchanger [ 22 ]. Repression of miR-1 and upregulation of IGF-1 was also 
demonstrated in models of cardiac hypertrophy [ 20 ]. miR-1 is downregulated in patients 
with aortic stenosis [ 11 ] and acromegaly associated cardiac hypertrophy [ 20 ]. 

  miR-1   is encoded by two bicistronic clusters—miR-133a-1/miR-1-2 and miR-
133a- 2/miR-1-1. As well as miR-1, miR-133 also has the potential to attenuate 
agonist-induced hypertrophy [ 23 ,  24 ], whereas repression of miR-133 sensitized 
the myocardium to excessive cardiac growth. Therefore, these clusters generate 
antagonizing effects on the stimulation of cardiac hypertrophy. 

 In contrast,  miR-195   was suffi cient to drive pathologic cardiac growth when 
overexpressed in neonatal cardiac myocytes and in transgenic mice [ 7 ]. These 
results suggested that miR-195 is a pro-hypertrophic factor that actively participates 
in the hypertrophic process; however, no direct targets of miR-195 have been 
reported in the context of cardiac hypertrophy.     
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    Myocardial Ischemia and Cell Death 

     A rapidly  increasing   number of studies have shown that cardiac and circulating  miR-
NAs   are markedly  altered   in myocardial ischemia or MI. These novel fi ndings shed 
new light  on   the mechanisms that lead to MI complications, post-MI ventricular 
remodeling, and cardiac repair. Furthermore, recent studies showed that circulating 
miRNAs may represent novel and sensitive biomarkers of MI and, possibly, also func-
tion as an intercellular signaling mechanism (see Chap.   7     of the volume “microRNA: 
Basic Science” for a detailed discussion of miRNA  and cardiac regeneration). 

 Cardiomyocyte death/apoptosis is a key cellular event in ischemic hearts. There 
are miRNAs that have been shown to exert proapoptotic effects by targeting key 
cardioprotective proteins. It was found that miR-320 expression was consistently 
dysregulated in ischemic hearts [ 25 ]. Ren et al. identifi ed heat-shock protein 20 
(HSP20), a known cardioprotective protein, as a target of miR-320. Knockdown of 
endogenous miR-320 provided protection against cardiomyocyte apoptosis through 
the upregulation of HSP20. miR-34 family members promote growth arrest and 
apoptosis [ 26 ]. Therapeutic inhibition of miR-34 attenuated ischemia-induced 
remodeling and improved cardiac recovery [ 27 ]. One of the targets of miR-34 was 
shown to be a protein phosphatase 1 nuclear targeting subunit (Pnuts) [ 28 ]. 

 On the other hand, there are a number of miRNAs that exert an antiapoptotic 
function by targeting important proapoptotic proteins. The miRNA expression signa-
ture in rat hearts at 6 h after MI revealed that miR-21 expression was signifi cantly 
downregulated in infracted areas but was upregulated in border areas [ 29 ]. Adenoviral 
transfer of miR-21 in vivo decreased cell apoptosis in the border and infracted areas 
through its target gene, programmed cell death 4 (PDCD4), and the activator protein 
1 (AP1) pathway. miR-24 also inhibited cardiomyocyte apoptosis via repression of 
the proapoptotic protein Bim [ 30 ]. Ex vivo miR-24 enrichment, together with miR-
21 and miR-221, improved the therapeutic potential of cardiac progenitor cells upon 
transplantation in ischemic rodents [ 31 ]. Similarly, miR-499 and miR-30 family 
members diminished apoptosis in injured hearts by attenuating activation of dyna-
min-related protein-1 and thus inhibiting mitochondrial fi ssion [ 32 ,  33 ]. 

 Early reperfusion of the ischemic heart remains the most effective intervention 
for improving clinical outcomes after a MI. However, abnormal increases in intra-
cellular Ca 2+  during myocardial reperfusion can cause cardiomyocyte death, known 
as ischemia-reperfusion (I/R) injury. Cardiac I/R injury is also accompanied by 
dynamic changes in the expression of miRNAs; for example, miR-214 is upregulated 
during ischemic injury. Genetic deletion of miR-214 in mice caused a loss of cardiac 
contractility, increased apoptosis, and excessive fi brosis in response to I/R injury 
[ 34 ]. The cardioprotective roles of miR-214 during I/R injury were attributed to 
repression of the mRNA encoding sodium/calcium exchanger 1, a key regulator of 
Ca 2+  infl ux; and to repression of several downstream effectors of Ca 2+  signaling that 
mediate cell death. These results suggested a pivotal role for miR-214 as a regulator 
of cardiomyocyte Ca 2+  homeostasis and survival during cardiac injury. Moreover, 
CaMKIIδ is a shared target of both miR-214 and miR-145 [ 35 ]. miR-145 concomi-
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tantly protects cardiomyocytes from reactive oxygen species by targeting Bnip3 
[ 36 ]. Boosting miR-214 and miR-145 levels to attenuate Ca 2+  overload and cardiac 
cell death may provide a valuable therapeutic benefi t for the treatment or prevention 
of heart failure after I/R injury. 

 Recent studies have shown that some miRNAs are present in circulating blood 
and that they are included in exosomes and microparticles [ 37 ,  38 ]. Recently, results 
obtained in studies of cancer suggest that the profi les of blood circulating miRNAs 
might refl ect the changes observed in cancerous tissue [ 39 ]. This concept has also 
proved valid in cardiovascular disease [ 40 ], and circulating specifi c miRNAs have 
been reported in patients with MI [ 41 ,  42 ]. Moreover, plasma levels of endothelial 
cell-enriched miRNAs, such as miR-126, miR-17, and miR-92a, infl ammation- 
associated miR-155, and smooth muscle-enriched miR-145 were reported to be sig-
nifi cantly reduced in coronary artery disease (CAD) patients compared with healthy 
controls. These results also indicated that they can be used as biomarker candidates 
for CAD [ 43 ]. Therefore, the source and the mechanism of the change determined 
the set of miRNAs that can be used for myocardial ischemia/MI.      

    Cardiac Fibrosis 

     Cardiac fi brosis   is a major aspect of myocardial remodeling and an important 
 contributor to the development  of   cardiac dysfunction in  diverse   pathologic condi-
tions, such as MI, in ischemic, dilated, and hypertrophic cardiomyopathies, and HF 
[ 44 – 49 ]. The extracellular deposition of collagen by fi broblasts contributes to this 
adverse remodeling. Cardiac fi brosis leads to an increased mechanical stiffness, 
initially causing diastolic dysfunction, and eventually resulting in systolic dysfunc-
tion and overt HF. In addition, fi brosis can also disturb the electrical continuity 
between cardiomyocytes, leading to conduction slowing and hence an increase in 
the chance of arrhythmias. It is also possible that the enhanced diffusion distance for 
cardiac substrates and oxygen to cardiac myocytes, caused by fi brosis, negatively 
infl uences the myocardial balance between energy demand and supply [ 46 ,  47 ]. 

  miR-21   is expressed in all cell types of the cardiovascular system, most promi-
nently in cardiac fi broblasts but rather weakly in cardiomyocytes. Furthermore, 
miR-21 is among the most strongly upregulated miRNAs in response to a variety of 
forms of cardiac stress [ 7 ,  50 ,  51 ]. Thum et al. showed that miR-21 is upregulated 
in cardiac fi broblasts in the failing heart, where it represses the expression of 
 Sprouty homolog 1 (SPRY1)  , a negative regulator of the extracellular signal- 
regulated kinase/mitogen-activated protein kinase (ERK-MAPK) signaling path-
way [ 52 ]. Upregulation of miR-21 in response to cardiac injury was shown to 
enhance ERK-MAPK signaling, leading to fi broblast proliferation and fi brosis. 
Moreover, miR-21-dependent targeting of SPRY1 and PDCD4 was shown to pro-
mote the fi broblastoid phenotype in epicardial-to-mesenchymal transition [ 53 ]. 
Phosphatase and tensin homologue (PTEN) has also been demonstrated to be a 
direct target of miR-21 in cardiac fi broblasts [ 54 ]. Previous reports characterized 
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PTEN as a suppressor of matrix metalloprotease-2 (MMP-2) expression [ 55 ,  56 ]. 
I/R injury in the heart induced miR-21 in cardiac fi broblasts in the infracted region. 
Thus, I/R injury-induced miR-21-limited PTEN function and caused activation of 
the Akt pathway and increased MMP-2 expression in cardiac fi broblasts. 

 On the other hand, miR-29 family members, miR-133, and miR-30 directly 
downregulated key profi brotic proteins. The miR-29 family is composed of three 
members, miR-29a, b, and c. It was shown that the miR-29 family, which is highly 
expressed in fi broblasts, targets mRNAs encoding a multitude of extracellular 
matrix (ECM)-related proteins involved in fi brosis, including col1a1, col3a1, elas-
tin, and fi brillin [ 50 ]. miR-29 was dramatically repressed in the border zone fl ank-
ing the infracted area in a mouse model of MI. Downregulation of miR-29 would be 
predicted to counter the repression of these mRNAs and enhance fi brotic responses. 
Therefore, it is tempting to speculate that upregulation of miR-29 may be a thera-
peutic option for MI. 

  Connective tissue growth factor (CTGF)  , a key molecule involved in fi brosis, 
was shown to be regulated by miR-133 and miR-30, which are both consistently 
downregulated in several models of pathologic hypertrophy and HF [ 57 ]. The 
authors indicated that miR-133 and miR-30 are downregulated during cardiac dis-
ease, which inversely correlated with the upregulation of CTGF. In vitro experi-
ments designed to overexpress or inhibit these miRNAs can effectively repress 
CTGF expression by interacting directly with the 3′-untranslated region (UTR) 
region of the CTGF mRNA. 

 Together, these data indicate that miRNAs are important regulators of cardiac 
fi brosis and are involved in structural heart disease.     

    Arrhythmias 

    One of the  earliest   reports of involvement of miRNA regulation of cardiac repolariza-
tion came  from   Zhou et al. in 2007 with the targeted deletion  of   miR-1-2 in mice. 
Surface electrocardiography in mutant mice demonstrated reduced average heart rate, 
accelerated atrioventricular conduction, and slowed ventricular conduction [ 58 ]. They 
found Irx5 as a target for miR-1-2, which belongs to the Iroquois family of homeodo-
main-containing transcription factors that regulate cardiac repolarization by repress-
ing transcription of KCND2. KCND2 encodes a K +  channel subunit (Kv4.2) 
responsible for the transient outward K +  current (I to ) that is the major determinant of 
the transmural repolarization gradient in the ventricular wall. The increase in Irx5 
protein levels in miR-1-2 mutants corresponded with a decrease in KCND2 
expression. 

 Additional evidence supporting a role for miR-1 in cardiac repolarization and 
arrhythmogenesis came from a rat model of MI induced by occlusion of the coro-
nary artery. It was established that gap junction protein a1 (GJA1; encoding con-
nexin43 [Cx43]) and potassium inwardly rectifying channel, subfamily J, member 
2 (KCNJ2; encoding the K +  channel subunit Kir2.1) are target genes for miR-1 [ 59 ]. 

10 microRNAs and Cardiovascular Remodeling



204

Cx43 is critical for inter-cell conductance of excitation [ 60 – 62 ], and Kir2.1 governs 
cardiac membrane potential [ 63 ,  64 ], both of which are important determinants for 
cardiac excitability. 

 To date, the cardiac ion channel genes that have been confi rmed experimentally 
to be targets of miR-1 or miR-133 include GJA1/Cx43/IJ [ 59 ], KCNJ2/Kir2.1/IK1 
[ 59 ], potassium voltage-gated channel, subfamily H (eag-related) member 2 
(KCNH2)/human ether-à-go-go-related gene (HERG)/IKr [ 65 ], potassium voltage- 
gated channel, KQT-like subfamily, member 1 (KCNQ1)/KvLQT1/IKs [ 66 ], and 
potassium voltage-gated channel, Isk-related family, member 1 (KCNE1)/mink/IKs 
[ 66 ]. The fact that altered expression of miRNAs can deregulate expression of car-
diac ion channels provided novel insight into the molecular understanding of car-
diac excitability. 

 miR-212 has been found to be upregulated in both animal models and human HF 
[ 6 ]. KCNJ2/Kir2.1 3′-UTR contains potential miR-212 binding sites and transfec-
tion of HeLa cells with miR-212 reduced inward rectifi er K +  current density, as 
demonstrated by whole-cell patch-clamp recordings [ 67 ]. 

 It was also reported that miR-328 is upregulated in the atria of dogs with induced 
atrial fi brillation (AF) and targets the L-type calcium channel [ 68 ]. Strikingly, inhi-
bition of miR-328 levels with an antagomir reversed the conditions. The fact that 
genetic knockdown of endogenous miR-328 reduced AF vulnerability also suggests 
the potential of miR-328 as a target for AF treatment. 

 Circulating miRNAs, which can be potential biomarkers for AF, were also 
sought. Plasma miR-150 levels from AF patients were substantially lower than that 
from healthy people in a cohort of 105 participants [ 69 ]. miRNAs may serve as 
molecular diagnostic markers for AF in the future.     

    Angiogenesis and Vascular Disease 

     miRNAs are  also   important in vascular development, physiology, and disease. 
Initial evidence for  the   functional roles  of   miRNAs in vascular development was 
provided by the observation that  mice   carrying a Dicer hypomorphic allele died 
prenatally with severely disrupted blood vessel formation [ 70 ]. 

 Profi ling of endothelially expressed miRNAs has been performed using human 
umbilical vein endothelial cells. These results revealed high expression levels of 
miR-221/222, miR-21, let-7 family, miR-17-92 cluster, miR-23-24 cluster, and 
miR-126 in vascular endothelial cells. Among them, miR-126 is the only miRNA 
considered to be expressed specifi cally in endothelial cells [ 71 ]. 

 Studies focusing on individual miRNAs or miRNA clusters suggested the impor-
tance of miRNAs in endothelial cell function and angiogenesis. The miR-17-92 
cluster is one of the most important miRNAs for the regulation of angiogenesis. It 
encodes six miRNAs (miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-
92- 1), which are tightly grouped within an 800 base-pair region, and it is transcrip-
tionally regulated by c-Myc [ 72 ]. In particular, miR-18 preferentially suppressed 

K. Ono



205

CTGF, whereas miR-19 targeted the potent angiogenesis-inhibitor thrombospon-
din- 1 to promote tumor angiogenesis [ 73 ]. On the other hand, miR-92a controlled 
the growth of new blood vessels (angiogenesis) [ 74 ]. Forced overexpression of 
miR-92a in endothelial cells blocked angiogenesis, and systemic administration of 
an antagomir to inhibit miR-92a led to enhanced blood vessel growth and functional 
recovery of damaged tissue in mouse models of limb ischemia and MI. Therefore, 
miR-92a may serve as a valuable therapeutic target in the setting of ischemic 
disease. 

  miR-126   is an abundant, endothelial cell-enriched miRNA that is encoded in the 
second intron of an endothelial cell-specifi c gene,  Egfl 7 , and mechano-sensitive 
zinc fi nger transcription factor Klf2a was shown to induce miR-126 expression to 
activate vascular endothelial growth factor signaling [ 75 ]. This work described a 
novel genetic mechanism in which a miRNA facilitated integration of a physiologi-
cal stimulus with growth factor signaling in endothelial cells to guide angiogenesis. 
On the other hand, transfection of endothelial cells with an oligonucleotide that 
decreased miR-126 permitted an increase in tumor necrosis factor-α stimulated vas-
cular adhesion molecule 1 expression and increased leukocyte adherence to endo-
thelial cells [ 76 ]. The apparent role of miR-126 in angiogenesis has led to increasing 
interest in miR-126 overexpression as a therapeutic approach. It has been reported 
that systemic delivery of miR-126 by miRNA-loaded bubble liposomes improved 
blood fl ow and may be useful for the treatment of hind-limb ischemia [ 77 ]. 

 There is increasing evidence that specifi c miRNAs are involved in angiogenesis. 
So far, pro-angiogenic miRNAs include let7f and miR-27b [ 78 ], miR-17-92 cluster 
[ 73 ], miR-126 [ 79 ,  80 ], miR-130a [ 81 ], miR-210, and miR-378 [ 82 ,  83 ]. miRNAs 
that exert anti-angiogenic effects include miR-15/16 [ 84 ,  85 ], miR-20a/b [ 84 ], miR- 
92a [ 74 ], and miR-221/222 [ 86 ,  87 ]. 

 In the context of vascular remodeling, Ji et al. identifi ed miRNAs that are aber-
rantly expressed in the vascular walls after balloon injury [ 88 ]. Modulating an aber-
rantly overexpressed miR-21 via antisense-mediated depletion had a signifi cant 
negative effect on neointimal lesion formation. They also demonstrated that Pten 
and Bcl2 were involved in miR-21-mediated cellular effects. The same group also 
revealed that miR-221 and miR-222 expression levels were elevated in rat carotid 
arteries after angioplasty [ 89 ]. Moreover, they found that p27 (Kip1) and p57 (Kip2) 
were target genes involved in miR-221- and miR-222-mediated effects on vascular 
smooth muscle cell (VSMC) growth. Knockdown of miR-221 and miR-222 resulted 
in decreased VSMC proliferation both in vitro and in vivo. 

  miR-145   is selectively expressed in VSMCs of the vascular wall, and its expression 
was signifi cantly downregulated in vascular walls with neointimal lesion formation. 
The target of miR-145 is KLF5 and its downstream signaling molecule, myocardin. 
Restoration of miR-145 in balloon-injured arteries via Ad-miR-145 inhibited neointi-
mal growth and might be used for treatment of a variety of proliferative vascular 
disorders. 

  Aortic aneurysms   are a common clinical condition that can cause death due to 
aortic dissection or rupture. The association between aortic aneurysm pathogenesis 
and altered TGF-β signaling, infl ammation and apoptosis has been the subject of 
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numerous investigations. Recently, a TGF-β-responsive miR-29 [ 90 ,  91 ] and miR- 
21 [ 92 ] whose targets include Pten, Spry1, Pdcd4, and Bcl2 have been identifi ed to 
play roles in cellular phenotypic modulation during aortic development. It was dem-
onstrated that decreasing the levels of miR-29b or increasing the levels of miR-21 in 
the aortic wall could attenuate aortic aneurysm progression in a porcine pancreatic 
elastase infusion and angiotensin II infusion model of abdominal aortic aneurysms 
in mice [ 90 ,  92 ].      

    Heart Failure 

    Because all of the  previously   described pathologies, i.e. cardiac hypertrophy, fi bro-
sis, arrhythmia,    and CAD can cause HF, all of the  miRNAs   discussed so far are also 
relevant to this disease entity. 

 Many profi ling studies have been conducted and revealed a large number of miR-
NAs that are differentially expressed in HF, pointing to a new mode of regulation of 
cardiovascular diseases [ 9 ,  11 ,  12 ,  21 ,  57 ,  93 ]. 

 A diverse range of circulating miRNAs have been studied for the detection of 
HF. Tijsen et al. tried to determine whether miRNAs make it possible to distinguish 
clinical HF not only from healthy controls but also from non-HF forms of dyspnea 
[ 40 ]. They revealed that miR423-5p was most strongly related to the clinical diag-
nosis of HF and receiver-operator-characteristics curve analysis showed miR423-5p 
to be a diagnostic predictor of HF, with an area under the curve of 0.91 ( p  < 0.001). 

 From a diagnostic perspective, Goren et al. tried to evaluate a multimarker 
approach to HF diagnosis [ 94 ]. They measured the levels of 186 miRNAs in the sera 
of 30 stable chronic systolic HF patients and 30 controls. The differences in miRNA 
levels between the two groups were characterized, and a score, based on the levels 
of four specifi c miRNAs with the most signifi cant increase in the HF group (miR-
423- 5p, miR-320a, miR-22, and miR-92b) was defi ned. Interestingly, the score was 
utilized to discriminate HF patients from controls with a sensitivity and specifi city 
of 90 %. Moreover, in the HF group, there was a signifi cant association between the 
score and important clinical parameters such as elevated serum natriuretic peptide 
levels, a wide QRS, and dilatation of the left ventricle and left atrium. These results 
suggested that a multimarker approach is useful for the detection of not only HF but 
also left ventricular structure and function. 

 miRNAs are also related to a more specifi c cause of HF, such as chemotherapy- 
induced HF or obesity-related HF. It has been proposed that miRNAs can 
exert their roles in response to treatment with chemotherapeutic agents. For 
example, it was suggested that upregulation of miR-146a after doxorubicin 
(Dox) treatment is involved in acute Dox-induced cardiotoxicity by targeting 
ErbB4 [ 95 ]. Inhibition of both ErbB2 and ErbB4 signaling may be one of 
the reasons why those patients who receive concurrent therapy with Dox and 
trastuzumab suffer from HF. 
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 miRNA microarray analyses and real-time polymerase chain reaction have 
revealed that miR-451 levels were signifi cantly increased in type 2 diabetes mel-
litus mouse hearts [ 96 ]. Calcium-binding protein 39 (Cab39) is a scaffold protein 
of liver kinase B1 (LKB1), an upstream kinase of AMP-activated protein kinase 
(AMPK). Cab39 is a direct target of miR-451 in neonatal rat cardiac myocytes, 
and Cab39 overexpression rescued lipotoxicity. Protein levels of Cab39 and 
phosphorylated AMPK were increased and phosphorylated mammalian target of 
rapamycin was reduced in cardiomyocyte-specifi c miR-451 knockout mouse 
hearts compared with control mouse hearts. Thus, these results demonstrated 
that miR-451 is involved in diabetic cardiomyopathy through suppression of the 
LKB1/AMPK pathway.     

    Conclusion 

 miRNAs have emerged as powerful and dynamic modifi ers of cardiovascular dis-
eases. The miRNA species discussed above are able to directly regulate the expres-
sion of transcription factors, signaling molecules, contractile proteins, and play 
critical roles in cardiovascular remodeling. Work from several investigators have 
demonstrated the ability of exogenously administered miRNA inhibitors or miRNA 
mimics to modulate these pathological processes, thereby ameliorating cardiovas-
cular diseases, which is promising and potentially opens the door for novel thera-
peutic approaches in the future. The potential of circulating miRNAs as biomarkers 
for cardiovascular diseases is also in its early stages. Their roles as prognostic bio-
markers have yet to be elucidated, and larger studies with longer follow-up periods 
will be needed.     
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    Chapter 11   
 microRNAs in Essential Hypertension 
and Blood Pressure Regulation       

       Francine     Z.     Marques     and     Fadi     J.     Charchar    

    Abstract     Unravelling the complete genetic predisposition to high blood pressure 
(BP) has proven to be challenging. This puzzle and the fact that coding regions of 
the genome account for less than 2 % of the entire human DNA support the hypoth-
esis that mechanisms besides coding genes are likely to contribute to BP regulation. 
Non-coding RNAs, especially microRNAs, are emerging as key players of tran-
scription regulation in both health and disease states. They control basic functions 
in virtually all cell types relevant to the cardiovascular system and, thus, a direct 
involvement with BP regulation is highly probable. Here we review the literature 
about microRNAs associated with regulation of BP and hypertension, highlighting 
investigations, methodology and diffi culties arising in the fi eld. These molecules 
are being studied for exploitation in diagnostics, prognostics and therapeutics in 
many diseases. There have been some studies that examined biological fl uid 
microRNAs as biomarkers for hypertension, but most remain inconclusive due to 
the small sample sizes and differences in methodological standardisation. Fewer 
studies have analysed tissue microRNA levels in vascular smooth muscle cells and 
the kidney. Others focused on the interaction between single nucleotide polymor-
phisms and microRNA binding sites. Studies in animals have shown that angioten-
sin II, high- salt diet and exercise change microRNA levels in hypertension. 
Treatment of spontaneously hypertensive rats with a miR-22 inhibitor and treatment 
of hypertensive Schlager BPH/2J mice with a miR-181a mimic decreased their BP. 
This supports the use of microRNAs as therapeutic targets in hypertension, and 
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future studies should test the use of other microRNAs found in human association 
studies. In conclusion, there is a clear need of increased pace of human, animal and 
functional studies to help us understand the multifaceted roles of microRNAs as 
critical regulators of the development and physiology of BP.  

  Keywords     Blood pressure   •   Arterial pressure   •   Essential hypertension   •   Circulating 
microRNAs   •   Biomarkers   •   Kidney   •   Endothelial cells   •   Plasma  

        Introduction 

 The human genome was mapped in its near entirety in 2003, and since then there 
has been many noteworthy discoveries but at the same time many more  new   chal-
lenges have appeared. Unravelling the complete genetic predisposition to high 
blood pressure (BP) has proven to be one of these challenges, perhaps due to its 
phenotypic heterogeneity [ 1 ], but it is more likely that there are many mysteries that 
our genome has not yet revealed. 

 Only up to 2.2 % of inter-individual variance in BP may be explained by com-
mon single nucleotide polymorphisms (SNPs) associated with BP/hypertension 
identifi ed by the largest genome-wide association meta-analysis [ 2 ]. This and the 
fact that coding regions of the genome account for less than 2 % of the entire human 
DNA [ 3 ] support the hypothesis that other mechanisms besides coding genes are 
likely to contribute to BP regulation. 

 In the past decade,  non-coding RNAs   (i.e., RNA which does not code for a pro-
tein) have emerged as key players in transcription regulation in both health and 
disease states. In contrast to coding regions, which are highly conserved between 
species, non-coding RNAs are usually stage-, tissue- and species-specifi c [ 4 – 6 ], and 
contribute to the complexity and variety of the transcriptome in humans. 

 The most studied type of non-coding RNA in hypertension is  microRNAs (miR-
NAs)  . They have been    described as master gene regulators since they can regulate 
downstream gene expression by post-transcriptional mechanisms, specifi cally by 
binding to the 3′ untranslated region (UTR) of a messenger RNA (mRNA) [ 7 ]. This 
leads to mRNA degradation or repression of translation (summarised in Fig.  11.1 ) 
[ 7 ]. The regulatory roles of miRNAs binding to promoters and 5′ UTR has also been 
described, but remains mostly unclear at present [ 8 ], and there are no examples in 
hypertension so far.

   Based on a search conducted on 9 April 2015 at   http://www.mirbase.org/    , a total 
of 1881 precursors and 2588 mature miRNAs are listed in the human genome [ 9 ], 
while a recent publication identifi ed as many as 3707 novel mature miRNAs arising 
from 3494 novel precursors in humans [ 10 ]. Each miRNA can regulate several hun-
dred genes, thus being able to infl uence whole pathways [ 6 ]. Here we review the 
literature concerning miRNAs associated with BP and essential hypertension, and 
we ask the question—do they play a role in BP regulation?  
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    Methods 

 The search methodology  in   this chapter is described in Fig.  11.2 . Briefl y, we used 
relevant keywords to search the free-engine PubMed (  www.pubmed.com    ) database 
 of   references, and then manually excluded those articles which were not appropriate 
for inclusion, based on the exclusion criteria described in Fig.  11.1 . No article was 
excluded based on year, and animal and human investigations were included. Some 
studies have investigated the role of miRNAs in vitro only, and were not included in 
this chapter. Our search resulted in 38 original articles in miRNAs and hypertension 
and/or BP, discussed below.

  Fig. 11.1    How microRNAs can contribute to blood pressure regulation. Besides the transcription 
of messenger RNA (mRNA), small non-coding RNAs called microRNAs can also be transcribed 
in the nucleus of a cell. The mRNA will be exported from the nucleus, and so will be the microRNA, 
which then binds to the microRNA-mediated silencing complex (miRISC). This complex contain-
ing the microRNA then usually binds to the 3′ untranslated region of a mRNA, and as a conse-
quence there is either the translation of repression or the cleavage of the mRNA. This process 
happens in all tissues of the body, including the kidneys, which can contribute to blood pressure 
regulation. Moreover, microRNAs can be exported from the tissue of origin in microvesicles, such 
as exosomes, and, thus, can be detected in the circulation, such as in plasma and serum samples       
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       Human Studies 

 Some of the text below was  adapted   from reference [ 11 ], a  review   focusing on 
human non-coding RNAs and hypertension, recently published by the authors. 
Findings in humans are summarised in Figs.  11.3  and  11.4 .

        Biological Fluid and Circulating microRNAs 

     Biological fl uid miRNAs   are those which are isolated from urine or circulation, 
such as plasma,    serum  and   blood cells (including vascular endothelial and periph-
eral blood mononuclear cells). Plasma, serum and urine miRNAs are protected from 
endogenous RNase-activity because they are carried in extracellular vesicles (such 
as apoptotic bodies and exosomes), RNA-binding proteins and lipoprotein com-
plexes [ 12 ]. These miRNAs are unique in that they are highly stable even when 
exposed to storage at room temperature or extreme conditions, such as multiple 
freeze-thaw cycles, boiling and extreme pH [ 13 ]. Although body fl uids are easily 
obtainable, measuring circulating levels of miRNAs in them remains challenging. 

Keywords used in the search engine PubMed 
(9 April 2015)

microRNA + hypertension = 359 results
microRNA + “blood pressure” = 93 results

Excluded: articles not in English, reviews/commentaries, 
secondary or pulmonarhypertension, studies which did 

not analyse microRNAs themselves (only discussed their 
potential role), aldosteronism, focus in other 

cardiovascular disease or pre-eclampsia.

38articles in microRNAs on essential hypertension 
and/or blood pressure regulation

  Fig. 11.2    Flow chart of methodology used to select the original investigations included in this 
chapter. Adapted from [ 11 ]       
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 One of the main diffi culties in measuring circulating miRNAs is their low 
concentration (sometimes requiring the need to pool samples), and thus the diffi -
culty in accurately measuring their levels. The most common technique used to 
measure circulating miRNA concentrations is quantitative real-time polymerase 
chain reaction (qPCR) using relative quantifi cation. In relative quantifi cation, genes 
(referred to as housekeeping genes) involved in basic cell maintenance are expected 
to be expressed in the same tissue at similar levels in health and disease states [ 14 ]. 
The housekeeping genes are used as a reference to the quantity of expression of the 
gene of interest. In the measurement of circulating miRNAs, there are also technical 
diffi culties due to the lack of accepted standards in normalising the data. There are 
discussions in favour of exogenous (a RNA transcript specifi c to other species intro-
duced during the RNA extraction, termed ‘spike-in’) and endogenous miRNAs or 
small RNAs (such as RNU6, produced by the cells), or the use of both as normalis-
ers. We refer the reader to a good review on methods used for normalisation during 
the measurement of miRNAs in body fl uids [ 12 ]. 

 A genome-wide miRNA study in plasma compared miRNA expression in 13 
hypertensive patients and 5 normotensive Chinese subjects by microarray [ 15 ]. 

Kidney

Diurnal BP 
variaton

Vascular smooth muscle 
cells

Central nervous system

Heart

Kidney: miR-132,
miR-212 **

Cortex: miR-21, 
miR-126,miR-196a, 

miR-451 
miR-181a, miR-638,

miR-663
Medulla: miR-638, 

let-7c

Urine and systemic 
circulation

hcmv-miR-UL112, let-7e, miR-1, miR-21,miR-92a, miR-122 miR-130a, miR-195, miR-221, miR-222, 
miR-505, miR-637, miR-4516

miR-9, miR-27a, miR-126, miR-133a, miR-143, miR-145, miR-150, miR-192, miR-296–5p, miR-4516 
*miR-31, miR-34a, miR-34b, miR-122, miR-155, miR-449, miR-511, miR-526, miR-578, miR-584, 

miR-608, miR-637, miR-765 

miR-132, miR-212
* miR-425

During the active 
phase: miR-181a

miR-132, miR-145, 
miR-212, miR-221,

miR-222

* miR-22

cle

  Fig. 11.3    Schematic fi gure of microRNAs likely to be involved in the regulation of blood pressure 
and/or predisposition to hypertension, acting in different tissues in the human body.  Down arrows  
indicate down-regulated and  up arrows  indicate up-regulated microRNAs, while  asterisks  indicate 
single nucleotide polymorphisms in binding site of microRNA in BP associated genes.  Double 
asterisk  indicates no division between renal medulla and cortex was made in the study, so microR-
NAs were grouped together as ‘kidney’.  miR  microRNA. Adapted from [ 11 ]       
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• rs5186 in 3’UTR of AGTR1miR-155

•rs11174811 in 3’UTR of AVPR1AmiR-526 and miR-578

•rs5225 in 3’UTR of BDKRB2miR-34a, miR-34band miR-449

•rs2069591 in 3’UTR of BDKRB2miR-151-3p

•rs13306046 in 3’UTR of TBXA2RmiR-765

•rs5534 in the 3’UTR of NR3C2miR-383

•rs7079 in the 3’UTR of AGTmiR-31 and miR-584

• rs28491316 in 3’UTR of CYP11B2miR-766

•ss52051869 in the 3’UTR of SLC7A1miR-122 

•rs938671 in the 3’UTR of ATP6V0A1miR-637

•rs5068 in the 3’UTR of NPPAmiR-425

•rs17228616 in 3’UTR of ACHEmiR-608

  Fig. 11.4    Single nucleotide polymorphisms (SNPs) that create a binding site for a microRNA in 
blood pressure associated genes       

The authors found 27 differentially expressed miRNAs, 9 miRNAs were up-regulated 
and 18 miRNAs that were down-regulated in hypertensives [ 15 ]. They then vali-
dated three miRNAs using qPCR—hcmv-miR-UL112, miR-296-5p, and let-7e in 
a larger cohort of 127 patients and 67 control subjects [ 15 ]. The miRNA hcmv-
miR- UL112 is a human cytomegalovirus (HCMV)-encoded miRNA. Using 
in vitro transfection of human embryonic kidney 293 (HEK293) cells with reporter 
gene constructs, the authors demonstrated that levels for the interferon regulatory 
factor 1 transcript can be regulated by hcmv-miR-UL112 [ 15 ]. The authors also 
found higher titres of human cytomegalovirus in hypertensives, and hence sug-
gested that cytomegalovirus is responsible for the differential expression of 
 hcmv-miR- UL112 in hypertensives versus normotensives in circulating vascular 
endothelial cells [ 15 ]. 

 The interesting, yet highly speculative, conclusion from this study is that cyto-
megalovirus could contribute to the elevation in BP rather than be an innocent 
bystander. Instead, it could be a consequence, in that hypertension-induced pathol-
ogy could increase susceptibility to cytomegalovirus [ 16 ]. Despite the strong cor-
relation between virus titres and blood pressure, a primary association with other 
conditions more common in hypertension cannot be discounted, especially in the 47 
% of non-infected hypertensive patients [ 16 ]. 

 In a study aimed to analyse metabolic syndrome and its risk factors, miRNAs 
were measured in healthy controls compared to those with metabolic syndrome, 
type 2 diabetes, hypercholesterolemia or hypertension [ 17 ]. Consistently with a role 
of the immune system in hypertension [ 18 ], differentially expressed miRNAs were 
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identifi ed in both blood and exosomes isolated from serum [ 17 ]. miR-150, miR-192 
and miR-27a were down-regulated in subjects with hypercholesterolemia or hyper-
tension [ 17 ]. miRNAs miR-130a, miR-195 and miR-92a were up-regulated in 
hypertensives and those with the metabolic syndrome [ 17 ]. Blood miR-130a and 
miR-195 were also positively correlated with BP [ 17 ]. Only miR-92a, predicted to 
target the angiotensin II (Ang II) receptor type I (AGTR1) mRNA, was present in 
exosomes, and its expression refl ected the one in blood [ 17 ]. 

 This is contradictory to fi ndings in mice defi cient in miR-92a, as these mice do 
not exhibit changes in BP [ 19 ]. In agreement with the study by Karoline et al. [ 17 ], 
miR-27a was down-regulated in aortas of the spontaneously hypertensive rat (SHR) 
compared to Wistar-Kyoto (WKY) [ 20 ]. Exercise was able to normalise both 
miRNA and BP to WKY levels [ 20 ]. 

 The expression of urine miRNAs, isolated from exosomes, were investigated in 
a cohort of ten salt-sensitive, inverse salt-sensitive (i.e., subjects whose BP decreases 
in response to high salt intake) and salt-resistant subjects (i.e., subjects whose BP 
increases in response to high salt intake) [ 21 ]. These authors reported 45 differen-
tially expressed miRNAs secreted from the kidney in salt-sensitive and salt-resistant 
individuals or between the inverse salt-sensitive and salt-resistant subjects [ 21 ]. The 
only miRNA that could differentiate the two extremes (salt sensitivity or inverse salt 
sensitivity) versus the salt-resistant group was hsa-miR-4516. Although the fi ndings 
have not been replicated in a larger cohort, this study demonstrates that miRNAs 
possibly derived from kidney tubule cells could be altered or even used as biomarkers 
for aberrant sodium regulatory pathways in hypertension. 

 In order to gain insights into molecular mechanisms by which  vascular smooth 
muscle cells (VSMC)   affect vascular resistance, Kontaraki and colleagues com-
pared the expression of miR-143, miR-145, miR-21, miR-133 and miR-1 in periph-
eral blood mononuclear cells between 60 patients with essential hypertension and 
29 healthy normotensive subjects [ 22 ]. All of the hypertensive patients underwent 
24 h ambulatory BP monitoring. The specifi c miRNAs were chosen based on their 
previously published role in VSMC phenotype and differentiation. Hypertensive 
subjects had lower hsa-miR-143, hsa-miR-145 and hsa-miR-133a, and higher hsa- 
miR- 21 and hsa-miR-1. Twenty-four hours mean diastolic BP (DBP) was negative 
correlated with hsa-miR-143, hsa-miR-145 and hsa-miR-21, whilst mean DBP and 
hsa-miR-133a were positively correlated [ 22 ]. Although these miRNAs were highly 
expressed in VSMC, the authors did not determine whether these miRNAs were 
truly derived from VSMC or if they may have originated from other sources. Further 
investigations are warranted here to determine the role of these miRNAs in 
infl ammation. 

 Another study from the same group focused on the expression levels of hsa- 
miR- 9 and hsa-miR-126 in peripheral blood mononuclear cells in normotensive 
compared to hypertensive subjects [ 23 ]. Both miRNAs had lower expression in 
those with high BP, and they were positively correlated with pulse pressure [ 23 ]. 
miR-9 was also positively correlated with left ventricular mass [ 23 ]. This supports 
a role for these miRNAs as markers of advanced target-organ damage in 
hypertension. 
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 A recent study investigated the expression of hsa-miR-221 and hsa-miR-222 in 
circulating progenitor cells (also termed pro-angiogenic haematopoietic cells), 
selected by CD34 surface antigen. They compared cells from normotensive and 
hypertensive subjects, the latest being subdivided into those with carotid intima- 
media thickness but without left ventricular hypertrophy, and those with left ven-
tricular hypertrophy but without carotid intima-media thickness [ 24 ]. These 
miRNAs were chosen based on their association with previously reported regula-
tory roles in angiogenesis, cell proliferation and vascular infl ammation. Hypertensive 
subjects had increased reactive oxygen species (ROS), C-reactive protein (CRP), 
fi brinogen and a higher number of CD34+ cells. These heightened infl ammation 
parameters were associated with an increase in hsa-miR-221 and hsa-miR-222 
expression [ 24 ]. In the hypertensive group with left ventricular hypertrophy, the 
miRNAs were negatively correlated with the number of CD34+ cells and positively 
correlated with ROS [ 24 ]. The higher levels of hsa-miR-221 and hsa-miR-222 are 
consistent with increased ROS production and infl ammatory markers, but a direct 
involvement with impairment of circulating progenitor cells is yet to be 
established. 

 Microarrays were used to investigate the whole-plasma miRNA expression of six 
healthy controls and six hypertensive Chinese patients, and found three up- regulated 
miRNAs in hypertension: hsa-miR-425, hsa-miR-505 and hsa-miR-210 [ 25 ]. These 
fi ndings were replicated in two other cohorts (11 healthy, 20 pre-hypertensive and 
19 hypertensive subjects, and 91 healthy and 101 hypertensive subjects) [ 25 ]. The 
levels of miR-505 were consistently higher in hypertensives in all three cohorts 
[ 25 ]. This miRNA was found to play a role in angiogenesis by impairing endothelial 
cell migration and tube formation, through the regulation of the gene for fi broblast 
growth factor 18 ( FGF18 ) [ 25 ]. 

 Ten miRNAs were studied in plasma samples of a cohort of 30 normotensive, 30 
hypertensive and 30 white-coat hypertensive subjects [ 26 ]. The expression of miR- 
21, miR-122, miR-637 and let-7e were up-regulated in hypertensives compared to 
normotensives, while miR-122 and miR-637 were higher in white-coat patients than 
in control subjects [ 26 ]. The miRNA miR-296-5p was down-regulated in hyperten-
sives, but up-regulated in white-coat hypertensives [ 26 ]. The expression of both 
miR-296-5p and miR-637 were able to distinguish between hypertensives and 
white-coat hypertensives [ 26 ]. Ambulatory, SBP and DBP were negatively corre-
lated with miR-296-5p [ 26 ]. This was the fi rst study to analyse miRNAs in white- 
coat hypertensive patients, and it highlighted their use to distinguish between 
subtypes of hypertension. 

 In summary, there is still little, but growing, evidence for the use of circulating 
miRNA as biomarkers for hypertension. The fi eld is still in its infancy and this may 
change over the next few years. Larger sample sizes and improvements in method-
ology, such as the identifi cation of markers of exosomal membrane that distinguish 
tissues and different cell types, will be useful. This can be used to pinpoint where 
the circulating exosomes, and thus miRNAs, are coming from and their potential 
roles. The study of circulating exosomes would highly improve currently limited 
knowledge of the interaction between compartments and cell-to-cell signalling. 
Another limitation is related to the use of qPCR technology: miRNA sequences are 
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amplifi ed using oligonucleotides specifi c for small nucleic acids, and the amount of 
miRNA is very low. The amplifi cation step may lead to artefacts if not properly 
performed with rigorous controls. 

 Recent advances such as digital PCR (which can measure a single copy of a 
miRNA) or the use of small RNA-sequencing (requiring as little as 5 ng as described 
in [ 27 ]) are improving the precision of miRNA measurement [ 28 ]. Researchers still 
need to consider whether preamplifi cation is used or not, what housekeeping miR-
NAs (if endogenous or exogenous, or preferably both) are chosen, and the number 
of exosomes and cells collected so as to allow for accurate assessment of the physi-
ological relevance of each miRNA.     

    Tissue microRNAs 

   We have  previously   described genome-wide changes in genes and miRNAs mea-
sured  by   microarrays in the renal cortex and medulla of hypertensive ( n  = 5 and 
 n  = 9, respectively) and normotensive ( n  = 3 and  n  = 5, respectively) European sub-
jects who underwent elective unilateral nephrectomies because of non-invasive 
renal cancer [ 29 ]. This unique cohort, collected specifi cally to study the molecular 
aspects of human cardiovascular disease [ 30 ,  31 ], might provide further insights 
about renal mechanisms which contribute to BP regulation. 

 The RNA samples were derived from a pole of kidney unaffected by the neoplas-
tic process. In the renal medulla, 12 genes and 11 miRNAs were differentially 
expressed, and in the cortex, 46 genes and 13 miRNAs were differentially expressed. 
The differentially expressed miRNAs and genes were further investigated in 22 
hypertensives and 16 normotensives. In the renal medulla samples, we validated by 
qPCR the miRNAs hsa-miR-638 and hsa-let-7c, and in the cortex samples hsa- 
miR- 21, hsa-miR-126, hsa-miR-181a, hsa-miR-196a, hsa-miR-451, hsa-miR-638 
and hsa-miR-663. Two under-expressed miRNAs, hsa-miR-181a and hsa-miR-663, 
were of particular interest because in silico analyses had shown they could target 
specifi c sequences in the human renin 3′ UTR mRNA. Furthermore, by means of 
co-transfection experiments in vitro using HEK293 cells, we showed that hsa-miR- 
181a and hsa-miR-663 bind to renin, and also revealed that these miRNAs were able 
to regulate endogenous renin mRNA levels. These results suggest that a change in 
these miRNAs could explain the overexpression of renin mRNA observed in the 
hypertensive kidneys. 

 Due to the well-recognised role of the renin-angiotensin-aldosterone system 
(RAAS) in  BP regulation  , the mechanisms of action of Ang II involving miRNAs 
have also been investigated in mice, rats and humans. A study by Eskildsen and col-
leagues examined global miRNA expression in the left ventricle of Sprague-Dawley 
rats treated with a constant intravenous infusion of Ang II for 10 days that lead to 
fi brosis and cardiac hypertrophy [ 32 ]. In the heart, aorta and kidneys of the Ang II 
treated rats the authors identifi ed that the cluster composed of the miRNAs miR-132 
and miR-212 were up-regulated, and suggested that this may mediate Ang II-induced 
hypertension [ 32 ]. 
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 These miRNAs were also overexpressed in rats treated with endothelin-1 for 
10 days, but no fi brosis or cardiac hypertrophy was evident at the physiological or 
molecular level. Moreover the expression of these miRNAs was attenuated in inter-
nal mammalian artery (also known as internal thoracic artery, which supplies blood 
for the anterior chest wall) of patients treated with AGTR1 blockers compared to 
those treated with β-blockers [ 32 ]. Although the authors speculate the involvement 
of Gαq, in addition to the extracellular signal-regulated protein kinases 1 and 2 
(ERK1/2), a thorough investigation of miR-132 and miR-212 gene targets is needed 
to fully elucidate their contribution to BP regulation. 

 Santovito and colleagues measured the expression of hsa-miR-145, a miRNA 
that is involved in VSMC proliferation and vascular tone in human atherosclerotic 
plaques from 22 subjects with and without essential hypertension. The authors found 
that this miRNA was overexpressed in hypertension, especially in those treated with 
Ang II receptor blockers [ 33 ]. The authors did not investigate the mRNA targets of 
miR-145, and therefore the genetic mechanisms involved are still to be deciphered. 

 In summary, there is emerging evidence that miRNAs may be involved in the 
development of hypertension, yet more evidence is needed. Large tissue banks of 
human kidneys [ 30 ,  31 ] are now being studied and will play a crucial part in this. In 
vivo studies treating animal models, such as the SHR, could play an important role 
to determine whether miRNAs indeed regulate BP. It is clear, however, that there is 
a need for more research using larger human cohorts and relevant tissues to fully 
understand the miRNA mechanisms involved in essential hypertension.    

    SNPS Creating or Modifying microRNA-Binding Sites 

   SNPs can create or  disrupt   binding sites for miRNAs. If a  miRNA binds   preferen-
tially to one allele of an mRNA 3′ UTR than to other allele(s), it results in lower 
levels of the mRNA or protein. The fi ndings in the hypertension and blood pressure 
regulation to date are summarised in Fig.  11.4 . 

 One pioneer study in the fi eld of miRNAs and BP described that miRNA hsa- 
miR- 155 could bind more effi ciently to the  A  allele than to the  C  allele at position 
+1166 of the SNP rs5186 in the 3′ UTR of the  AGTR1  mRNA. The  C  allele is also 
more prevalent in essential hypertension subjects [ 34 ]. The binding of hsa-miR-155 
will potentially suppress the level of  AGTR1  mRNA and thus the pressor effect of 
Ang II in subjects with the  A  allele [ 34 ]. 

 Further evidence for this is that protein levels of AGTR1 in untreated essential 
hypertension subjects homozygous for the  C  allele of rs5186 were also positively 
correlated with systolic (SBP) and DBP. AGTR1 protein levels were also negatively 
correlated with expression levels of hsa-miR-155, and the miRNA levels were lower 
in those with the  CC  genotype [ 35 ]. These fi ndings are consistent with those in 
animal models, showing that miR-155 was down-regulated in aortas of the SHR 
compared to WKY, and exercise was able to normalise miRNA to WKY levels [ 20 ]. 
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 The modulation of expression of other genes in the  RAAS   by the preferential 
binding of miRNAs to SNPs in the 3′ UTR region has been predicted by two other 
studies [ 36 ,  37 ], of which only one proceeded to experimental validation in vitro 
[ 37 ]. Four out of 10 SNPs within 8 genes in the RAAS were associated with changes 
in BP. The authors also demonstrated that SNPs in the arginine vasopressin 1A 
receptor ( AVPR1A ) gene, bradykinin 2 receptor ( BDKRB2 ) gene and thromboxane 
A2 receptor ( TBXA2R ) gene changed the binding site for several miRNAs [ 37 ]. 
Another study showed that the major  G  allele of rs28491316 of the aldosterone 
synthase ( CYP11B2 ) gene creates a binding site for miR-766, thus decreasing 
 CYP11B2  mRNA and protein levels [ 38 ]. Moreover, the miRNAs miR-31 and miR- 
584 were found to bind preferentially to the major  C  allele of the SNP rs7079 in the 
angiotensinogen ( AGT ) gene [ 39 ]. These miRNAs were also able to down-regulate 
 AGT  mRNA and protein levels in vitro [ 39 ]. 

 Besides the  RAAS  , other mechanisms commonly known to infl uence BP have 
been associated with SNPs that lead to the creation or disruption of miRNA binding 
sites. The minor  T  allele of the SNP ss52051869 in the 3′ UTR of the gene for 
 L -arginine transporter ( SLC7A1 ) was previously associated with endothelial and 
nitric oxide dysfunction, and increased predisposition to hypertension [ 40 ]. The  T  
allele of ss52051869 was later associated with the presence of a longer 3′ UTR with 
more binding sites for the miRNA miR-122 (4 sites vs. 3 sites in the shorter 3′ UTR 
associated with the  C  allele) [ 41 ]. This allele also disrupts the binding of the tran-
scription factor specifi city protein 1 (SP1) [ 41 ]. 

 Another example is the SNP A + 1050G in the 3′ UTR of the  neuropeptide Y1 
receptor (NPY1R)   mRNA, important for adrenergic activity and BP control [ 42 ]. 
Although hsa-miR-511 is predicted to bind preferentially to the  G  allele, this study 
lacked in vitro co-transfections of miRNA and a plasmid with the specifi c binding 
sequence to validate the binding. The presence of the  C  variant of the SNP 
rs938671 in the 3′ UTR of the gene for vacuolar H + -ATPase subunit ( ATP6V0A1 ) 
was previously associated with catestatin secretion and BP [ 43 ]. This allele was 
further associated with the down-regulation  ATP6V0A1  mRNA levels [ 44 ]. Another 
study found that having the  C  allele decreased  ATP6V0A1  mRNA and protein levels 
compared to the  T  allele, and that the miRNA hsa-miR-637 could preferentially 
bind to the  C  rather than to the  T  allele [ 44 ]. 

 The SNP rs5068 in the 3′ UTR of the atrial natriuretic peptide ( NPPA ) gene was 
previously identifi ed to be associated with essential hypertension and BP in a meta- 
analysis of genome-wide association studies [ 2 ]. Recently, miR-425 was shown to 
be produced in human atria and ventricles, and to bind to the  A  allele, but not to the 
 G  allele, of rs5068. This miRNA could also regulate  NPPA  mRNA levels in vitro 
only when the  A  allele was present [ 45 ]. 

 One investigation analysed the impact of the preferential binding of miR-608 to 
the major  C  allele in comparison to the minor  A  allele of the 3′ UTR SNP 
rs17228616 in the  acetylcholinesterase ( ACHE ) mRNA   [ 46 ]. Subjects carrying the 
 A  allele had reduced serum cortisol and higher BP [ 46 ]. The  A  allele presented with 
65 % higher ACHE hydrolytic activity than the  C  allele [ 46 ]. In the presence of the 
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 A  allele, and thus less miRNA-mRNA binding, there was a higher availability of 
miR-608, resulting in the suppression of other mRNA targets of this miRNA [ 46 ]. 
The minor  A  allele was more common in African-Americans (38.4 % carriers) than 
European-descendants (6.2 % carriers). 

 A study attempted to fi nd SNPs located within miRNA binding sites in cardio-
metabolic genes using genome-wide association studies on 17 cardiometabolic dis-
eases [ 47 ]. They found two SNPs that had an effect on the host gene expression and 
were associated with BP: rs7085 in the 3′ UTR of c-src tyrosine kinase ( CSK ) and 
rs10786736 in the 5′-nucleotidase cytosolic II ( NT5C2 ) gene [ 47 ]. The miRNAs 
predicted to bind to these SNPs were not disclosed in the study, and functional 
experiments were not performed for these loci. 

 Several of the studies described here lacked in vitro analyses with the overex-
pression or inhibition of miRNAs and a direct effect on the expression of mRNAs in 
a specifi c cell line. All these fi ndings together highlight the importance of the inter-
action between miRNAs and polymorphisms at the mRNA level, and future studies 
should explore these interactions at the whole-genome level. Once again the diffi -
culty here will be to acquire relevant tissues, as miRNAs are tissue-specifi c, and 
large cohorts would be necessary to ensure suffi cient power.    

    Polymorphisms in microRNA Sequences 

   Some of the SNPs identifi ed in the genome- wide   association meta-analysis for BP 
and hypertension were not in regions coding [ 2 ], and thus  could   be in regions con-
taining sequences for ncRNAs instead. So far none of these SNPs are in sequences 
known to contain ncRNAs. Only one study in 156 hypertensives and 187 normoten-
sives analysed whether SNPs in microRNA sequences (miR-143) were associated 
with essential hypertension [ 48 ]. 

 The frequency of the minor  C  allele of the SNP rs4705342 in the promoter of 
miR-143 was lower in the hypertensive group (39 % controls vs. 27.9 % cases), and 
it was associated with a lower risk of hypertension than in subjects with the TT 
genotype [ 48 ]. The authors did not investigate whether the presence of this SNP 
resulted in changes in the expression of miR-143. The genetic association needs to 
be replicated in a larger, independent cohort. 

 By the use of the largest genome-wide association studies on 17 cardiometabolic 
diseases, including the Global BPgen consortium, a study attempted to fi nd genetic 
variants in seed regions of miRNAs [ 49 ]. They found that the SNP rs2168518, in a 
seed region of miR-4513, was associated with several cardiometabolic phenotypes, 
including SBP and DBP [ 49 ]. The minor  G  allele of this SNP also changed the 
expression of miR-4513 in vitro [ 49 ]. Golgi SNAP receptor complex member 2 
( GOSR2 ), associated with SBP, was identifi ed as a target of miR-4513 [ 49 ]. We 
should see an increase in this type of studies in the near future.    
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    Interaction Between Genotypes, Genes and microRNAs 

  A study investigated whether  having   the SNPs rs6276, rs6277 and rs1800497 in the 
dopamine D2 receptor (DRD2) gene resulted in differential expression of miRNAs 
in human renal proximal tubule cells, isolated from patients who had unilateral 
nephrectomy due to renal carcinoma or trauma [ 50 ]. 

 They found that subjects carrying alternative forms of these SNPs had lower 
levels of miR-217, miR-224, miR-335 and miR-1265, and higher miR-1290 than 
those carrying the major alleles [ 50 ]. Out of these miRNAs, only miR-217 was 
directly regulated by the expression of  DRD2  [ 50 ]. miR-217, in turn, regulated the 
levels of transforming growth factor β 1 ( TGFB1 ) mRNA and protein and the axis 
WNT5A-ROR2 (wingless-type MMTV integration site family, member 5A, and 
receptor tyrosine kinase-like orphan receptor 2) [ 50 ]. 

 This study highlights the complex interactions between genotype, miRNAs, 
expression of genes and pathways leading to hypertension.   

    Genetic and Environmental Interaction 

 It is well established that the prevalence of  hypertension   increases with ageing [ 51 ]. 
Wang and colleagues [ 52 ] used a non-linear varying-coeffi cient model relative to 
ageing to fi nd genetic markers associated with DBP. They used genome-wide asso-
ciation data of 142 unrelated subjects from the Genetic Analysis Workshop 18 [ 52 ]. 
The region of chromosome 3 which contains the miRNA gene  MIR1263 , including 
the SNP rs9863717, had a non-linear effect over-time to affect DBP [ 52 ]. Carriers 
of the  GG  genotype for rs9863717 had lower DBP after 55 years of age, while car-
riers  AA  had higher DBP and chance to develop hypertension [ 52 ]. The authors 
discussed that previous traditional linear models would miss this interaction. Albeit 
interesting, this needs to be validated in independent and larger cohorts.  

    Findings in Animal Models 

  Animal studies are essential to determine  the   in vivo role of miRNAs in BP regula-
tion and their potential use as therapeutic targets instead of biomarkers only. 

 The levels of skeletal muscle miRNAs miR-16, miR-21 and miR-126, involved 
in vascularisation, were investigated to understand how aerobic exercise training 
lowers BP [ 53 ]. Adult SHR and WKY rats swam for 60 min, 5 days a week for 10 
weeks [ 53 ]. BP was lower in SHR rats that exercised compared to those which did 
not, while no changes in BP were observed in the WKY strain [ 53 ]. Exercise also 
signifi cantly increased muscle vascularisation and miR-126 in the SHR, and low-
ered miR-16 and miR-21 [ 53 ]. Another study exposed SHR and WKY to exercise 
training on a treadmill for 12 weeks [ 20 ]. 

11 microRNAs in Essential Hypertension and Blood Pressure Regulation



228

 The effect of exercise on BP was similar as reported above [ 20 ,  53 ]. They showed 
that exercise decreased aortic remodelling, and improved endothelial function and 
the balance between the components of the RAAS [ 20 ]. Exercise also increased 
aortic miR-27a and miR-155, and lowered miR-143, all of which can regulate some 
components of the RAAS [ 20 ]. Together, these studies support the role of miRNAs 
in lowering BP due to the effect of aerobic exercise in endothelial cells, but this 
effect seems to be specifi c to hypertension. 

 The role of  Dicer , an enzyme involved in miRNA biogenesis and processing, 
which cleaves precursor-miRNAs to mature forms, has been investigated in relation 
to BP. A study generated mice with a conditional deletion of  Dicer  in juxtaglomeru-
lar cells, the renal cells that produce renin, the rate-limiting enzyme of the RAAS 
[ 54 ]. This resulted in a reduction in the number of juxtaglomerular cells, >80 % 
lower renin expression (both  Ren1  and  Ren2  mRNA) and plasma renin concentra-
tion, decreasing BP by 15 mmHg and damaging renal function with increased fi bro-
sis [ 54 ]. This supports the importance of  Dicer  and miRNAs in the maintenance of 
juxtaglomerular cells and overall renal function. 

 Mice lacking both miR-143 and miR-145 had thinner arteries with a reduction in 
width of smooth muscle differentiation, reduced vascular tone, and thus, signifi -
cantly lower BP [ 55 ]. Another study deleted  Dicer  in smooth muscle cells, which 
resulted in a global loss of miRNAs in arteries [ 56 ]. Contractile function of resis-
tance arteries and aortic medial thickness were reduced [ 56 ]. Knockout mice had 
lower SBP and DBP [ 56 ], and the drop in BP was more pronounced than in the 
miR-143/miR-145 knockout [ 55 ], suggesting that other miRNAs are important for 
VSMC function and BP regulation. 

 Consistent with the down-regulation of miR-181a in human kidneys [ 29 ], the 
Schlager BHP/2J mouse, a neurogenic model of hypertension with marked circa-
dian elevation of BP [ 57 ], has lower levels of miR-181a and higher renin mRNA 
during the active period [ 58 ]. The hypertensive strain also has higher tyrosine 
hydroxylase staining in the cortical tubules, indicating increased renal sympathetic 
innervation [ 58 ]. When we treated BPH/2J mice with a miR-181a mimic, it 
decreased BP and renal renin mRNA, supporting a role of this miRNA in the regula-
tion of both BP and renin in hypertension [ 59 ]. 

 A recombinant adenoviral vector containing an artifi cial miRNA designed to 
target  Agtr1  mRNA was injected in the paraventricular nucleus of SHR and control 
Wistar rats [ 60 ]. This reduced  Agtr1  mRNA in both strains, but a decrease in BP 
was only observed in the SHR [ 60 ]. Plasma norepinephrine, depressor response, 
plasma Ang II and renal sympathetic nerve activity were also normalised in the 
SHR, while no change was observed in treated Wistar rats [ 60 ]. 

 The miRNA miR-487b was the most differentially regulated miRNA in adult 
Sprague-Dawley rats with Ang II-induced hypertension [ 61 ]. This miRNA was 
shown to target and co-localised in rat aortic tissue with the gene for insulin receptor 
substrate 1 ( Irs1 ), which has a role in cell proliferation [ 61 ]. When miR-487b was 
inhibited in human umbilical arterial adventitial fi broblast and smooth muscle cell 
lines, there was a threefold increase in cell survival [ 61 ], proposing a mechanism for 
vascular pathology in hypertension. 
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 Consomic SS-13 BN  rats, which have the chromosome 13 from the normotensive 
Brown Norway rat strain in the Dahl salt-sensitive background, had lower BP when 
exposed to a high-salt diet [ 62 ]. A study investigated changes in renal medulla 
whole-genome miRNA due to a high-salt diet in Dahl salt-sensitive and SS-13 BN  
rats [ 63 ]. Two miRNAs (miR-29b and miR-302d) were lower in Dahl salt-sensitive 
rats, while three were higher (miR365, miR-211 and miR-15b) [ 63 ]. miR-29b was 
predicted to regulate 20 collagen and several extracellular matrix related genes, and 
the change in expression of several collagen genes was validated in vivo [ 63 ]. 
Treatment with an anti-miR-29b, however, did not change BP [ 63 ]. These fi ndings 
are relevant to the interstitial fi brosis in the medulla as a consequence of high-salt 
diet. 

 Another study treated Sprague-Dawley rats with Ang II for 4 weeks, resulting in 
higher BP and myocardial fi brosis [ 64 ]. Moreover, myocardial miR-29b and miR- 
133 were decreased, and collagen type I α 1 ( Col1a1 ) mRNA was increased [ 64 ]. 
This study supports the role of these miRNAs in fi brosis in the presence of Ang 
II-induced hypertension. 

 Changes in aortic whole-genome miRNAs were studied in Dahl salt-sensitive 
rats exposed to a high-salt diet [ 65 ]. This resulted in the dysregulation of 37 miR-
NAs, including the up-regulation of miR-320 and down-regulation of miR-26b and 
miR-21 [ 65 ]. These miRNAs were shown to target insulin growth factor-1 receptor 
( Igf1r ) and phosphatase and tensin homolog ( Pten ) mRNA [ 65 ]. VSMCs treated 
with a miR-320 inhibitor or a miR-26b mimic reduced the expression of collagen 
genes and prevented cells from hypertrophy [ 65 ]. The authors then tested whether 
β-blockers would improve the salt-induced hypertension phenotype by modulating 
these miRNAs and target genes [ 65 ]. While nebivolol, a selective β1 inhibitor with 
β3 activation function, normalised all three miRNAs, atenolol, a pure β1-selective 
blocker, normalised miR-26b and increased miR-21 [ 65 ]. This investigation sup-
ports the use of β-blockers as treatment for salt-induced hypertension through action 
on miRNAs involved in arterial dysfunction and remodelling. 

 An example of therapeutic use of a miRNA in hypertension is miR-22, which 
targets chromogranin A ( Chga ) mRNA [ 66 ]. SHR which were treated with four 
doses of miR-22 inhibitor at 25 mg/kg exhibited a decrease in BP of 18 mmHg in 9 
days [ 66 ]. Polymorphisms in the gene for  CHGA  and plasma concentrations of 
CHGA have been associated with human hypertension [ 67 ]. A polymorphism in the 
3′ UTR, which increases the binding of miR-22, was identifi ed in the SHR [ 66 ]. 

 In summary, the therapeutic use of miRNAs is currently being explored through 
the approaches of overexpression and inhibition in many diseases, including cardio-
vascular diseases. In hypertension, the only examples are miR-22 and miR-181a, as 
discussed above. While there have been few studies to date that have assessed the 
use of miRNAs for anti-hypertensive therapy, there are several examples in other 
cardiovascular diseases. For example, inhibition of miR-25 in an established model 
of heart failure improved cardiac contractility and function [ 68 ].   
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    Challenges of Studying microRNAs in BP 

 Essential hypertension is  a   complex heritable trait thought to involve multiple, 
mostly unknown, genes, the majority having a small effect and a few genes with 
large effect, that interact with environmental factors [ 69 ]. The study of twins dur-
ing the past few decades has been used to estimate the heritability of BP, with heri-
tability of SBP varying from 44 to 71 %, and variability of DBP varying from 46 
to 74 % [ 70 – 75 ]. 

 A variety of environmental factors are known to contribute to the increased BP 
in essential hypertension patients. Early life factors, such as dietary sodium intake, 
childhood exercise, breast feeding and birth weight, contribute to the development 
of hypertension later in life [ 76 ]. Lifestyle factors, such as moderate physical exer-
cise, healthy diet, limitation of cigarette, alcohol and sodium consumption, stress 
management and maintaining a lean body weight, are known to help in the manage-
ment of hypertension [ 77 ]. Currently, the miRNA literature in hypertension lacks 
the analysis of environmental factors infl uencing miRNA expression. Similarly, no 
studies have analysed the levels of miRNAs according to genotypes and BP. These 
studies are challenging due to high interpersonal variability, thus requiring large 
cohorts with detailed characterisation and long follow-up. 

 Changes in expression of any miRNA, as well as in mRNAs, could either con-
tribute to or be a secondary effect of hypertension. When the sequence of the 
miRNA is conserved between humans and rodents, the use of animal models might 
assist in providing physiological support for a putative causative mechanism 
inferred from molecular and in vitro fi ndings. In humans, besides kidneys and arter-
ies (including VSMC), no other tissues are currently available, limiting advances in 
the fi eld. The availability of tissue engineering may be of use in that regard in the 
future [ 78 ]. 

 There are several  algorithms and tools   to predict the interaction between miRNA 
with protein-coding mRNAs and DNA, but these predictions need validation by 
time-consuming in vitro techniques, such as luciferase assays for miRNAs and 
mRNAs. Although well studied in other areas of human disease, deciphering inter-
actions between RNA–RNA and RNA–DNA has been under-researched in BP 
regulation. 

 Such studies can, moreover, be challenging, since the effects of miRNAs may 
only take place under certain conditions, such as certain stressors or specifi c 
developmental stages, and might further complicate the fi ndings. Interaction 
between miRNAs are also possible, such as the role of circular RNAs acting as 
effi cient miRNAs sponges and having several sites for binding of a specifi c 
miRNA, thus counteracting their actions [ 79 ]. miRNAs have been found to bind 
to and regulate long intergenic non-coding RNA levels in a similar way as they 
regulate mRNAs [ 80 ].  
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    Conclusions 

 The recent advent of whole-genome sequencing and (small) RNA sequencing 
technologies has made more information about the human genome and transcrip-
tome available. They have also revealed the incredibly complex and malleable 
nature of integrations that exist between gene, RNA and protein. miRNAs are, how-
ever, a relatively underdeveloped area of investigation in hypertension research. 

 Advances have lagged behind those made in other fi elds such as cancer and heart 
failure. Research into the individual role of miRNAs and the interaction between 
different types of miRNAs, DNA polymorphisms and environment is needed in 
hypertension. Studies using larger cohorts and tissues besides biological fl uids 
should assist in a better understanding of the multifaceted roles of miRNAs. 
Considering many studies have revealed that miRNAs are critical regulators of car-
diovascular development [ 81 ] and ageing [ 82 ], there are still important opportuni-
ties in the fi eld to further understand how they affect hypertension.     
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    Chapter 12   
 microRNA and Pulmonary Hypertension       

       Olivier     Boucherat    ,     François     Potus    , and     Sébastien     Bonnet    

    Abstract     Pulmonary arterial hypertension (PAH) is a lethal vasculopathy associated 
with complex etiology that involves remodeling of distal pulmonary arteries leading 
to elevation of pulmonary vascular resistance. This process results in right ventricular 
(RV) hypertrophy and ultimately RV failure. In addition, PAH is associated with sys-
temic impairment in the skeletal muscle contributing to exercise intolerance. It has 
only been a few decades since microRNAs (miRNAs) have been implied in the devel-
opment and progression of PAH regarding every organ affected by the disease. Indeed, 
impairment of miRNA’s expression has been involved in vascular cell remodeling 
processes such as adventitial fi broblast (AdvFB) migration; pulmonary arterial smooth 
muscle cell (PASMC) proliferation and pulmonary arterial endothelial cell (PAEC) 
dysfunction observed in PAH. At the molecular level miRNAs have been described in 
the control of ion channels and mitochondrial function as well as the regulation of the 
BMPR2 signaling pathways contributing to PAH lung impairment. Recently miRNAs 
have also been specifi cally implicated in RV dysfunction and systemic angiogenic 
impairment, observed in PAH. In this chapter, we will summarize the knowledge on 
miRNA in PAH and highlight their crucial role in the etiology of this disease.  

  Keywords     PAH   •   microRNA   •   Lung   •   Right ventricle   •   PASMC   •   PAEC  

        Introduction 

   Pulmonary arterial hypertension (PAH)   is a debilitating cardiopulmonary disorder 
of various origins, defi ned as an increase in pulmonary artery pressure ≥25 mmHg 
at rest [ 1 ]. PAH is classifi ed into fi ve groups based on hemodynamic criteria, etiol-
ogy, and response to treatments [ 2 ]. Although associated with a range of underlying 
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etiologies, all forms of PAH share a common pulmonary arteriopathy characterized 
by vasoconstriction, remodeling of the precapillary pulmonary vessel wall, and the 
subsequent obliteration of the vascular lumen. These alterations are responsible for 
the rise in pulmonary vascular resistance, compensatory right ventricular (RV) 
hypertrophy, and ultimately death [ 3 ]. In addition, PAH is accompanied by signifi -
cant exercise intolerance contributing to a poor quality of life [ 4 ]. Although the 
pathogenesis of PAH is recognized as a complex and multifactorial process, numer-
ous data have been accumulated demonstrating that endothelial cell dysfunction 
originating from genetic and environmental factors promotes the release of vaso-
constrictors and mitogens that in turn triggers pulmonary vascular cells contraction, 
proliferation and resistance to apoptosis [ 5 ]. Nevertheless, the underlying molecular 
mechanisms remain elusive. In spite of recent progress in our understanding of the 
pathophysiological mechanisms involved in this disease and major improvements 
in symptomatic treatments, no substantial modifi cation of the rapid progression and 
fatal course of this disease has been achieved. Thus, there is a pressing need to char-
acterize new potential therapeutic targets. The discovery of micro-RNA (miRNA) 
and their function in regulating gene expression constitutes a major breakthrough in 
medical science. In regulating all cellular processes in which they have been tested, 
implication of miRNA in the development and progression of various diseases has 
gained a lot of interest during the last years, and PAH is no exception. This section 
summarizes current knowledge regarding the implication of miRNA in signaling 
pathways involved in PAH pathogenesis (Fig.  12.1 ).

   PAH may occur as a primary rare disease or as a common and severe complica-
tion of various cardiac, pulmonary, or systemic conditions. At the histopathological 
level, PAH is characterized by a thickening of the vessel wall due to abnormal and 
uncontrolled growth of resident cells. Pulmonary arterial endothelial cell (PAEC) 
dysfunction is thought to be a key event in the development of PAH in participating 
to the proliferative and apoptosis-resistant phenotype of pulmonary arterial smooth 
muscle cells (PASMCs). 

 Imbalances between circulating and locally produced vasodilatators and vaso-
constrictors, mitogenic factors and growth inhibitors, associated with excessive vas-
cular remodeling, are proposed as the underlying processes responsible for the 
elevated pulmonary vascular resistance seen in PAH [ 6 ]. Endothelial injuries, 
caused by genetic or environmental factors, mechanical stress or immune and 
infl ammatory mechanisms, lead to hypertrophy and hyperplasia of PASMCs. 
PAECs and PASMCs from PAH patients exhibit dysmorphic and hyperpolarized 
mitochondria and a glycolytic shift in metabolism, also designated Warburg effect 
[ 7 ]. It has been demonstrated that persistent activation of STAT3 accounts for the 
activation of several proteins such as HIF1α and NFAT, which in turn triggers the 
expression of survivin and Pim1, two proto-oncogenes contributing to the metabolic 
shift and the pro-migratory, pro-proliferative and antiapoptotic phenotype of PAH- 
PASMC [ 8 – 10 ]. In addition to others factors, inhibition of potassium (K + ) channels 
and infl ux of calcium (Ca 2+ ) play a critical role in mediating these effects [ 11 ]. 

 Although the pathogenesis of PAH is not completely elucidated and is still 
explored, compelling evidence indicate that aberrant alterations of miRNA is 
involved in the development and onset on PAH [ 12 – 14 ].   
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  Fig. 12.1    Schematic overview of the miRNAs implicated in PAH etiology.  PAECs  pulmonary 
arterial endothelial cells,  PASMCs  pulmonary arterial smooth muscle cells,  AdvFBs  adventitial 
fi broblast,  LV  left ventricle,  RV  right ventricle       
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    microRNA in PAH Lungs 

    Implication of microRNAs in Endothelial Integrity 

    BMPR2 Signaling Pathway 

    The bone morphogenetic signaling    received great interest    by researchers because of 
the identifi cation of heterozygous germline mutations in the gene coding for the 
bone morphogenetic protein (BMP) type-2 receptor (BMPR2)   , a receptor for the 
transforming growth factor (TGF)-beta superfamily [ 15 ,  16 ]. The BMPR2 mutation 
has been found to account for approximately 70 % of familial PAH and for approxi-
mately 25 % of idiopathic PAH. The implication of BMPR2 signaling is further 
strengthened by a case report describing a Smad 8 gene (a downstream mediator of 
BMPR2) mutation in a patient with sporadic PAH [ 17 ]. The penetrance of PAH in 
patients carrying a BMPR2 mutation is incomplete suggesting that epigenetic or 
environmental factors infl uence its effect. This mutation confers a reduction in 
BMPR2 signaling activity and elicits different effects in cell types. In PASMCs, 
BMP signals via a Smad-dependent pathway to inhibit proliferation. In PAECs, 
BMPR2 mutation induces mitochondrial dysfunction, increases the susceptibility of 
cells to apoptosis that destabilizes the endothelial barrier and triggers a complex 
cascade of events leading to apoptosis-resistant endothelial cell proliferation and 
occlusive vascular remodeling (plexiform lesions) [ 15 ]. 

 In addition, PAEC dysfunction stimulates the release of vasoconstrictors and 
growth factors (FGF2, PDGF…) with pro-proliferative effects on PASMCs [ 18 –
 20 ]. Mechanistically, reduced BMPR2 signaling disrupts β-catenin/PPARγ interac-
tion leading to the downregulation of apelin (APLN) gene expression. The latter 
was reported to promote PAEC survival in an autocrine fashion and to exert a para-
crine action in inhibiting PASMC growth [ 21 ]. In line with these data, Kim and 
collaborators established an endothelial apelin-FGF link mediated by miR-424 and 
miR-503 [ 22 ]. They confi rmed previous fi ndings showing reduced expression of 
APLN is PAECs of patients with PAH and demonstrated that APLN knockdown in 
control PAECs promotes the expression of FGF2 and FGFR1 through the down-
regulation of miR-424/503 [ 21 ,  22 ]. miR-404 and miR-503 negatively regulated 
PAEC proliferation and inhibited the capacity of PAEC-conditioned medium to 
induce the proliferation of PASMCs. In direct connection with PAH, miR-424/503 
were reduced in PAECs derived from patients with PAH as compared to PAECs 
from control specimens and FGF2/FGFR1 displayed inverse transcript correlation. 
Similar results were obtained in experimental PAH models allowing for their use in 
therapeutic interventions. Sustained elevation of miR-424/503 expression in the 
experimental PAH models by intranasal lentiviral delivery prevented elevation of 
right ventricular systolic pressure (an indicator of the severity of PAH) and reversed 
vascular remodeling. These observations suggest that restoration of miR-424/503 
function may provide clinical benefi t in PAH [ 22 ]. 
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 Further miRNAs, such as miR-130/301 family and miR17/92 cluster, have been 
described to regulate the BMPR2-β-catenin/PPARγ-Apelin signaling pathway and 
thus to participate in PAH progression. Through a network-based approach to deci-
pher the involvement of miRNAs in PAH pathogenesis, miR-130/301 were identi-
fi ed as critical regulators of vascular homeostasis by inhibiting PPARγ [ 23 ,  24 ]. The 
miR-130/301 family was upregulated in PAECs under hypoxia and infl ammatory 
stimuli (two known triggers of pulmonary hypertension) as well as in cells trans-
fected with BMPR2 siRNA. The direct repression of PPARγ expression mediated 
by miR-130/301 upregulation was accompanied by reduced APLN and miR- 
424/503 expression and increased FGF2. Consistently, miR-130 mimics augmented 
PAEC proliferation and this effect was reversed by forced expression of PPARγ or 
miR-424/503. The expression level of miR-130/301 was upregulated in diverse 
forms of human PAH as well as in multiple models of the disease. Both gain-of- 
function and loss-of-function approaches were employed to investigate the func-
tional contribution of miR-130/301 in vivo. The authors demonstrated that chronic 
miR-130/301 instillation in mice is suffi cient to induce pulmonary hypertension in 
a PPARγ-dependent manner.  A contrario , anti-miR oligonucleotides injections 
reversed PH in mice [ 23 ]. Together, these fi ndings revealed miR-130/301 as a key 
player in PAH, orchestrating subordinate miRNA and target gene network to control 
cell proliferation and PAH manifestation in vivo. 

 A reduced level of BMPR2 signaling in pulmonary arteries (PAECs and 
PASMCs) is a common denominator of PAH, even when BMPR2 gene mutations 
were not identifi ed. Given that hypoxia and infl ammatory mediators were found to 
diminish the expression of BMPR2 at the translational level without affecting the 
levels of corresponding mRNA, a posttranscriptional mechanism of regulation 
mediated by miRNA was hypothesized [ 25 ,  26 ]. Using bioinformatics tools, several 
miRNAs encoded by the miR-17/92 polycistronic cluster were retrieved as potential 
regulators. To confi rm the predicted value on a functional basis, BMPR2 protein 
level was examined after overexpression of the entire cluster. A signifi cant reduc-
tion in BMPR2 protein was observed. A more detailed analysis revealed that miR- 
17- 5p and miR-20a were mainly responsible for this modulation. Moreover, the 
expresses levels of C13orf25 (the primary transcript of miR-17/92) was upregulated 
by interleukin-6 (IL-6) implicated in the pathogenesis of PAH via the activation of 
the transcription factor STAT3 [ 26 ,  27 ]. 

 Using an in silico approach aiming at the BMPR2-specifi c identifi cation of regu-
latory miRNAs, miR-125a was selected. Consistently with its implication in pulmo-
nary hypertension, levels of miR-125a, highly expressed in endothelial cells, were 
elevated in lung tissue of hypoxic animals. Functional inhibition of miR-125 in 
PAECs enhanced proliferation of these cells associated with upregulation of BMPR2 
and reduced expression of the tumor suppressors CDKN1A (p21) and CDKN2A 
(p16) [ 28 ]. Accordingly, transfection with miR-125a inhibitor enhanced human 
umbilical vascular endothelial cells (HUVECs) proliferation and resistance to 
 apoptosis, and promoted tube formation in Matrigel, suggesting that reduction of 
miR- 125a has a pro-angiogenic effect [ 29 ]. 
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 A central regulatory role of miR-21, abundantly expressed in the endothelium, 
was delineated by several studies. Hypoxia and BMPR2 signaling independently 
upregulated miR-21 in human PAECs and paradoxically, forced expression of miR- 
21 decreased BMPR2 expression highlighting a reciprocal feedback loop [ 29 ,  30 ]. 
Interestingly, miR-21 processing was completely blocked by knockdown of the 
BMPR2 downstream mediator smad8 [ 31 ]. Furthermore, miR-21 was shown to 
directly repress Rho kinase activity favoring vasodilatation. As suggested by a net-
work bioinformatics approach, miR-21 was increased in remodeled pulmonary ves-
sels of animal models of PAH and human PAH [ 30 ,  32 ]. Nevertheless, compared to 
control littermates, miR-21 −/−  mice displayed exaggerated manifestations of pulmo-
nary hypertension when exposed to a combination of Sugen5416 and chronic 
hypoxia [ 30 ]. The detrimental effects of miR-21 loss of function under pathological 
conditions appears to result from the functional induction of programmed cell death 
4 (PDCD4, a tumor suppressor)/caspase-3 axis. In serum-defi cient PAECs, miR-21 
mimic transfection repressed induction of its target PDCD4, to consequently inhibit 
caspase-3 activation. Likewise, in vivo miR-21 silencing by chronic delivery of 
anti-miR-21 or by genetic inactivation (miR-21 −/−  mice) was accompanied by ele-
vated PDCD4 levels coupled with the enhanced detection of cleaved caspase-3. 
Consistently with prior fi ndings, miR-21 loss of function caused the progressive 
onset of PAH in vivo, a phenotype abolished in mice overexpressing miR-21 [ 33 ]. 
From these observations, induced miR-21 expression in PAECs could be interpreted 
as a rescue mechanism to counteract progression of PAH. 

 Collectively, these data provide a view of the combinatorial effort of miRNAs to 
control the BMPR2 signaling pathway at different levels to impact endothelial cell 
behavior. Reciprocally, BMPR2 signaling impacts miRNA processing.     

   miRNA-210 and Mitochondrial Dysfunction 

    Besides miR-424/503 and miR-130/301, a )   direct mechanistic )   evidence for the role 
of miR-210 in PAH was highlighted. miR-210 was found robustly  induced   by 
hypoxia in human PAECs. The authors reported that miR-210 directly repressed the 
expression of iron-sulfur cluster assembly proteins (ISCU1/2), controlling mito-
chondrial metabolic functions [ 34 ]. Based on current knowledge pinpointing mito-
chondrial dysfunction and iron homeostasis as key factors in PAH development 
[ 35 – 37 ], White and collaborators demonstrated that alterations of the miR-210- 
ISCU1/2 axis cause iron-sulfur defi ciencies in vivo and promote pulmonary hyper-
tension. Importantly, the authors showed that pulmonary vascular overexpression of 
miR-210, achieved by intrapharyngial delivery of miR-210 mimic, represses 
ISCU1/2 levels and induces vascular remodeling reminiscent of PAH. These abnor-
malities were phenocopied after ISCU1/2 knockdown underscoring the importance 
of ISCU1/2 and iron-sulfur biogenesis in PAH. Finally, they undertook a transla-
tional study using preclinical models of PAH to address the potential therapeutic 
benefi t of miR-210 inhibition. The authors reported that the genetic inactivation of 
miR-210 protects mice against the development of PAH and corroborated these 
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results in a pharmacological approach using miR-210 inhibitors [ 38 ]. Together, 
these eloquent results provide a solid foundation for the initiation of human clinical 
trials in human PAH.       

    Implication of microRNAs in the Pro-proliferative 
and Apoptosis-Resistant Phenotype of PAH PASMCs 

    As stated above, one of the most prominent    features of PAH is the medial hypertro-
phy and adventitial thickening of pulmonary arteries due to the    pro-proliferative and 
antiapoptotic phenotype of  PASMCs  . Although these defects have been the target of 
considerable research and clinical attention, the underlying mechanisms remain 
incompletely understood. It is nonetheless established that several signaling path-
ways are responsible for the cancer-like phenotype of PAH PASMCs. Alterations of 
numerous miRNA in targeting several members of a given pathway or multiple 
targets in converging pathways have been reported to impact PASMC behavior. 

 There is substantial evidence that place the signal transducer and activator of 
transcription 3 (STAT3) at the center of a hub for integrating different signals and 
regulating energy metabolism, growth, and survival in PASMCs [ 39 – 41 ]. In PAH- 
PASMCs, STAT3 activation in response to a wide array of stimuli such as IL-6, 
tumor necrosis factor alpha (TNFα), endothelin-1 (ET1), and PDGF is mediated 
through the Janus family kinase (JAK) or Src. Persistent activation of STAT3 is a 
hallmark of PAH and participate to the activation of NFAT, HIF1α, Pim1, KLF5/
survivin, all involved in aberrant PASMC proliferation and resistance to apoptosis 
[ 40 ,  42 ,  43 ]. Comparison of miRNA expression profi les between PASMCs isolated 
from distal pulmonary arteries of PAH patients and healthy donors revealed a 
marked depression of miR-204 expression in PAH. Mainly restricted to PASMCs in 
the lung, miR-204 was found systematically reduced in human PAH and rodent 
models of the disease. The study demonstrated that STAT3 activation suppresses 
miR-204 expression, and miR-204 directly targets SHP2, a positive regulator of 
SRC family kinase activity. Thus, through the downregulation of miR-204 and the 
upregulation of SHP2, STAT3 enhances a positive feedback loop sustaining its own 
activation [ 41 ]. Further analysis demonstrated that miR-204 restoration in PAH- 
PASMCs was associated with decreased [Ca 2+ ]i and depolarization of the mitochon-
drial membrane potential reversing the pro-proliferative and antiapoptotic phenotype 
of PAH-PASMCs. A major strength of the study was the fi nding that nebulization of 
synthetic miR-204 in rats with established monocrotaline (MCT)-induced PAH can 
reverse symptoms of the disease, as illustrated by reduced medial wall thickness and 
improvement in mean pulmonary artery pressure. In an opposite manner, miR-204 
antagomiR nebulization in control rats induced PAH development [ 41 ]. It was also 
observed that sustained DNA damage and miR-223 defect observed in  PAH- PASMCs 
accounts for a poly [ADP-ribose] polymerase 1 (PARP-1)-dependent downregula-
tion of miR-204 [   44 ,  45 ]. Moreover, miR-130/301 involved in the repression of 
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miR-424/503 in PAECs also suppresses miR-204 in PASMCs indicating that miR-
204 is subject to multiple regulatory systems [ 21 ]. These in-depth studies incrimi-
nate suppression of miR-204 expression as a cardinal contributor of PAH. 

 Reduced pulmonary expression of miR-30c and miR-206 is also a feature of 
mice exposed to hypoxia. After in vitro inhibition of miR-30c, control PASMCs 
adopted a PAH-PASMC like phenotype characterized by enhanced cell proliferation 
and reduced apoptosis. Mechanically, the authors demonstrated that these effects 
are mediated through the inhibition of platelet-derived growth factor receptor beta 
(PDGFRβ) expression by directly binding to the 3′ untranslated region of the tran-
script [ 46 ]. Similar conclusions were reached for miR-206, except that the latter 
was shown to reduce NOTCH3 expression [ 47 ]. Although the contribution of miR-
30c and miR-206 has not been explored in experimental PAH models, the demon-
strated implication of PDGF and NOTCH signaling in PAH supports the notion that 
miR- 30c and miR-206 may represent two new therapeutic targets in hypoxia-
induced PAH [ 48 – 50 ]. 

 miR-145 expression was specifi cally localized by in situ hybridization within the 
smooth muscle layer of vessels and bronchi of control mice. Its robust upregulation 
under hypoxia exposure suggested a role of the latter in PAH. Its contribution in 
PAH was examined using genetically modifi ed mice. Compared to wild-type mice, 
miR-145 −/−  mice did not display systolic right ventricular pressure and right ven-
tricular hypertrophy in response to hypoxia. Pulmonary vascular remodeling was 
also reduced in these mice indicating protection against the development of PAH. 
These fi ndings were replicated by pharmacological manipulation of miR-145 using 
a specifi c antagomiR. In human pulmonary arteries, miR-145 was confi ned to 
PASMCs and signifi cantly elevated in lungs of patients with primary PAH, confi rm-
ing animal model fi ndings. Whereas anti-miR-driven downregulation or miR-145 
mimic transfection failed to infl uence BMPR2 expression in PASMCs, siRNA 
knockdown of BMPR2 induced a marked upregulation of miR-145, indicating that 
miR-145 acts downstream of BMPR2 signaling. Consistently, mice harboring a het-
erozygous BMPR2 tail domain mutation (BMPR2 R899X/+ ) and spontaneously devel-
oping PAH presented high expression levels of miR-145 [ 51 ]. 

 As observed in PAECs, miR-21 expression is also upregulated in PASMCs after 
hypoxia exposure. miR-21 is essential for hypoxia-induced cell proliferation, resis-
tance to apoptosis, and migration. Expression of PDCD4 and sprouty homolog 2 
(SPRY2, a suppressor of Ras/MAPK signaling), two target genes of miR-21, were 
decreased in hypoxia and in PASMCs overexpressing miR-21 in normoxia and 
increased in hypoxic cells in which miR-21 was knocked down [ 32 ,  52 ]. Taken 
together, these data underscore a signifi cant role of miR-21 in hypoxia-induced 
PASMCs proliferation and migration by regulating multiple gene targets. Since 
PDCD4 is also a target of miR-21 is PAECs, these data indicate that miR-21 exerts 
similar effects independently of the cell type (PAECs or PASMCs). However, con-
trary to PAECs, the upregulation of miR-21 in PASMCs appears harmful [ 33 ]. The 
opposite roles of miR-21 in these different cell types may explain confl icting results 
obtained in PAH animal models after miR-21 knockdown [ 30 ,  32 ,  33 ]. 
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 Based on the fact that (1) elevated expression of miR-17 and miR-20a belonging 
to the miR-17/92 cluster was evoked to be responsible for the abnormal phenotype 
of PAH-PASMCs and (2) enforced expression of miR-17/92 exhibits strong tumori-
genic activity in multiple models, Chen and collaborators examined the PASMC- 
specifi c contribution of the cluster to the pathogenesis of PAH [ 53 ,  54 ]. To do so, a 
mouse model of conditional inactivation of miR-17/92 in smooth muscle cells was 
generated. In vivo targeted deletion of miR-17/92 attenuated the hypoxia-induced 
increases in right ventricular pressure, right ventricular hypertrophy, and pulmonary 
arterial thickness. This benefi cial effect was explained by in vitro fi ndings showing 
that miR-17/92 lentiviral infection promotes proliferation and smooth muscle cell 
markers (αSMA, Calponin, SM22α) expression in normal PASMCs. This study 
identifi ed PDZ and LIM domain protein 5 (PDLIM5) as a negative regulator of 
SMC-differentiated phenotype via a TGFβ3/Smad3 signaling and a direct target of 
miR-17/92 in human PASMC. The authors reported a biphasic regulation of miR- 
17/92 expression characterized by an early transient induction and a late phase 
reduction potentially refl ecting a fi rst causal and a subsequent adaptive response to 
inhibit further progression of pulmonary hypertension [ 55 ]. This temporal diver-
gence during PAH progression needs to be further clarifi ed.     

    microRNAs and Ion Channels in PAH 

    Implication of K +  channels)    (especially voltage-gated and two pore K +  channels) in 
the )   etiology pulmonary hypertension has been )   described around 20 years ago 
[ 56 ]. Inhibition of K +  channels secondary to hypoxia or key pathogenic factors 
(such as endothelin-1 and serotonin) causes cell depolarization and calcium entry. 
Increased levels of intracellular K +  and Ca 2+  triggers pulmonary vasoconstriction 
and stimulate PASMC proliferation as well as resistance to apoptosis. Initially 
selected for their upregulation under hypoxia, miR-190 and miR-29b are mainly 
expressed in PASMCs. Voltage-gated potassium channels Kv7.5 and Kv1.5 were 
found to be regulated by miR-190 and miR-29b, respectively [ 57 ,  58 ]. miR-190 
transfection remarkably enhanced the vasoconstriction responses to phenylephrine 
and KCl of endothelium-denuded pulmonary artery rings and produced an increase 
in cytosolic free Ca 2+  concentration in PASMCs [ 57 ]. Contrary to miR-190 and 
miR-29b, miR- 328 showed opposite changes in expression with a signifi cant dimi-
nution in rat subjected to hypoxia and in pulmonary arteries (PA) from PAH patients 
[ 59 ]. Under both normoxic and hypoxic conditions, transgenic mice overexpress-
ing miR-328 under the control of smooth muscle-myosin heavy chain (SM-MHC) 
regulatory sequences exhibited reduced right ventricular systolic pressure and wall 
thickness compared to wild-type mice. In rat PASMCs, overexpression of miR-328 
induced cell apoptosis and western blot analysis coupled with luciferase reporter 
assays established that miR-328 targets insulin growth factor 1 receptor (IGF1R) 
and the  L -type calcium channel α1C (CaV1.2), a major Ca 2+  entry pathway in 
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smooth muscle cells. As CaV1.2 expression is reduced in PA from hypoxic rats, the 
study provided direct evidences that chronic hypoxia induced PA constriction and 
remodeling via a miR-328/CaV1.2 axis [ 59 ].     

    Protective Role of miR-193 on PAH-Induced Pulmonary 
and Cardiac Abnormalities 

 Biological metabolites of arachidonic and    linoleic acids,    such as hydroxyeicosatet-
raenoic (HETE) and hydroxyoctadecadienoic (HODE) acids, have been found to 
stimulate growth and resistance to apoptosis in many cell types including pulmo-
nary vascular smooth muscle cells [ 60 ,  61 ]. Apolipoprotein A-I (apoA-I) mimetic 
peptides (4F) that bind proinfl ammatory lipids and decrease their levels have been 
developed and displayed therapeutic potential for reversing atherosclerosis in ani-
mal models and humans [ 62 ]. Based on biological properties of 4F, Sharma and 
collaborators examined the potential benefi t of 4F treatment in PAH models. In their 
study, 4F was shown to rescue advanced PAH by improving cardiac and pulmonary 
structure and function. The corrective effects of 4F were accompanied by a restora-
tion of miR-193 levels, diminished in lung and plasma of PAH patients and models. 
As stated for miR-328 (see above), miR-193 directly targets IGF1R, and its overex-
pression in PAH-PASMCs tempered proliferation. Intratracheal administration of 
miR-193 mimics was shown to reverse symptoms of PAH on both MCT and hypoxia 
models highlighting the direct contribution of miR-193 in the benefi cial effects 
mediated by 4F. Finally, the authors revealed that HETE and HODE acids induce 
the expression of the retinoid X receptor alpha which silence miR-193 expression 
by binding to its promoter [ 63 ].  

    miRNA-124 Governs the Proliferative, Migratory, 
and Infl ammatory Phenotype of PAH-Fibroblasts 

 In addition to endothelial and    smooth muscle cells, adventitial fi broblast (AdvFBs) 
is another major cell type deregulated in PAH. Insights have emphasized the role of 
AdvFBs in    controlling arterial remodeling through the liberation of cytokines, che-
mokines, and mitogenic factors but relatively few studies have investigated the role 
of miRNAs in the acquired and stable changes of this phenotype [ 64 ]. In a candidate 
approach based on literature, the contribution of miR-124 in the activated pheno-
type of pulmonary AdvFBs was explored. As expected, a robust decrease expres-
sion of miR-124 was noted in highly proliferative and promigratory PAH-AdvFBs 
compared to control fi broblasts. These parameters were attenuated following miR- 
124 expression. 

 The repressive action of miR-124 on polypyrimidine tract-binding protein 1 
(PTBP1) and monocyte chemoattractant protein 1 (MCP-1/CCL2) was demonstrated 
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as the causal mechanism responsible for the heightened proliferative, migratory, 
and infl ammatory properties of PAH-AdvFBs. This study provided other impor-
tant information. The authors reported no decrease in miR-124 expression in dif-
ferent rodent models of PH, underscoring inter-species miR-124 expression 
divergence. Moreover, they pinpointed histone deacetylases as repressors of miR- 
124 expression [ 65 ].  

    microRNAs and PAH Right Ventricle 

     Right ventricle failure (RVF)   is the primary cause of death in pulmonary hyperten-
sion patients [ 66 ]. For many years, clinicians    have unsuccessfully extrapolated 
knowledge from the left ventricular (LV) failure to the RV. This lack of success    is 
likely due to the differences in the embryologic origin, metabolic profi le or response 
to pressure overload existing between the RV and the LV [ 67 ]. As a result, RV fail-
ure has emerged as an important research priority in the cardiopulmonary research 
fi eld. It is only recently that the role of miRNAs in RV failure has been explored, 
and if many miRNAs [ 68 ] have been showed to be mis-regulated in RV failure, only 
one has been extensively studied by Paulin et al. in 2015 [ 69 ]. Indeed, in their study 
they showed for the fi rst time a critical role of miR-208/Mef2 axis in RVF. In con-
trast to the left ventricle failure, the level of the myocardium specifi c miRNA miR-
208 continuously decreases as RVH progresses, eventually allowing repression of 
MEF2 transcription factor and thus the transition from a compensated RV hypertro-
phy to a decompensated RVH. In addition, they provide evidences that infl amma-
tion (which is a major players in PAH) could serve as second trigger for entrance in 
decompensated RV hypertrophy in synergy with the progressive lost of miR-208.     

    microRNAs and Systemic Angiogenic Impairment in PAH 

 Interestingly, preliminary reports  have   also suggested a role for miRNAs regulating 
angiogenesis known as angiomiR in PAH, including miR-126 [ 70 ]. Indeed, lost of 
angiogenesis is an important feature implicated in both cardiac and skeletal muscle 
dysfunction as seen in RVF and exercise    intolerance in PAH [ 71 ]. Potus and col-
laborators    have reported in muscle biopsies obtained from patients with PAH the 
existence of an inverse correlation between reduced muscle capillarity and exercise 
capacity. The authors provided evidences that the downregulation of angiogenesis 
in skeletal muscle was due to downregulation of the vascular endothelial growth 
factor pathway, a master regulator of systemic angiogenesis following the lost of 
miR-126, a miRNA that is involved in both embryonic and adult angiogenesis. 
Using a combination of  in vitro  and  in vivo  techniques, the authors showed that 
increasing doses of miR-126 were able to restore proper vascularization  in vitro  and 
that direct delivery of miR-126 to muscle can increase both vascularization and 
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performance, ultimately leading to a substantial improvement in exercise capacity. 
Recently, the same group has identifi ed miR-126 dowregulation as a central actor of 
angiogenic defect which is crucial for  RVF  [ 72 ].  

    Conclusion 

 In the fi eld of PAH, considerable efforts have been committed to identify miRNAs 
and decipher their functions. As PAH is a multifactorial disease involving dysfunc-
tion of several cell types, it is not surprising that a plethora of miRNAs are involved 
in the disease. Most of the studies analyzed the repercussions of selected miRNA 
alterations but not the mechanisms responsible for regulation of the expression of 
miRNAs themselves. Most of them have been described as being infl uenced by 
hypoxia. Therefore, the identifi cation of HIF regulated miRNAs will undoubtedly 
provide important insights. Although the instrumental roles of these miRNAs in 
PAH pathogenesis are beginning to be unveiled, a major importance of the latter is 
already proved in the disease, making miRNA a promising therapeutic target in 
human. Body fl uids-expressed miRNAs are reliable PAH diagnostic biomarkers 
[ 73 ]. However, it will be interesting to evaluate whether circulating miRNAs can be 
considered in animal models as treatment-response predictors. Taken together, pub-
lished data indicate that miRNAs have a great potential as therapeutics in PAH.     
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    Chapter 13   
 microRNAs in Diabetic Kidney Disease       

       Arthur     C.  K.     Chung     

    Abstract     Diabetes and diabetic kidney diseases have continually exerted a great 
burden on our society. Although the recent advances in medical research have led to 
a much better understanding of diabetic kidney diseases, there is still no successful 
strategy for effective treatments for diabetic kidney diseases. Recently, treatment of 
diabetic kidney diseases relies either on drugs that reduce the progression of renal 
injury or on renal replacement therapies, such as dialysis and kidney transplantation. 
On the other hand, searching for biomarkers for early diagnosis and effective ther-
apy is also urgent. Discovery of microRNAs has opened to a novel fi eld for post-
transcriptional regulation of gene expression. Results from cell culture experiments, 
experimental animal models, and patients under diabetic conditions reveal the criti-
cal role of microRNAs during the progression of diabetic kidney diseases. Functional 
studies demonstrate not only the capability of microRNAs to regulate expression of 
target genes, but also their therapeutic potential to diabetic kidney diseases. The 
existence of microRNAs in plasma, serum, and urine suggests their possibility to be 
biomarkers in diabetic kidney diseases. Thus, identifi cation of the functional role of 
microRNAs provides an essentially clinical impact in terms of prevention and treat-
ment of progression in diabetic kidney diseases as it enables us to develop novel, 
specifi c therapies and diagnostic tools for diabetic kidney diseases.  

  Keywords     microRNAs   •   Diabetic kidney disease   •   Biomarker   •   Therapy  

        Introduction 

 As a chronic metabolic disease, diabetes occurs after our body is unable to generate 
suffi cient insulin or our cells are unable to respond to the insulin produced. The 
global prevalence of diabetes is increasing and is predicted to reach the distressing 
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number of 591.9 million by the year 2035 from 381.8 million in 2013 [ 1 ,  2 ]. It will 
be about 55 % increase within 20 years and this signifi cant increase is attributed to an 
escalating tendency towards sedentary lifestyle and westernized choice of diet, lead-
ing to obesity. Diabetes is an important public health concern because the burden of 
diabetes is enormous which will provoke 5.1 million deaths and take up some US$548 
billion dollars in health spending (11 % of the total spent worldwide) in 2013 [ 1 ]. 

  Diabetes complications   are divided into microvascular, which is due to damage 
to small blood vessels, and macrovascular, which is due to damage to larger blood 
vessels [ 3 ]. Microvascular complications include damage to eyes (retinopathy) 
leading to blindness, to kidneys (nephropathy) leading to renal failure, and to nerves 
(neuropathy) leading to impotence and diabetic foot disorders (which include severe 
infections leading to amputation). Among these complication, diabetic nephropathy 
(DN) draws much attention as it is the leading cause of chronic kidney disease in 
patients starting renal replacement therapy and is associated with increased cardio-
vascular mortality. 

 Although type 1 and type 2 diabetes are different in etiology and pathogenesis 
and different morphological changes of renal injury in type 1 and type 2 diabetic 
patients [ 4 ], patients with either type 1 or type 2 diabetes have comparable risks of 
renal injury in diseased kidney [ 5 ]. Diabetic nephropathy is characterized by the 
effacement of podocyte foot processes, gradual mesangial cell (MC) proliferation 
and hypertrophy, excessive accumulation of extracellular matrix (ECM) proteins, 
mesangial expansion, and thickening of the glomerular basement membrane (GBM) 
[ 3 ,  6 ]. Eventually these events lead to nodular glomerulosclerosis (Kimmelstiel- 
Wilson lesions) [ 7 ]. Tubular hypertrophy, thickening of the tubular basement mem-
brane (TBM) and interstitial fi brosis occur in the tubulointerstitial area [ 7 ]. 

  Diabetic nephropathy   is a clinical syndrome characterized by persistent albumin-
uria (>300 mg/day or >200 μg/min) that is confi rmed on at least two occasions 3–6 
months apart, progressive decline in the glomerular fi ltration rate (GFR), and ele-
vated arterial blood pressure. Present interventions of diabetic nephropathy consist-
ing of rigorous glycemic control, antihypertensive therapy, such as 
angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin II receptor 
blockers (ARBs), are the fi rst-line drugs. However, ACEIs and ARBs have been 
shown to slow down the progression of kidney disease but they are unable to halt 
this progression [ 8 – 12 ]. Therefore, there is an urgent need to search for effective 
therapy to halt the progression to the end-stage renal disease (ESRD) after the 
nephropathy has been established [ 13 ]. 

 Furthermore, diabetic nephropathy is often related to other macrovascular dis-
eases, such as cardiovascular disease. In the USA, diabetic nephropathy is 
 contributed to almost 50 % of all ESRD [ 7 ]. Although dialysis or kidney transplan-
tation regulate uremia and other symptoms of renal failure in patients with ESRD, 
the prognosis for patients with ESRD due to diabetes is not enthusiastic because 
more than 50 % of patients die within 5 years after diagnosis [ 14 ] and the 5-year 
survival rates is similar to that among patients with metastasized gastrointestinal 
carcinoma [ 13 ]. The increasing  population  with diagnosed  diabetes  and irreversible 
renal injury after onset of diabetic nephropathy demands the development of effec-
tive therapy to combat diabetic nephropathy in near future. 
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    microRNAs in the Diabetic Kidney Disease 

    microRNAs, short   noncoding RNAs with 22–25 nucleotides long,    is able bind to 
the 3′ untranslated region (3′ UTR) of its target messenger RNA (mRNA) by imper-
fect complementary manner, leading to posttranscriptional gene silencing. 
Consequently microRNAs suppress gene expression via mRNA degradation, trans-
lation inhibition, or transcriptional inhibition [ 15 ,  16 ]. After two decades of the 
research, microRNAs are found to be essential in many cellular and biologic pro-
cesses, such as proliferation, differentiation, and development, and in the regulation 
of genes related to immune responses, cancer, and insulin secretion [ 17 – 20 ]. Owing 
to the vital role in regulating gene expression, aberrant expression of microRNAs is 
found to be present in human diseases including cancer, hepatitis, and diabetes [ 18 , 
 21 – 24 ]. More evidence demonstrates that microRNAs play a key role in renal fi eld. 
As some reviews of microRNAs research on kidney development, function, and 
diseases have been previously published [ 25 – 40 ], this chapter will focus on the cur-
rent research progress of microRNAs in diabetic nephropathy. 

  Glomerulosclerosis   and  interstitial fi brosis   are two major pathological features 
during the progressive diabetic nephropathy. Damage of MCs and tubular epithelial 
cells (TECs) is attributed to fi brosis during diabetic nephropathy. All these events 
are resulted from aberrant glucose metabolism because this aberration will generate 
various harmful by-products such as advanced glycation end products (AGE), ele-
vation of reactive oxygen species (ROS), and activation of protein kinase C (PKC). 
These events fi nally activate TGF-β signaling which stimulates renal fi brosis. 
Therefore, hyperglycemia acts as a trigger to induce the cascade of renal injury. 

 During the biosynthetic process of microRNAs, Dicer participates in both 
microRNAs biogenesis and microRNAs-mediated gene silencing [ 41 – 44 ]. 
Podocytes in the glomerular basement membrane are important to maintain the glo-
merular fi ltration barrier. Any podocyte dysfunction will result in glomerular 
pathologies as in diabetic nephropathy (DN) or other types of glomerulonephritis 
[ 45 ]. Deletion of Dicer in mouse podocytes demonstrates a loss of microRNAs and 
an induction to proteinuria, podocyte injury, and renal fi brosis [ 46 – 48 ], suggesting 
the vital role of microRNAs in the podocytes to keep renal functions to be normal. 
Recent evidence demonstrates that microRNAs act as vital regulators of gene 
expression during diabetic nephropathy. The involvement of microRNAs in diabetic 
nephropathy is summarized in Tables  13.1  and  13.2 .  

         miR-192 

   The fi rst microRNA reported  in   diabetic nephropathy is miR-192 [ 49 ]. Within 
 glomeruli   isolated from streptozotocin (STZ)-injected diabetic mice as well as dia-
betic  db / db  mice, the elevation miR-192 expression levels are associated with 
increased TGF-β1 and collagen 1a2 (Col1a2) levels. This increase of renal miR-192 
expression is also observed in  db / db  mice, type 2 diabetes rat, and whole blood 
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samples of type 2 diabetes patients [ 50 – 53 ]. Furthermore, TGF-β1 treatment 
increases miR-192 levels in both mouse MCs and isolated glomeruli from both type 
1 and type 2 mouse models of diabetes [ 49 ,  53 ]. In vitro studies also demonstrate 
that miR-192 levels are increased in MCs and TECs after treatment with high 

   Table 13.1    Upregulated microRNAs in diabetic nephropathy   

 microRNA  In vivo (animal mode)  In vitro (cell type)  Target  References 

 miR-192  STZ induced DN mice, DN 
in  db / db  mice 

 MCs (human, rat, 
mouse) 

 ZEB1/2  [ 49 – 53 ] 

 miR-216a 
miR-217 

 STZ induced DN mice, DN 
in  db / db  mice 

 Primary MCs 
(mouse) 

 PTEN  [ 57 ] 

 miR-216a  STZ induced DN mice, DN 
in  db / db  mice 

 Primary MCs 
(mouse) 

 Ybx1  [ 58 ] 

 miR-21  OVE26 type 1 diabetic 
mice (12 weeks of age) 

 MCs (human and 
rat) 

 PTEN  [ 63 ] 

  db / db  mice (10 or 20 weeks 
of age) 

 PTEs (mouse)  Smad7, 
TIMP3 

 [ 64 ,  67 ] 

 kk-ay DN mice (T2DM) 
(20 weeks of age) 

 MCs, TECs (rat)  MMP-9, 
TIMP1 

 [ 65 ,  67 ] 

 miR-215   db / db  mice  Primary MCs 
(mouse) 

 CTNNBIP1  [ 51 ] 

 miR-377  Spontaneous [(NOD/Lt) 
mice] and STZ induced DN 
mice 

 MCs (human and 
mouse) 

 PAK1 and 
MnSOD 

 [ 54 ] 

 miR-195  STZ induced DN mice  MCs (human and 
mouse) 

 BCLC2  [ 98 ,  99 ] 

   DN  diabetic nephropathy,  MC  mesangial cells,  PTE  proximal tubule epithelial cells,  STZ  strepto-
zotocin,  TEC  tubular epithelial cells  

   Table 13.2    Downregulated microRNAs in diabetic nephropathy   

 microRNA  In vitro (cell type)  In vivo (animal mode)  Target  References 

 miR-192  PTE human (HK-2 
cells) 

 Patients with established DN  Zeb2  [ 61 ,  62 ] 

 miR-200a  TEC (rat)  STZ induced DN in 
apolipoprotein E knockout 
mice 

 TGF-β2  [ 89 ] 

 miR-29a  PTE human (HK-2 
cells) 

 Col IVA1 
& Col 
IVA2 

 [ 78 ] 

 miR-25  MCs (rat)  STZ induced DN rat  Nox4  [ 95 ] 
 miR-451  Primary MCs 

(mouse) 
 Early DN ( db / db  mice)  Ywhaz  [ 96 ] 

 miR-93  Renal microvascular   db / db  mice  VEGF-A  [ 97 ] 
 Endothelial cell 
 Mouse podocytes 

   DN  diabetic nephropathy,  MC  mesangial cells,  PTE  proximal tubule epithelial cells,  STZ  strepto-
zotocin,  TEC  tubular epithelial cells  
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glucose, AGE, and TGF-β1 [ 54 – 56 ]. These results show the strong correlation 
between elevation of renal miR-192 levels and diabetic condition. 

 Several possible mechanisms have been purposed for the mediation of miR-192 
during renal fi brosis. Firstly, miR-192 suppresses the E-box repressor Smad-1 inter-
acting protein (Sip-1, Zeb2). As Sip-1 binds E-box enhancer elements in the Col1a2 
gene, elevation of miR-192 then promotes collagen deposition in response to TGF- 
β1 [ 49 ]. Furthermore, miR-192 increases expression of miR-216a and miR-217 
which target PTEN [ 57 ]. Thus, miR-192 can activate Akt kinase to promote fi brosis 
as Akt activation in mouse MCs induces signatures of diabetic nephropathy, such as 
ECM gene expression, apoptosis inhibition, and hypertrophy [ 57 ]. In addition, 
miR- 216a is also reported to target Ybx1, an RNA binding protein and a component 
of P-bodies, and Ybx1 participates in TGF-β-induced collagen expression in mouse 
MCs [ 58 ]. 

 The results from miR-192 knockout (KO) mice provide further support to the 
pathological role of miR-192 in diabetic nephropathy [ 59 ]. When compared to dia-
betic wild-type mice, deletion of miR-192 gene in type I diabetic mice decreases 
proteinuria, renal fi brosis, and hypertrophy [ 59 ]. Taken together, these studies show 
a pathological role of miR-192 in diabetic nephropathy. 

 The results from animal models show a pro-fi brotic role of miR-192 in diabetic 
nephropathy [ 49 ,  59 ,  60 ]. The results are opposite in human nephropathy [ 61 ,  62 ]. 
Reduced expression of miR-192 is associated with tubulointerstitial fi brosis and low 
estimated glomerular fi ltration rate (GFR) in patients with established diabetic 
nephropathy [ 61 ]. In a human proximal TEC line, HK-2 cells, treatment with TGF- 
β1 (10 ng/mL for 96 h) decreases the expression of miR-192, zinc fi nger E-box 
binding homeobox 1 (Zeb1), and E-cadherin but increases zinc fi nger E-box bind-
ing homeobox 2 (Zeb2), PAI-I, and vimentin [ 61 ]. In another report, treatment of 
TGF- β1 (10 ng/mL for 72 h) reduces levels of miR-192 and miR-215 in primary rat 
MCs and TEC, and in the renal cortex of apolipoprotein E knockout mice at 10 
weeks of diabetes [ 62 ]. These differences of observations in murine models may be 
attributed to the different models and time points used [ 57 ,  62 ]. Reduced levels of 
miR-192 and miR-215, which target Zeb2, participate in TGF-β/CTGF-mediated 
changes in E-cadherin expression. These results demonstrate that miR-192/215 may 
not affect fi brosis by directly changing the levels of fi brotic markers and ECM pro-
teins [ 62 ]. Taken together, the different fi ndings in levels of miR-192 in human and 
animal models of diabetic nephropathy suggest that signaling mechanism during 
diabetic kidney injury is complicated.    

    miR-21 

   The pro-fi brotic role of  miR-21   is more obvious as results of in vitro studies show 
that miR-21 abundance  is   increased in TECs and MCs after treatment with TGF-β1 
or under diabetic condition [ 55 ,  63 – 66 ]. Higher levels of miR-21 in renal cortices 
are found in type 1 (OVE26) and type 2 ( kk - ay  and  db / db ) diabetic mouse models 

13 microRNAs in Diabetic Kidney Disease



258

[ 63 – 65 ,  67 ] although a report demonstrates a reduction of miR-21 expression  during 
early DN in diabetic  db / db  mice [ 68 ]. In human, miR-21 abundance is increased in 
kidney biopsies from diabetic patients compared to healthy controls [ 67 ]. 
Furthermore, the pro-fi brotic role of miR-21 is further reinforced by the in vitro 
studies that miR-21 upregulates the expression of ECM and α-SMA in TECs and 
MCs after treatment of TGF-β1 or under diabetic condition [ 55 ,  63 – 66 ]. In addition, 
overexpression of miR-21 in kidney cells also enhances but suppression of miR-21 
inhibits renal infl ammation under diabetic condition [ 64 ]. 

 Several possible mechanisms have been purposed for the mediation of miR-21 
during renal injury and these mechanisms may be related to putative target genes of 
miR-21 and the activation of TGF-β signaling during diabetic condition [ 69 ,  70 ]. 
The fi rst evidence is that miR-21 may activate the TGF-β canonical signaling by 
inhibiting Smad7, which prevents activation of TGF-β signaling [ 64 ]. In addition, 
miR-21 may mediate the TGF-β noncanonical signaling by targeting to Sprouty 
(SPRY) as SPRY, a potent inhibitor of Ras/MEK/ERK, suppresses TGF-β-dependent 
fi brogenic activities [ 71 ]. As phosphatase and tensin homolog (PTEN) may be one 
of targets of miR-21 [ 72 ,  73 ], activation of Akt pathway by suppressing PTEM via 
miR-21 may be another mechanism for miR-21 to be involved in diabetic kidney 
injury. Suppression of PTEN by miR-21 also increases activities of phosphati-
dylinositide 3-kinases (PI3K) and Akt, and subsequently activates metalloprotein-
ase- 2 (MMP-2) expression [ 72 ]. Recently, miR-21 is found to mediate the reciprocal 
regulation of PTEN levels and AKT1 substrate 1 (PRAS40), a negative regulator of 
Tor complex 1 (TORC1) activity during diabetic nephropathy [ 63 ]. As both metal-
loproteinases and tissue inhibitors of metalloproteinases (TIMPs) activities play a 
key role to regulate ECM turnover during fi brosis, the recent fi ndings of TIMP3 as 
a potential miR-21 target suggest that miR-21 mediate several pathways to enhance 
renal injury during diabetic nephropathy [ 67 ].    

    miR-29 

   As miR-192 and miR- 21   are pro-fi brotic microRNAs, miR-29s are anti-fi brotic 
microRNAs.  Normally   abundance of miR-29 family (miR-29a, miR-29b, and miR- 
29c) is always high in kidney, lung, and heart [ 74 ]. During fi brotic diseases, its 
abundance signifi cantly decreases in animal models and human samples of heart, 
lung, and kidney [ 75 – 77 ]. Furthermore, treatment with TGF-β1 or under diabetic 
condition downregulates the abundance of the miR-29 family in cultured MCs, 
TECs, and podocytes but upregulates the abundance of ECM proteins [ 55 ,  75 ,  78 , 
 79 ], suggesting a protective role of miR-29 during renal injury. 

 Its protective role against fi brosis has been shown in various fi brotic disease 
models. Overexpression of miR-29 inhibits but knockdown of miR-29 enhances 
abundance of fi brotic markers in cell lines from heart, lung, and kidney after TGF-β 
treatment [ 71 ,  75 ,  76 ,  79 – 82 ]. More importantly, delivery of miR-29b either before 
or after established obstructive nephropathy successfully halts progressive renal 
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fi brosis in a mouse model of unilateral ureteral obstruction nephropathy [ 75 ], 
 supporting the anti-fi brotic properties of miR-29. 

 By employing different disease models of heart, lung, and kidneys, miR-29 sup-
presses fi brosis mainly by inhibiting the ECM-related gene transcription because more 
than 20 different ECM-related genes have been validated to be miR-29 targets via 
reporter gene assays and some of them are induced by TGF-β signaling [ 76 ,  81 ,  83 ]. 

 The anti-fi brotic properties of miR-29 are also confi rmed in diabetic condition that 
inhibition of miR-29a increased the risk of excess collagen deposition [ 78 ]. 
Furthermore, miR-29a downregulates collagen IV (Col IV) expression by directly tar-
geting the 3′ UTRs of the collagen genes Col IV a1 and Col IV a2 in HK-2 cells [ 78 ].    

    miR-200 

    The ability to maintain  epithelial   differentiation is the well-established function  of 
  miR-200 family (miR-200a, miR-200b, miR-200c, miR-429, and miR-141). Thus it 
is believed that miR-200 family inhibits fi brosis via this ability [ 84 – 86 ]. Treatment 
with TGF-β reduces the abundance of these microRNAs and the cells will undergo 
epithelial to mesenchymal transition (EMT) [ 85 – 88 ], suggesting that TGF-β may 
mediate these microRNAs to promote EMT. Although it is believed that proximal 
TECs may undergo EMT to induce renal fi brosis [ 89 ], this notion that EMT contrib-
utes to renal fi brosis has been lately confronted. More studies should be done to 
clarify the role of miR-200 in kidney diseases. 

 In renal TECs, both TGF-β1 and TGF-β2 can reduce abundance of the miR-200 
family in a Smad signaling dependent manner [ 89 ,  90 ]. Similarly, reduction of renal 
miR-200a and miR-141 occurs in kidneys of a mouse model of diabetic nephropa-
thy [ 89 ], suggesting a protective role of miR-200 family in diabetic nephropathy. 

 However, elevation of miR-200b/c levels is found in glomeruli from type 1 
(streptozotocin) and type 2 ( db / db ) diabetic mice, and in mouse mesangial cells 
treated with TGF-β1 in vitro [ 53 ]. Recently, activation of miR-200b and miR-200c 
and their target FOG2, an inhibitor of phosphatidylinositol 3-kinase activation, is 
shown to be a possible way of how TGF-β induces Akt signaling in glomerular 
mesangial cells [ 91 ]. The reduction of FOG2 expression is observed in the glomer-
uli of diabetic mice and TGF-β-treated mouse MC. It is unexpectedly that increase 
of miR-200b/c levels is detected in diabetic mouse glomeruli and TGF-β-treated 
MC [ 91 ]. Transfection with miR-200b/c mimics in MC considerably reduces FOG2 
expression and increases cell hypertrophy which is confi rmed by FOG2 knockdown 
in MC. In addition, suppression of FOG2 by miR-200b/c also activates ERKs, 
which is through PI3K activation [ 91 ]. These new fi ndings suggest a new mecha-
nism for TGF-β-induced Akt activation through FOG2 suppression by miR-200b/c, 
which results in glomerular mesangial hypertrophy during diabetic kidney disease. 
However, the differences of miR-200 expression in diabetic kidneys are possibly 
due to the differences in the origin of cell lines examined, the treatments performed, 
and the use of different animal models between studies.     
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    microRNAs in Glomerular Permeability and Podocytes 

     Podocytes  , which  are   epithelial cell of  the   visceral layer of a renal glomerulus, are 
important  to   retain glomerular selectivity and control the ECM synthesis in glo-
merular basement membrane (GBM) [ 6 ]. During diabetic kidney disease, impair-
ment of glomerular podocytes, deposition of extracellular ECM in glomeruli, and 
hypertrophy and expansion in the glomerular mesangium are observed within the 
diseased kidney [ 45 ]. As a result, proteinuria will occur and kidney function will 
decline. 

 Role of microRNAs in podocyte function is demonstrated from studies from two 
independent lines of Dicer KO mice generated for podocytes [ 46 ,  48 ]. It is found 
that proteinuria is observed in KO mice in 3 weeks after birth and rapidly develops 
into end-stage kidney disease. In addition, various abnormalities are found in glom-
eruli of KO mice, such as podocyte apoptosis and depletion, irregular and split areas 
of the glomerular basement membrane, foot process effacement, mesangial expan-
sion, capillary dilation, and glomerulosclerosis [ 48 ], suggesting that proper function 
of Dicers to produce microRNAs in podocytes is required. 

 A recent study of specifi c deletion of Dicer in mouse podocyte discloses an 
enrichment of predicted miR-30 target genes among the upregulated genes [ 92 ]. 
Abundance of miR-30s is high in glomerular podocytes in mice and TGF-β inhibits 
miR-30s levels in podocytes [ 92 ]. When diabetic condition upregulates TGF-β lev-
els and activates TGF-β signaling, TGF-β-suppression of miR-30s in podocyte may 
contribute to TGF-β-induced apoptosis in podocytes. 

 During diabetic kidney diseases, urinary podocyte excretion is observed and this 
feature is associated with the decreased adhesive capacity after damage of podocyte 
[ 93 ]. Recently, miR-124 levels are found to impair proper podocytic adhesive 
capacity [ 94 ]. During diabetic kidney disease, miR-124 abundance in kidneys is 
elevated in STZ-induced uninephrectomized diabetic rats and inhibition of renal 
miR-124 improves podocytic adhesive capacity [ 94 ].     

    Other microRNAs 

 Here are other microRNAs involved in diabetic kidney disease. Further studies on 
these microRNAs may shed more light on their roles in diabetic nephropathy. 

 Abundance of  miR-25   is reduced by high glucose in MCs or in rat diabetic kid-
ney. As it targets NADPH oxidase 4 (Nox4), this reduction results in an increase of 
Nox4 expression and ROS production [ 95 ], suggesting that miR-25 may protect the 
kidney from oxidative stress. 

  miR-215   may be involved in Wnt/β-catenin signaling as it targets catenin-beta 
interacting protein 1, which suppressed Wnt/β-catenin signaling. In addition, miR- 
215 is signifi cantly elevated under diabetic conditions both in vitro (MCs) and 
in vivo ( db / db  mice) [ 51 ] and miR-215 mediates TGF-β1-induced fi bronectin levels 
via activating β-catenin [ 51 ]. 
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 Renal  miR-451   is reduced during early diabetic nephropathy in  db / db  mice. 
miR-451 controls p38 mitogen-activated protein kinases (MAPK) signaling by tar-
geting of Ywhaz (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activa-
tion protein, zeta) [ 96 ], suggesting that miR-451 protects mesangial hypertrophy. 

 Abundance of  miR-377   is elevated in high glucose cultured or TGF-β treated 
human and mouse MCs, and in kidney of spontaneous (NOD/Lt) and STZ-induced 
type 1 diabetes mouse model [ 54 ]. It may participate in fi bronectin production and 
oxidative stress during diabetic nephropathy. miR-377 targets p21-activated 
kinase-1 (PAK1) and manganese superoxide dismutase (MnSOD), which enhance 
fi bronectin expression [ 54 ]. 

  As  miR-93   is primarily expressed in glomeruli and TEC, it is one of signature 
microRNAs in hyperglycemic conditions [ 97 ]. However, abundance of miR-93 is 
reduced in cultured podocyte cells, renal microvascular endothelial cells, and glom-
eruli of diabetic mice [ 97 ]. High levels of miR-93 decreases expression of vascular 
endothelial growth factor (VEGF), a predicted target of miR-93 [ 97 ]. As VEGF 
targets collagen IV and fi bronectin, the repression of miR-93 during diabetic 
nephropathy may contribute to the production of collagen and fi bronectin.  

 High abundance of miR-195 was found in both STZ-induced type 1 diabetic 
mice and MCs and podocytes cultured in high glucose. Overexpression of miR-195 
reduces B-cell lymphoma 2 protein levels but increases caspase-3 in podocytes and 
MCs, suggesting that miR-195 may mediate apoptosis in diabetic kidney disease 
[ 98 ,  99 ]. 

 Overall, the aberrant expression of these microRNAs in pathogenesis elicits the 
critical role of microRNAs in diabetic nephropathy.  

    Regulations of microRNA During Diabetic Kidney Disease 

   It is still unknown  what   exact mechanism of how high glucose condition  controls 
  microRNA abundance during diabetic kidney disease. It is generally accepted that 
TGF-β signaling may be the major signaling pathway to enhance microRNA bio-
genesis during diabetic condition [ 40 ]. TGF-β signaling has been reported to pro-
mote the conversion of primary transcripts of some microRNAs into their mature 
form by the Drosha complex [ 100 ]. For example, Smad3, the downstream mediator 
of TGF-β signaling, physically interacts with Drosha to catalyze the process from 
pri-miR-21 to mature miR-21. 

 We also show that the transcription of miR-21, miR-192, miR-433, and the miR- 
29 family during renal diseases is regulated by TGF-β/Smad3 signaling [ 56 ,  66 ,  75 , 
 101 ,  102 ]. TGF-β suppresses miR-29 expression but induces miR-2, miR-433, and 
miR-192 expression. This regulation depended on the presence of Smad3 as shown 
in Smad2 or Smad3 KO mouse embryonic fi broblasts (MEF), and in MCs and TECs 
knocking down for Smad2 or Smad3, or overexpressing Smad7 [ 55 ,  56 ,  66 ,  75 ]. 
Furthermore, Smad3 also physically interacts with Smad binding site (SBE) located 
in their promoters to regulate the expression of these microRNAs [ 56 ,  66 ,  75 ,  101 ]. 
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Smad7, an inhibitory Smad, protects kidneys from fi brosis not only by suppressing 
Smad3 activation, but also by regulating TGF-β/Smad3-mediated microRNAs via 
maintaining renal miR-29b but suppressing miR-192 and miR-21 [ 55 ,  56 ,  103 ]. 
This notion has been confi rmed by the results from several mouse models of kidney 
diseases induced in mice lacking Smad3, Smad7, or having conditional knockout 
(KO) for Smad2 or overexpressing renal Smad7 [ 55 ,  56 ,  66 ,  75 ,  101 ]. 

 A recent study further extends the regulation of microRNAs in diabetic kidney 
disease to p53. It shows that TGF-β induces a crosstalk between p53 and miR-192 
[ 59 ]. Abundance of TGF-β1, p53, and miR-192 is known to be increased in diseased 
glomeruli of diabetic mice [ 59 ,  60 ,  104 ]. 

 When TGF-β-induced miR-192 abundance is reduced in vivo, this reduction will 
then reduce renal p53 expression in streptozotocin induced diabetic mice [ 59 ]. This 
correlation between miR-192 and renal expression of TGF-β and p53 is further sup-
ported by the results from miR-192 KO type I diabetic mice [ 59 ]. Taken together, 
the TGF-β/Smad3 signaling is important to control microRNA abundance during 
diabetic nephropathy.    

    Therapeutic Potential of microRNAs in Diabetic Kidney 
Disease 

   Besides searching  the   functions of microRNAs, the  focus   has recently shifted to the 
therapeutic potential of the microRNAs and ability to be a biomarker in diabetic 
nephropathy. 

 Many microRNA studies have shown that restoring or inhibiting the abundance 
of microRNAs in kidney cells under diabetic condition is able to reduce the levels 
of ECM [ 64 ,  65 ,  96 ]. In addition, delivery of microRNA mimics, inhibitors, or plas-
mids for overexpressing or knocking down microRNAs in rodent experimental 
models provides solid evidences that regulating microRNA abundance has thera-
peutic potential to cure diabetic nephropathy. For example, the in vivo transfer of 
antagomiR-21 ameliorates creatinine clearance ratio and urine albumin creatinine 
ratio, and reduces the abundance of tissue inhibitor of metalloproteinase 1 (TIMP- 
1), Col IV, and fi bronectin in kidney of diabetic mice [ 65 ]. Delivery of  miR - 21  
knockdown plasmids into the diabetic kidneys of  db / db  mice at age 10 weeks con-
siderably ameliorates both microalbuminuria and renal fi brosis and infl ammation at 
age 20 weeks [ 64 ]. Reducing miR-29c by an antisense oligonucleotide restores 
expression of Sprouty-1 and ameliorates albuminuria and mesangial matrix expan-
sion in the type 2 ( db / db ) diabetic mice [ 50 ]. Inhibition of miR-192 with modifi ed 
anti-sense oligonucleotides signifi cantly attenuates proteinuria in mice with dia-
betic nephropathy and suppresses oxidative stress and the renal fi brosis and hyper-
trophy [ 60 ]. Knockdown of miR-215 with antagomiR-215 restores CTNNBIP 
expression and inhibits Wnt/β-catenin signaling and expression of α-SMA and 
fi bronectin in the  db / db  mouse kidney [ 51 ]. Overexpression of miR-451 inhibits 
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glomerular MC proliferation in vivo [ 96 ]. These successful results from rodent dia-
betic nephropathy models demonstrate two important aspects. 

 Firstly, altering microRNA activity in diabetic kidneys can hold the progression 
of diabetic nephropathy which is not shown in current drug treatment. Theses prom-
ising results from experimental models demonstrate the possibility of applying 
microRNA therapy in the clinical practice. In addition to the conventional plasmid 
delivery, recent development of chemically modifi ed oligonucleotides that are sta-
ble in the circulation, can freely enter cells to bind to specifi c microRNA and silence 
it [ 31 ], provides possible and effective delivery methods to ensure the success of 
microRNA therapy in renal diseases. However, there are still some obstacles for 
microRNA therapy. Further attention may focus on the risk of off-target effects of 
microRNAs, specifi city of delivery methods, and nonspecifi c immune response. 
Therefore, it is still a long way for clinic application with microRNA-based therapy 
against diabetic nephropathy. 

 On the other hand, circulating microRNAs in serum, plasma, and urine have been 
used as biomarkers for many diseases to refl ect a response to the pathophysiological 
stresses [ 105 – 108 ]. The possibility to use circulating microRNAs as biomarkers in 
diabetic nephropathy is investigating because the variations of microRNA levels in 
the body fl uids from patients with diabetic nephropathy may reveal the progression 
of the disease. 

 A recent study shows that a total of 27 microRNAs at signifi cantly different lev-
els are found in urine from the patients at different stages of diabetic nephropathy 
[ 109 ]. In addition, these 27 microRNAs have previously been found to participate in 
signaling pathways of renal fi brosis during diabetic kidney disease. An another 
study of microRNA abundance in urinary exosomes from type 1 diabetic patients 
with and without incipient diabetic nephropathy shows that miR-130a and miR-145 
are higher but miR-155 and miR-424 are decreased in patients with microalbumin-
uria [ 110 ]. These results are supported by studies in cells and animal models. 
Abundance of miR-145 is induced after treatment with high glucose in both MCs 
and MC-derived exosomes. Similarly in an animal model of early experimental 
diabetic nephropathy, the elevation of urinary exosomal miR-145 levels is tightly 
correlated with miR-145 overexpression within the glomeruli [ 110 ]. These results 
propose a possible correlation between circulating microRNA and its renal expres-
sion during diabetic kidney disease. 

 As microRNAs found in circulation or urine may refl ect the progression of dia-
betic nephropathy, the early detection of their presence in circulation or urine may 
enable us to predict the disease progression. To achieve this purpose, the threshold 
of detection of microRNAs by current amplifi cation methods should be increased 
and a database of the correlation between patterns of microRNA released in circula-
tion or urine and specifi c microRNA expression profi les in damaged kidneys should 
be established.    
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    Conclusion 

 After the discovery of microRNAs and characterization of their functions in kidney 
diseases for two decades, more effort is still required to understand the specifi c role 
and mechanism of microRNAs in renal pathophysiology. Currently, it is known that 
specifi c microRNAs affect renal physiology by altering transcript levels of target 
genes, mediating TGF-β actions on renal fi brosis, disturbing normal functions of 
MC, TEC, and podocyte during renal diseases [ 25 ,  29 ,  34 ,  35 ]. 

 However, the exact mechanism of how microRNAs regulate the diabetic renal 
injury is still unclear. In principle, one microRNA is able to regulate multiple target 
genes. When the number of report of certain microRNA is increasing, the number 
of target genes is also increasing. For example, more than eight direct targets of 
miR-21 and more than ten targets of miR-29 are found in renal research so far. This 
target search only gives us confusion because we do not know the relationship 
among these possible mechanisms. In addition, the report about the relationship 
among the target genes of a specifi c microRNA is scarce and it is still an open fi eld 
for future microRNA research. Hopefully, the rapid development of high- throughput 
validation and proteomic analysis can help us to identify real microRNA targets and 
determine the exact mechanism of microRNAs in renal diseases in near future. 

 Finally, microRNAs act as essential regulators of gene expression during dia-
betic nephropathy. The further understanding of their roles during diabetic kidney 
disease offers us not only an alternative to halt disease progression, but also putative 
biomarkers for early prediction of kidney diseases.     
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    Chapter 14   
 microRNA and Kidney Transplantation       

       Kíra     Jelencsics     and     Rainer     Oberbauer    

    Abstract     The kidney serves as the main clearance organ of our body, fi ltrating and 
excreting metabolic waste products. Various intrinsic and extrinsic conditions can 
lead to kidney injury, roughly 0.1 % of the population suffer from end stage renal 
disease. Renal transplantation reinstitutes an almost normal quality of life; again it 
is cost effective and thus the preferred treatment of terminal renal failure. 

 miRNAs play pivotal roles in immune responses and infl ammation, which makes 
them particularly interesting in the fi eld of transplantation and in understanding the 
molecular pathways of allograft pathologies such as delayed function or cellular and 
antibody mediated rejection. As kidney biopsy is part of the routine disease monitor-
ing, the identifi cation of miRNA pattern is feasible in different stages of the injury. 

 Furthermore miRNAs are easy to detect not only in tissue samples but also in 
body fl uids such as blood and urine. Their regulatory capacity of biological pro-
cesses together with their stability makes them excellent candidates for noninvasive 
monitoring of kidney pathology. There is an accumulating knowledge about 
diseases- specifi c miRNA signatures in distinct kidney injuries. In the following 
chapter we present the current understanding of miRNAs regulation of intragraft 
processes after kidney transplantation.  

  Keywords     Kidney   •   Transplantation   •   Pathology  

        Introduction 

 The  kidneys   are the main clearance organs of the body. They consist of about one 
million of functional units called nephrons, which produce an ultrafi ltration of the 
blood and reabsorb necessary substances such as electrolytes and about 99 % of the 
180 L fi ltered water. Main excretory substances are hydrogen ions via ammonium 
and titrable acidity as well as urea and creatinine. The primary location of the fi ltra-
tion is in the glomerulus at the beginning of the nephron, what is rich in blood 
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vessels. The fi nal concentration and the composition of the urine are defi ned in the 
renal tubule of the nephron by reabsorption, active and passive secretion. 

 microRNAs have been implicated as transcriptional regulators in a wide range of 
biological processes determining cell fate, stress response, proliferation, or death. 
Immense research efforts have identifi ed many associations between disease mecha-
nisms and specifi c microRNAs. In kidney cells and tissues there are more than 200 
miRNAs identifi ed so far. For example, conditional knockout of Dicer from podocytes 
leads to glomerular defects and rapid progression to end stage renal disease, suggesting 
an important role for microRNAs in podocyte function in glomeruli of the kidneys [ 1 ]. 

 The  kidney disease   classifi cation refers to the site of the insult and whether the 
injury is intrinsic to the kidney or the consequences of a systemic disease such as 
diabetes, arterial hypertension or exogenous substances such as pathogens, drugs, or 
X-ray contrast media. If the kidney function falls below 8 %, i.e., equaling a glomeru-
lar fi ltration rate (GFR) of 8 mL/min, renal replacement therapy needs to be initiated. 
Unambiguously the best option is renal transplantation, which allows for an almost 
normal life. In 2011, 17,671 kidney transplantations were performed in the USA [ 2 ]. 

 Since the transplanted kidney is a precious gift, it is intuitive that it is of utmost 
importance that the graft half-life needs to be maximized. Currently the half-life for 
deceased donor organs is roughly 8–10 years whereas for live donor grafts it is 
around 12–15 years [ 2 ,  3 ]. Among the main risk factors for a reduced long-term 
patency is the development of immediate post-transplant delayed graft function 
(DGF). The pathophysiology behind DGF is postischemic acute kidney injury 
(AKI) which is described in more detail elsewhere [ 4 ]. Other important risk factors 
that impact on long-term graft patency are humoral and cellular rejection, infections 
and immunosuppressant toxicity. 

 miRNAs plays a role in development and functional regulation of the immune 
system, what makes them particularly interesting in the fi eld of organ transplanta-
tion. The human genome encodes over 2000 miRNA, but the list is still incomplete, 
discovery and the validation of the mostly in silico predicted targets are still ongo-
ing. There is an accumulating, yet incomplete knowledge about the crucial role of 
specifi c miRNA signatures known to be involved in the recipients’ alloimmune 
responses following organ transplantation (for an overview of the miRNAs involved 
in dysfunctions related to kidney transplantation, see Table  14.1 ). A study used a 
mouse model with targeted Dicer deletion from the renal proximal tubules, where 
ischemia-induced loss of renal function was attenuated in the Dicer knockout mice. 
This experiment provided the fi rst evidence of the role of Dicer and associated 
miRNA production in ischemic AKI [ 5 ].  

    miRNA in Kidney Transplantation 

  Ischemia-reperfusion injury (IRI)     is  one   of the common causes of AKI, associated 
with high morbidity and mortality rates. In solid organ transplantation it is an inevi-
table part of the procedure, and it has very few effective treatment options. 
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    Table 14.1    miRNAs involved in dysfunctions related to kidney transplantation   

 Name  Regulation  Pathology  Organ  References 

 let-7i  Upregulated  ABMR  Kidney  [ 63 ] 
 let-7b  Downregulated  AREJ  Kidney  [ 63 ] 
 let7-c  Downregulated  AREJ  Kidney  [ 60 ] 
 miR-10a  Downregulated  AREJ  Urine, kidney  [ 49 ,  60 ] 
 miR-10b  Downregulated  AREJ  Urine, kidney  [ 49 ,  60 ] 
 miR-16  Downregulated  AKI  Plasma  [ 27 ] 
 miR-17  Upregulated  DGF  Kidney  [ 63 ] 
 miR-17-3p_MM1  Downregulated  AREJ  Kidney  [ 70 ] 
 miR-18a  Upregulated  DGF  Kidney  [ 63 ] 

 Upregulated  IRI  Kidney  [ 33 ] 
 miR-20a  Upregulated  DGF  Kidney  [ 63 ] 

 Upregulated  IRI  Kidney (mouse)  [ 11 ] 
 miR-20  Upregulated  AKI  Kidney  [ 33 ] 
 miR-21  Upregulated  DGF  Kidney  [ 63 ] 

 Upregulated  ABMR  Kidney  [ 63 ] 
 Upregulated  IF/TA  Plasma  [ 71 ] 
 Upregulated  IF/TA  Macrophages, 

pericyte precursors 
 [ 41 ] 

 Upregulated  IRI  Kidney (mouse)  [ 11 ] 
 Upregulated  AKI  Urine  [ 28 ] 

 miR-21-3p  Upregulated  AKI  Kidney  [ 21 ] 
 miR-23b  Downregulated  AREJ  Kidney  [ 63 ] 
 miR-27b  Downregulated  AREJ  Kidney  [ 63 ] 
 miR-30a-3p  Downregulated  AREJ  Kidney  [ 60 ] 
 miR-30b  Downregulated  AREJ  Kidney  [ 60 ] 
 miR-30b  Downregulated  IF/TA  Kidney  [ 44 ] 
 miR-30c  Downregulated  IF/TA  Kidney  [ 44 ] 
 miR-30c  Downregulated  AREJ  Kidney  [ 60 ] 
 miR-30c-2*  Downregulated  AREJ  Kidney  [ 63 ] 
 miR-30e-3p  Downregulated  AREJ  Kidney  [ 60 ] 
 miR-32  Downregulated  AREJ  Kidney  [ 60 ] 
 miR-99b and 
miR-99b* 

 Downregulated  AREJ  Kidney  [ 63 ] 

 miR-106a  Upregulated  DGF  Kidney  [ 63 ] 
 miR-106b  Upregulated  DGF  Kidney  [ 63 ] 
 miR-124  Downregulated  IF/TA  Tubular cells  [ 72 ] 
 miR-125a  Upregulated  AREJ  Kidney  [ 73 ] 

 Downregulated  AREJ  Kidney  [ 63 ] 
 Downregulated  ABMR  PBMC, kidney  [ 67 ] 

 miR-125a_MM1  Upregulated  AREJ  Kidney biopsy  [ 73 ] 
 miR-125  Downregulated  AREJ  Kidney  [ 60 ] 
 miR-125b-2*  Downregulated  AREJ  Kidney  [ 63 ] 

(continued)
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Table 14.1 (continued)

 Name  Regulation  Pathology  Organ  References 

 miR-126  Upregulated  IRI  MP  [ 56 ] 
 miR-127  Upregulated  IRI  Kidney (rat)  [ 20 ] 
 miR-132  Upregulated  IRI  Kidney (mouse)  [ 5 ] 
 miR-138  Downregulated  AREJ  Kidney  [ 63 ] 
 miR-139-5p  Downregulated  AREJ  Kidney  [ 63 ] 
 miR-142-3p  Upregulated  AREJ  Kidney  [ 60 ] 

 Upregulated  tolerance  PBMC  [ 74 ] 
 Upregulated  CAD  Urine  [ 64 ] 

 miR-142-5p  Upregulated  AREJ  Kidney  [ 60 ] 
 Upregulated  IF/TA  Kidney  [ 44 ] 

 miR-142  Upregulated  ABMR  PBMC, kidney  [ 67 ] 
 miR-146a  Upregulated  IRI  Kidney (mouse)  [ 11 ] 

 Upregulated  AREJ  Kidney  [ 60 ] 
 miR-146b  Upregulated  ABMR  Kidney  [ 63 ] 

 Upregulated  AREJ  Kidney  [ 60 ] 
 miR-150  Upregulated  AREJ  Kidney  [ 63 ] 
 miR-155  Upregulated  AREJ  Kidney  [ 63 ] 

 Upregulated  IRI  Kidney  [ 33 ] 
 Upregulated  AREJ  Kidney  [ 60 ] 
 Upregulated  IF/TA  T-cells  [ 75 ] 

 miR-181  Upregulated  IF/TA  T-cells  [ 76 ] 
 miR-181a  Downregulated  AREJ  Kidney  [ 63 ] 
 miR-181b  Downregulated  AREJ  Kidney  [ 63 ] 
 miR-182  Upregulated  AKI  Kidney  [ 21 ] 

 Upregulated  CAD  Kidney  [ 63 ] 
 Upregulated  ABMR  Kidney  [ 63 ] 

 miR-187  Downregulated  IRI  Kidney (mouse)  [ 11 ] 
 miR-192  Downregulated  IRI  Kidney (mouse)  [ 11 ] 
 miR-193b  Downregulated  AREJ  Kidney  [ 63 ] 
 miR_194  Downregulated  ABMR  PBMC, kidney  [ 67 ] 

 Downregulated  IRI  Kidney (mouse)  [ 11 ] 
 miR-197_MM2  Downregulated  AREJ  Kidney  [ 73 ] 
 miR-199a-3p  Upregulated  IRI  Kidney (mouse)  [ 11 ] 
 miR-200a  Downregulated  AREJ  Kidney  [ 60 ] 
 miR-200c  Upregulated  AKI  Urine  [ 28 ] 
 miR-200 family 
(miR200-a, b, c, 
miR-141, miR429) 

 Upregulated  IF/TA  Mesangial cells  [ 69 ] 

 miR-204  Upregulated  CAD  Urine  [ 64 ] 
 miR-210  Downregulated  AREJ  Urine  [ 49 ] 

 Downregulated  AKI  Plasma  [ 49 ] 
 miR-211  Downregulated  CAD  Urine  [ 64 ] 

(continued)
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Table 14.1 (continued)

 Name  Regulation  Pathology  Organ  References 

 miR-214  Upregulated  IF/TA  Kidney  [ 55 ] 
 Upregulated  IRI  Kidney (mouse)  [ 11 ] 

 miR-223  Upregulated  AREJ  PBMC  [ 60 ] 
 miR-296  Upregulated  IRI  MP  [ 37 ] 
 miR-320  Upregulated  AREJ  Kidney  [ 73 ] 
 miR-324-3p  Downregulated  AREJ  Kidney  [ 73 ] 
 miR-326  Downregulated  AREJ  Kidney  [ 73 ] 
 miR-330_MM1  Downregulated  AREJ  Kidney  [ 73 ] 
 miR-342  Upregulated  AREJ  Kidney  [ 60 ] 
 miR-346  Downregulated  AREJ  Kidney  [ 73 ] 
 miR-361-5p  Downregulated  AREJ  Kidney  [ 63 ] 
 miR-362  Upregulated  IRI  Kidney (mouse)  [ 5 ] 
 miR-379  Downregulated  IRI  Kidney (mouse)  [ 5 ] 
 miR-381  Upregulated  AREJ  Kidney  [ 73 ] 
 miR-423  Upregulated  AKI  Urine  [ 28 ] 
 miR-424*  Downregulated  AREJ  Kidney  [ 63 ] 
 miR-455  Downregulated  AREJ  Kidney  [ 63 ] 
 miR-483  Downregulated  AREJ  Kidney  [ 73 ] 
 miR-502-3p  Downregulated  AREJ  Kidney  [ 63 ] 
 miR-506  Upregulated  IF/TA  Kidney  [ 44 ] 
 miR-516-5p  Downregulated  AREJ  Kidney  [ 73 ] 
 miR-524*  Downregulated  AREJ  Kidney  [ 73 ] 
 miR-574-3p  Downregulated  AREJ  Kidney  [ 63 ] 
 miR-602  Upregulated  AREJ  Kidney  [ 73 ] 
 miR-611  Downregulated  AREJ  Kidney  [ 73 ] 
 miR-628  Upregulated  AREJ  Kidney  [ 73 ] 
 miR-629  Upregulated  AREJ  Kidney  [ 73 ] 
 miR-638  Upregulated  AREJ  Kidney  [ 63 ] 
 miR-654  Downregulated  AREJ  Kidney  [ 73 ] 
 miR-658  Upregulated  AREJ  Kidney  [ 73 ] 
 miR-663  Upregulated  ABMR  Kidney  [ 63 ] 

 Upregulated  AREJ  Kidney  [ 63 ] 
 Downregulated  AREJ  Kidney  [ 73 ] 

 miR-805  Downregulated  IRI  Kidney (mouse)  [ 11 ] 
 miR-1225-5p  Repair 

capacity 
 ARPC  [ 77 ] 

 miR-1228  Upregulated  ABMR  Kidney  [ 63 ] 
 miR-1915  Repair 

capacity 
 ARPC  [ 77 ] 

 miR-4640  Downregulated  AKI  Urine  [ 28 ] 

   ABMR  antibody-mediated rejection,  AKI  acute kidney injury,  AREJ  acute rejection,  ARPC  adult 
renal progenitor cell,  CAD  chronic allograft dysfunction,  DGF  delayed graft function,  IRI  isch-
emia/reperfusion injury,  MP  microparticles (microvesicles and exosomes),  PBMC  peripheral 
blood mononuclear cells  
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A hallmark of IRI is necrosis and apoptosis of renal tubular epithelial cells, fi brosis, 
and proliferation. IRI leads to hypoxia and then during the reperfusion causes oxi-
dative/nitrative stress triggering tissue damage mainly in the renal cortex. The reac-
tive oxygen and nitrogen species induce protein modifi cations, lipid oxidations, and 
DNA double strand breaks leading to endothelial dysfunction. Neutrophil adhere 
and migrate through the endothelium, and infl ammatory mediators are released, 
activating the innate and adaptive immune responses [ 6 ]. Although acute complica-
tions of I/R injury are reduced by advanced organ protection during surgery and 
ischemic time and associated organ damage is shorter now, chronic complications 
such as organ failure are not solved yet. After I/R, the surviving tissue initiates 
remodeling, in order to maintain adequate organ function. However, the remodeling 
process might lead eventually into abnormal changes, with ensuing dysfunction and 
subsequent organ failure. The underlying molecular signaling between cellular 
components, extracellular matrix, and tissue vascularization during renal remodel-
ing are far from being completely understood. 

 DGF is  the   most common complication in the immediate post-transplant period, 
defi ned as the  necessity   for dialysis early after transplantation.  This   devastating 
condition has a strong impact of long-term outcomes such as allograft immunoge-
nicity, risk of acute rejection episodes, and long-term survival. However, not all of 
the molecular processes happening during AKI/DGF are chaotic, in fact some of the 
events are highly choreographed also by miRNAs [ 7 ]. 

 There are different  types of miRNA   distributions: some miRNAs are widely 
expressed; others exhibit only limited developmental stage-, tissue-, or cell type- 
specifi c patterns. miRNAs can stay local or be released into the body fl uids (see 
examples below), where they remain rather stable. However a special example is 
miR-21, which was one of the fi rst identifi ed miRNA in human cells [ 8 ], appears in 
most of the kidney dysfunctions. miR-21 is widely expressed normally in many 
healthy tissues including the kidney but stays inert. In case of injury, miR-21 
becomes activated locally at the site of the injury. Most probably there will be more 
examples identifi ed for such a universal yet specifi c expression. 

 It has been shown that post-transplant gene expression profi les of living and 
deceased donor kidneys are signifi cantly different [ 9 ]. Single microRNA may alter 
the expression of a large number of target genes, thus regulate whole disease- 
specifi c pathways and signaling cascades. The identifi cation of the  condition- specifi c 
miRNA signatures in grafts helps us to reveal the existence of molecular pathways 
that may be involved in the injury or repair response. For example, redox signaling 
in cardiac and/or renal ischemia–reperfusion injury may have a critical impact on 
microRNA biology. For instance, it is likely that I/R results in altered cellular redox 
signaling events that could potentially lead to altered microRNA levels and hence 
enhanced proinfl ammatory or diminished antioxidant gene expression. This will 
result in the initiation as well as the perpetuation of the cellular injury response 
(reviewed in [ 10 ]). 

 A set of  tissue-specifi c miRNAs   was identifi ed and validated from biopsies taken 
from mice undergoing IRI (Fig.  14.1 ): miR-21 and miR-20a expression showed 
rapid upregulation upon injury, upregulation of miR-146a, miR-199a-3p, and miR- 
214 occurred after the third day. miR-192 and miR-187 were rapid downregulated, 
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miR-805 and miR-194 downregulated but stayed at similar level to naïve kidney. 
The expression pattern of these miRNAs after warm ischemia is lymphocyte- 
independent, suggesting that it is an intrinsic response from the kidney, a very own 
fi ngerprint of renal IRI [ 11 ].

    miR-21 is a   particularly interesting miRNA in kidney diseases because it plays a 
role in  several   processes that also occur as a result of IRI. We reviewed miR-21 in 
Box  14.1 . miR-20a regulates E2F transcription factors, which are involved in pro-
liferation and apoptosis [ 12 ]. This means that miR-21 and miR-20a may prevent 
apoptosis resulting from IRI and induce proliferation to promote repair [ 11 ]. miR- 
146a is an important modulator of differentiation and function of cells involved in 
innate and adaptive immunity (reviewed in [ 13 ]). The expression of miR-146 is 
upregulated by infl ammatory factors such as interleukin 1 and tumor necrosis 
factor-α. miR-146 deregulates a number of targets, which are mostly involved in 
toll-like receptor pathways, bringing a cytokine response as part of the innate 
immune system and providing a negative feedback loop to TLR-signaling [ 13 ]. The 
delayed miR-146a expression may be required to resolve infl ammation and allow 
for repair following IRI [ 11 ]. miR-199 is implicated in a wide variety of cellular and 
developmental mechanisms. In a cluster together with miR-214 both are involved in 
skeleton formation and in cancer. miR-199a is involved in various cancer develop-
ment and progression and cardiomyocytes protection, targeting the Met proto- 
oncogene [ 14 ]. miR-214 improves the metastasis of melanoma. Through the 
regulation of two activating protein-2 transcription factors, infl uences a number of 
genes regulating apoptosis, proliferation, and angiogenesis [ 15 ,  16 ]. miR-192 and 

  Fig. 14.1    Entity-specifi c deregulated miRNAs in the transplant.  Percentage : occurrence of patho-
logical changes       
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   Box 14.1: Review of miR-21 
  miR-21 is widely   expressed in all the tissues and is expressed quite highly in 
the normal kidney, heart, spleen, liver, and lung as well. However it stays 
inert, and just upon injury will be the active form upregulated.    Thus, inhibi-
tion by antisense oligonucleotides acts only at the site of the injury. miR-21 is 
sequestered most probably in an intracellular compartment, and released into 
the cytoplasm in response to stress [ 41 ]. miR-21 is a highly induced antiapop-
totic miRNA during IRI [ 11 ], renal and cardiac fi brosis, and contributes to 
carcinogenesis in prostate and other cancer. miR-21 is highly upregulated 
after 15 min of renal ischemic preconditioning, and remarkably attenuated 
IRI induced 4 days later [ 42 ] by better renal function, less injury, and fewer 
apoptotic cells. 

 miR-21 expression is increased in proliferating tubular epithelial cells, 
though overexpression of miR-21 alone was not suffi cient to prevent TEC 
death following ischemia (which means rather a fi ne-tuning of cellular 
responses to injury). Silencing of miR-21 enhances apoptosis [ 11 ], and results 
in a decrease in expression of collagen 1A1, collagen 1A2, fi bronectin, SMA- 
α, PAI-1 and TGF-β, as well as macrophage infi ltration [ 18 ]. miR-21−/− mice 
and wild-type mice treated with anti-miR-21 oligonucleotides suffer far less 
interstitial fi brosis  i  n response to kidney injury [ 41 ]. 

 As several other miRNAs,  miR-21 is   affected by TGF-β. Renal IRI stimu-
lates TGF-β production, which upregulates miR-21 expression via a cell- 
extrinsic mechanism. This causes fi brosis, a major complication resulting 
from renal IRI, where TGF-β plays a central role, increasing total collagen 
expression and intensifying the matrix accumulation in renal disease [ 43 ]. 
SMAD7, a verifi ed miR-21 target, has been shown to inhibit TGFβ fi brotic 
effects on TEC by regulating SMAD2 activation [ 44 ]. 

 Ischemia or hypoxia upregulates miR-21 in a cell-intrinsic fashion [ 11 ]. 
NADPH oxidase-dependent reactive oxygen species (ROS) regulate the 
expression and function of miR-21 defi ning the invasive phenotype of cancer 
[ 45 ]. NADPH oxidase activity is dependent on the ERK MAP kinase activity. 
miR-21 expression upregulates the ERK-MAPK signaling pathway, which 
has impacts on global cardiac structure and function through inhibition of 
sprouty homolog 1 (Spry1) [ 46 ]. ERK-MAPK signaling plays a key role in 
renal IRI as well. 

 miR-21 also directly targets the tumor suppressor gene-programmed cell 
death 4 (PDCD4), resulting in cellular proliferation and increased invasive-
ness of the cells [ 45 ]. In murine cardiomyocytes miR-21 was found to protect 
from hypoxia/reoxygenation-induced cell apoptosis via regulation of its target 
gene PDCD4 [ 47 ]. 
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miR-194 work together with miR-215 in a miRNA network as a regulator of 
E-cadherin expression. Their expression suppresses’ tumor progression, cell 
migration and invasion in renal cell carcinoma cell line models, whereas knock-
down of these miRNAs resulted in enhancing cellular migration and invasion 
abilities [ 15 ]. miR-192 is highly expressed in the kidney [ 9 ] and appears to be 
proportionately upregulated in response to changes observed in TGF-β expression, 
which explains its progressive decrease following IRI. In cancer development high 
miR-187 levels are associated with higher survival rates in ovarian cancer patients 
through targeting the DAB2 protein, which plays role in cell proliferation and 
tumor progression. miR-187 expression is increased in islets from individuals with 
type 2 diabetes as well. It negatively infl uences the glucose-stimulated insulin 
secretion, potentially involving regulation of HIPK3, which occurs during the 
pathogenesis of type 2 diabetes [ 17 ]. miR-805 expression is decreased signifi cantly 
in early diabetic nephropathy [ 18 ], refl ecting on accumulation of activated macro-
phages in the injured kidney. Godwin et al. observed indeed signifi cant infi ltration 
of macrophages in the kidney by day 14, matching to the rather slow downregula-
tion pattern of miR-805. 

 Saphiro et al. investigated whether samples that underwent renal injury as a result 
of IRI can be distinguished from controls based on alterations in miR expression 
using the above data set described by Godwin et al. They verifi ed that sham and IRI 
data refl ect predictable alterations in miR expression throughout the course of an 
injury response. Thus miR expression profi ling can be used to diagnose IRI and sham 
controls and miR expression may therefore be useful as a biomarker for IRI [ 19 ]. 

  miR-127 was found   by another group to protect proximal tubule  cells   against IRI 
in rats, being regulated by HIF-1α and targeting KIF3B. Modulation of miR-127 
resulted in changes in cell adhesion and cytoskeletal structure [ 20 ]. miR-127 is 
involved in the downregulation of Rtl1, a key gene in placenta formation and in fetal 
lung development. miR-127 is described as a ubiquitously expressed microRNA, 
which can be detected in several human and rat tissues apart of kidney and lung 
cells; for example, it is also expressed in other human epithelial cells such as breast. 
Since miR-127 is regulated by ischemia it could be a potential tissue damage bio-
marker as well [ 20 ]. 

 Wilfl ingseder et al. [ 21 ] found  miR-182-5p and miR-21-3p   as a signature of 
AKI. miR-182-5p was identifi ed as a molecular regulator of post-transplant AKI, 
 strongly   correlated with global gene expression changes during AKI. miR-182 is a 
key regulator in different ischemic models in heart and brain as well [ 22 ,  23 ]. 
Further, in a natural model of ischemic tolerance, miR-182 was signifi cantly 
decreased in brains of ground squirrels during hibernation torpor [ 24 ]. miR-182 is 
activated by interleukin-2 and STAT5 and inhibits FOXO1, leading to clonal expan-
sion of T helper cells. Further, BCL2 is a direct target of miR-182-5p as well, sug-
gesting potent antiapoptotic effects. These analogies indicate that miR-182 may 
play a critical role in the regulation of both ischemic and immunologic injuries [ 21 ]. 

 Seven miRNAs were identifi ed in kidneys with DGF, which are all involved in 
cell death and proliferation: miR-182-5p and miR-106b, miR-20a, miR-21*, 
miR- 18a, miR-17, miR106-a [ 21 ]. The overlap with AKI miRNAs may indicate 
similar activated pathways. 
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 A good example for kidney-related miRNAs found in the body fl uids  is   miR- 
210.  miR-210 is   released from renal endothelial cells, among others, in response to 
hypoxia in AKI. miR-210 is downregulated in urine and has been shown to be pres-
ent also in the plasma of patients with acute renal allograft rejection compared to 
control patients with stable transplant function. miR-210 plays role in the molecular 
response to hypoxia, being induced by the hypoxia-inducible factor in endothelial 
cells [ 25 ]. In mouse model of IRI, miR-210 regulates in kidney tissue renal angio-
genesis by activation of the VEGF signaling pathway. It is also involved in other 
ischemic diseases such as myocardial infarction, in which miR-210 was shown to 
be upregulated [ 26 ]. In patients with AKI plasma levels of miR-210 were indepen-
dently associated with 28-day mortality but successful antirejection therapy nor-
malized miR-210 levels [ 27 ]. It may thus also be used as prognostic biomarker for 
long-term graft patency. 

 Ramachandran identifi ed a panel of four miRNAs (miR-21, miR-200c, miR-423, 
and miR-4640), which are detectable noninvasively in urine of patients undergoing 
AKI, with 10, 4.5, and 5-fold higher level and 2-fold lower levels, respectively, 
compared to controls without kidney injury [ 28 ]. These miRNAs were able to dis-
tinguish between ICU patients with and patients without evidence of AKI ( p  < 0.01). 

 Members of the  miR-200 family   are highly enriched in epithelial tissues, in cells, 
which are able to form metastases. miR-200 promotes the last step of metastasis of 
cancer cells  during   their colonization at distant tissues [ 29 ]. miR-423 is extensively 
studied as a biomarker of heart failure [ 30 ] but it is also involved in rapidly progress-
ing idiopathic pulmonary fi brosis (together with miR-210) [ 31 ], in lupus nephritis, 
obesity, and Alzheimer disease [ 28 ]. In Alzheimer-disease miR-423 is the hub of a 
network built in the grey and the white matter by co-expressed microRNAs [ 32 ]. 

 miR-21 was found  upregulated   1.2-fold in blood and urine of patients with  clini-
cal   diagnosis of AKI by another group [ 33 ] as well. Additionally Saikumar et al. 
found that miR-155 level is 1.5-fold lower in the same samples, compared with 
healthy volunteers. Similarly to miR-21 miR-155 is detectable in all human tissues, 
and abundant in some of the organs like kidney, heart, spleen, liver, and lung. It plays 
a critical role in a wide variety of biological processes, including hematopoiesis [ 34 ]. 

 Different  cell types release   miRNAs by active secretion into microvesicles or 
exosomes. microRNAs can also be released from damaged cells or through apop-
totic bodies, as it happens after myocardial infarction or in atherosclerosis [ 35 ]. 
The  microvesicles   are containing proteins, cytokines, and miRNAs [ 36 ]. Most 
probably the microvesicles are not just markers, but have intracellular biological 
roles, e.g., communication or serving as paracrine mediators, as the microvesicles 
released by  endothelial progenitor cells (EPC)   during AKI [ 37 ]. EPCs are circulat-
ing, bone marrow-derived precursors, which are recruited at tissue injury, like in 
kidney allograft after IRI, and promoting regeneration by secreting pro-angio-
genic factors. Microvesicles released from these progenitor cells activate an 
angiogenic program in endothelial cells by horizontal miRNA transfer, resulting in 
protection from AKI by enhanced tubular cell proliferation, reduced apoptosis, and 
leukocyte infi ltration. The protective effect results in decreases in serum creatinine/
BUN levels and improved histological signs of microvascular and tubular injury. 
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  Fig. 14.2    Putative noninvasive biomarkers and protective intervention possibilities in dysfunc-
tions related to kidney transplantation.  Percentage : occurrence of pathological changes.  Dotted 
line : biomarkers found in blood,  dashed line : biomarkers found in urine       

Microvesicles protect against chronic kidney damage as well by inhibiting capillary 
rarefaction, glomerulosclerosis, and tubulointerstitial fi brosis. The renoprotective 
effect can be inhibited by treatment with RNase, Dicer knock-down in the pro-
genitor cells, or depletion of miR-126 and miR-296 by antisense oligonucleotides 
(reviewed in [ 38 ]). The pro-angiogenic and anti-apoptotic miR-126 and miR-296 
have a key role in the renoprotective effect of EPC-derived microvesicles among 
several other miRNAs. The miRNAs target cell proliferation, angiogenesis, and 
inhibition of apoptosis as well [ 37 ]. 

 Isolated exosomes from T-cells modulate the immune response, which makes 
exosomes a potential immunotherapeutic candidate in transplantation setting [ 39 ]. 
After AKI there is a bidirectional exchange of genetic information between mesen-
chymal stem cells (MSC) and the surviving tubular cells, driven by microvesicles 
containing certain miRNA and mRNA. This might induce the injured cells to start 
dedifferentiation and tissue-self repair [ 40 ] instead of remodeling into abnormal 
changes with subsequent organ failure. 

  The most immediate clinical benefi t  of   miRNAs is the opportunity to use them 
as biomarkers for diagnosis, prognosis, and response to therapy in renal allografts 
(Fig.  14.2 ). The current diagnostic  algorithm   of renal allograft deterioration almost 
always includes an invasive biopsy at the end. However, longitudinal and frequent 
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biopsies have their natural limits. miRNAs are detectable not just in tissue samples, 
but in blood, urine, and other body fl uids as well, occurring with different expression 
profi les predicting allograft status. miRNAs are present before morphological 
detectable changes occurred or non-reversible injury happened. For example, miR- 
21, which plays a role in most of kidney injuries, is produced already at renal isch-
emic preconditioning (short, non-lethal episodes), which is known to reduce injury 
caused by subsequent IRI [ 42 ]. Implementation of such noninvasive molecular bio-
markers will lower the costs and risks of DGF, increase the sensitivity of the test, 
and improve serial monitoring of kidney injury. Recently the identifi cation and in 
situ detection of miRNAs even from small amounts are feasible, enabling analysis 
of small biopsies, limited volumes of body fl uids, or even formalin-fi xed paraffi n- 
embedded archival material [ 48 ].

   Next to the noninvasive accessibility another advantage of miRNAs is their sta-
ble form in urine and other secreted fl uids, in the exosomes or bound to the assem-
bly protein Argonaut. The expression of a highly abundant miRNA (miR-21) was 
shown to be unaffected by incubation of urine samples at room temperature for up 
to 24 h as well as a number of freeze/thaw cycles [ 49 ]. The Argonaute proteins bind 
miRNAs’ guide strand after its cleavage by Dicer. Together they form the core RNA 
induced silencing complex (RISC), Argonaute proteins will cleave the target mRNA 
strand. Furthermore miRNAs are 10 times more stable than mRNAs, what makes 
them better candidates as biomarkers. Accurate data can be measured even from 
degraded total RNA samples, when most of the mRNAs are already lost [ 50 ]. 

 However, next to the identifi cation of putative miRNA biomarkers it is important 
to determine whether miR expression has prognostic value and whether miR expres-
sion returns to baseline following a healing response [ 19 ]. It has to be clearly stated 
that so far no validated miRNA biomarker for kidney injury has been approved for 
routine care. Another problem is that there is yet no stable endogenous miRNA for 
normalization identifi ed. Thus the measurements rely on indirect mechanisms of 
normalization, such as adding unrelated synthetic miRNA to blood samples during 
RNA isolation (for example, in [ 49 ] cel-miR-39 was used). Furthermore globin 
mRNA in red blood cells may infl uence expression profi ling of whole blood speci-
mens. This can be excluded by using isolated leukocytes globin reduction, and 
mathematical depletion to lighten the confounding globin molecular signatures 
[ 51 ]. Furthermore, analysis of circulating miRNAs of patients with acute illnesses 
such as myocardial infarction or AKI - though all the benefi ts - is costly and time- 
consuming, because of the RNA extraction, the reverse transcription and the subse-
quent quantitative real-time PCR analysis. Thus, even if a good candidate miRNA 
is identifi ed, the diffi culty lies in the translation of the diagnostic procedure into 
future clinical use. A bench-to-bedside test is an unmet need. 

 Though a relative high number of kidney transplantation is performed yearly, the 
number of candidates on the wait lists increases yearly with around 2–4 % accord-
ing to the data from OPTN/SRTR [ 3 ]. The gap between successful transplantation 
and wait list could be smaller by using more marginal donor kidneys and DCD 
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kidneys (donation after cardiac death). There is an unmet need to improve the 
functions of these suboptimal organs or treat injured grafts in post-transplant com-
plications in order to achieve longer graft half-life and minimalize the possibility of 
DGF. The search for contributing miRNAs in the context of renal injury reveals the 
existence of molecular pathways that may be involved in the injury or repair 
response that can be a putative target for new therapy options in order to prevent 
damage or promote healing. 

 miRNA activity can be inhibited by  several    antisense strategies,   such as chemi-
cally modifi ed antisense oligonucleotide inhibitors (antagomirs) or the transgenic 
introduction of tandem miRNA-binding site repeats (known as Decoy or Sponge 
technologies). Lorenzen et al. showed recently that miR-24 antagonism prevents 
renal reperfusion injury in vivo. The treatment with an antisense oligonucleotide tar-
geting miR-24 before the induction of ischemic reperfusion injury resulted in a sig-
nifi cantly improved kidney function [ 52 ]. In other cases, in diseases in which 
miRNAs are downregulated, restoring miRNA function might be desirable, and can 
be achieved by administration of double-stranded miRNA mimics. miR-10b is sig-
nifi cantly downregulated in rejected allografts. Transfecting miR-10b into human 
renal glomerular endothelial cells diminished key features of acute allograft rejection 
such as release of pro-infl ammatory cytokines/chemokines whereas  transfection of 
miR-10b inhibitor had opposite effects [ 53 ]. The addition of oligonucleotides by 
intravenous injection [ 54 ] or by different delivery systems (viral or non-viral) is 
feasible as well. However toxicity derived from off-target effects and from activation 
of the innate and adaptive immune response and instability of the oligonucleotides 
(unmodifi ed oligonucleotide is eliminated within minutes) are still issues. From this 
point of view the kidney is a special target for miRNA therapy, since after systemic 
administration, the inhibitor oligonucleotides accumulate there abundantly. However 
it is of note that inhibition therapies should act local to avoid any potential disadvan-
tages of modulating pathways in other tissues and organs such as the heart [ 55 ]. 

  Vascular regeneration   is  a   viable therapeutic option after IRI, and the  modulation 
  of vascular miRNAs might be a good choice for treating disease activity. 
Overexpression miR-126 derived from the hematopoietic compartment protects 
against renal IRI, preserving capillary density and increasing bone marrow-derived 
peritubular capillary epithelial cells. miR-126 selectively enhances the mobilization 
of vasculogenic stem and progenitor cells. Protection of the kidney and vascular 
integrity correlated signifi cantly with the levels of circulating vascular progenitor 
cells [ 56 ]. Bijkerk et al. hypothesize that miR-126 could be increased in the tubular 
epithelial cells by lateral transfer through the fusion of miR-126 rich, blood cell 
derived microvesicles as it was mentioned in the case of the endothelial progenitor 
cell-derived miR-126-rich microparticles [ 37 ]. An alternative way could be the mic-
roparticles production of the bone marrow-derived epithelial cells, since such par-
ticles are able to cross the tubular basement membrane as well [ 57 ]. Moreover, 
platelets are also excellent miR-126 sources, thus can serve as transporters to the 
site of the injury [ 58 ]. In order to improve miR-driven therapies, revealing of 
miRNA mode of actions is inevitable.  
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    Additional Examples of miRNAs Involved in Regulation 
of Post-transplant Events 

      Acute cellular rejection :   Acute rejection of grafts both from living and deceased 
donors occurs at an  incidence   of   roughly 10 % at most transplant centers [ 59 ]. It is 
still a common risk after kidney transplantation, and currently biopsy is the only 
way of diagnosis. The full understanding of the molecular processes of rejection 
and the search for noninvasive predictive and diagnostic biological markers of acute 
cellular and humoral allograft rejection remain elusive. A number of miRNAs were 
already found in urine and plasma, associated with acute cellular rejection and pro-
posed as biomarker, and miRNAs from biopsy samples are found to be involved in 
acute rejection as well. Anglicheau et al. found among 53 signifi cantly differentially 
regulated miRNAs in acute rejection the intragraft levels of miR-142-5p, -155, 
-223, -10b, -30a-3p, and let-7c to be diagnostic for acute rejection [ 60 ], and most of 
these miRNAs are involved in IRI or chronic allograft dysfunctions (CADs) too. 
Additionally miR-142-5p, -155, and miR-223 are detected in PBMCs of renal trans-
plant recipient, with high specifi city and sensitivity of miR-223 to diagnose acute 
rejection [ 61 ], which makes it a potential candidate of noninvasive diagnostics pend 
though validation is still needed. 

 miR-142 was found to be involved in chronic antibody-mediated rejection and 
fi brosis as well, associated with immunological disorders rather than renal dysfunc-
tion. miR-142 is part of the multiplex sclerosis miRNA signature in PBMCs and 
plays role in mammalian hematopoiesis and in lupus erythematous as well, pro-
duced by leukocytes [ 62 ]. miR-155, a typical multifunctional miRNA, is widely 
expressed in the body, and found upregulated in AKI as well. It is involved in vari-
ous pathological pathways in haematopoietic lineage differentiation, immunity, 
infl ammation, cancer, and cardiovascular diseases. It is a key player in adaptive 
immunity and T-cell-mediated antibody response in regulating Th1/Th2 cell differ-
entiation, and T-cell receptor stimulation is known to induce miR-155 expression 
[ 34 ]. miR-10b upregulation in human renal glomerular endothelial cells weakened 
key features of allograft rejection such as release of pro-infl ammatory cytokines/
chemokines, whereas inhibition of miR-10b had opposite effects [ 52 ]. 

 Wilfl ingseder et al. identifi ed a set of miRNAs in kidney biopsies, which were 
able to distinguish between acute rejection, antibody-mediated rejection, and DGF 
[ 63 ]. In AREJ, four miRNAs were found to be signifi cantly upregulated (miR-150, 
miR-155, miR-663, and miR-638). miR-150 plays an important role in B-cell devel-
opment and controls c-Myb expression in vivo. Overexpression of miR-663 initiates 
an infl ammatory response of endothelial cells. Both miR-638 and miR-663 were 
found to be upregulated in PBMCs and is involved in lupus nephritis, indicating a 
high infl ammatory state in kidney tissue [ 63 ]. miR-663, miR-30c, miR-139, and 
let-7b were also associated with CAD [ 64 ]. 

 As it was mentioned already, miR-210 is found to be strongly downregulated in 
ischemic diseases, such as AKI, but in urine sample of patients with undergoing 
acute rejection as well [ 49 ]. Next to miR-210, 10b is downregulated not just in 
rejected allografts but in urine too, whereas 10a is upregulated after acute rejection. 
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miR-10a regulates the proinfl ammatory phenotype in athero-susceptible endothe-
lium [ 65 ] and thus infl uences the invasion of immune cells during acute cellular 
rejection. But among these three urinal miRNAs miR-210 is the only one, which 
can differ between acute rejection and urinary tract infection of allograft, further-
more it can predict GFR level in 1 year after transplantation [ 49 ]. In serum only a 
limited number, two miRNAs were found from the set already identifi ed in graft 
tissue. Compared to 1 year post-transplant samples miR-223 and miR-10a showed 
upregulation [ 66 ].    

  Antibody-mediated rejection :  Alloantibodies   to antigens expressed by endothe-
lium of allograft may cause sequential  types   of antibody-mediated rejection: from 
the accidentally hyperacute rejection, the acute and the  chronic   rejection, and even 
apparent graft acceptance (accommodation). Chronic antibody-mediated rejection 
is a major risk factor for long-term graft survival in kidney transplantation. miR-142 
[ 67 ] from both tissue biopsies and peripheral blood PBMCs was found to infl uence 
the expression of numerous genes involved in chronic antibody-mediated rejection. 
miR-142-5p might be potential biomarker allowing a very good discrimination of 
the patients with chronic antibody-mediated rejection ( p  = 0.0056). It is carried to 
the kidney by leukocytes against local infl ammatory process, underlining its possi-
bility to use as target for therapeutic settings. 

 miR-663, miR-146b-5p, miR-1228, let-7i, miR-21*, and miR-182 were found 
specifi c to antibody-mediated rejection [ 63 ]. As it was already mentioned, miR-182 
plays a signifi cant role in AKI and DGF as well, being upregulated in IRI [ 21 ]. miR- 
663 and miR-146b were also upregulated in biopsies developing acute rejection 
([ 63 ] and [ 60 ], respectively). The accordance of these miRNAs indicates that pro-
cesses involved in DGF and acute rejection are also important in the pathogenesis 
of the antibody-mediated rejection. 

      Chronic allograft dysfunction : Tissue   fi brosis refers to the accumulation of 
collagen- rich    extracellular   matrix by fi broblasts as a response to tissue injury, caus-
ing tubular atrophy with decrease in tubular diameter and loss of function. AKI is a 
contributory factor in the development of CAD, although this depends on severity, 
duration, frequency, and context of the underlying disease. CAD is a common com-
plication after kidney transplantation, also mentioned as chronic kidney dysfunction 
(CKD). TGF-β is a key regulator of fi brosis, regulating miRNAs among many other 
molecules involved in fi brosis. In turn, miRNAs regulate signaling components of 
TGF-β. Inhibitors of TGF-β are protective against the development of renal tubu-
lointerstitial fi brosis [ 64 ]. 

 Inhibition of miR-21 ameliorates injury and fi brosis after IRI [ 41 ]. miR-21, 
which appears in most of the kidney diseases as an early response to stress, is ampli-
fying injury and fi brosis via inhibition of lipid metabolism and increased oxygen 
radical production (see Box  14.1 ). Next to miR-21, miR-142-3p, 5p and the cluster 
comprising miR-506 showed signifi cant, 2–7-times upregulation in interstitial 
fi brotic biopsies whereas miRNA miR-30b and 30c were downregulated [ 44 ]. Scian 
et al. found that miR-142-3p together with miR-204, miR-107, miR-211, and miR- 
32 were differently expressed in allograft of patients with CAD. Furthermore, dif-
ferential expression of miR-142-3p, miR-204, and miR-211 was also observed 
between patient groups in urine samples [ 64 ]. 
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 Maluf et al. tested the miRNA profi le in urine cell pellets of 125 kidney transplant 
recipients diagnosed with CAD with interstitial fi brosis and tubular atrophy and those 
recipients with normal graft function. In a longitudinal evaluation a subset (miR-99a, 
miR-140-3p, miR-200b, and miR-200*) of these miRNAs was found to be differen-
tially expressed before histological allograft injury was evident [ 68 ]. The differences 
in the results might be due to different experimental techniques, assay platforms, or 
different characteristics of the patients, what makes fi ndings hard to compare. 

 miR-21 and miR-214 are both induced by TGF-β stimulation. miR-214 can be 
found in cells of the damaged glomerulus and tubules as well as in infi ltrating 
immune cells in diseased tissue. Anti-miR-214 treatment before unilateral ureteral 
obstruction (a model for tubulointerstitial fi brosis) attenuated 93 % of the follow-
ing fi brotic tissue damage. Thus miR-214 may represent a novel antifi brotic treat-
ment in the kidney [ 55 ]. miR-200b (part of the miR200 family) inhibits the 
 epithelial- mesenchymal transition by which renal fi broblasts are generated, via 
TGF-β stimulation [ 69 ]. miR-200c was already found in urine samples of patients 
with AKI and miR-200a in biopsies, which underwent acute renal rejection.     

    Conclusion 

 Kidney transplantation is the preferred therapy for patients with end stage renal 
failure. Though it is relatively easy to accomplish, post-transplant complications, 
like ischemia/reperfusion injury, acute cellular rejection, or fi brosis, are still an 
issue. The improvement of graft-functions are especially important for kidneys 
from deceased donors, in what the possibility of a dysfunction is even higher, 
though the need on these organs is increasing, due to the continuously growing wait 
list for kidneys. miRNAs are essential for renal development, homoeostasis, and 
cell phenotype and are involved in the pathology of renal diseases. Recent studies 
in renal allograft recipients showed that miRNAs are highly deregulated in post-
transplant episodes, and regulate particular functions, such as intercellular commu-
nication, infl ammation, injury, rejection, or repair capacity. The miRNA research 
revealed many unknown molecular networks related to the pathology of kidney 
transplantation, allowing to fi nd better biomarkers for disease monitoring and more 
accurate intervention points in order to save allograft and improve its long-term 
functions. The opportunity of inhibiting or mimicking of miRNA with biotechno-
logically engineered oligonucleotides offers new and effective therapeutic options. 
However, many roles that individual miRNA has in the regulation of the immune 
system are still being discovered, and many targets of specifi c miRNAs remain yet 
unclear. Bioinformatics analyses have predicted thousands of miRNA-target pairs 
but only a small proportion of these have been validated. Furthermore most of the 
miRNAs are universal molecules, being involved in many organs, so many safety 
concerns must be still resolved, from the avoidance of toxicity derived off-target 
effects to activation of the innate and adaptive immune response. 

 Since miRNAs are highly pleiotropic and act differently depending on the cell or 
tissue type, a single miRNA is unlikely to useful as biomarker for diagnose. Instead, 
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a network of correlated miRNAs must be considered. After the identifi cation of these 
miRNA sets clinical utility needs to be determined in a larger prospective study. 
Furthermore, though the so far identifi ed miRNAs are promising, work is still needed 
to translate these fi ndings into clinical routine, fi nding also cost-effective technolo-
gies to use on a daily bases. Despite of the remaining open questions, we believe that 
the day when miRNAs will play important role of the diagnostic and therapeutic 
routines, facilitating and improving many lives is approaching (Table  14.1 ).
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Chapter 15
microRNA and Wound Healing

Jaideep Banerjee and Chandan K. Sen

Abstract microRNAs (miRNAs) are small noncoding RNA molecules which play 
pivotal roles in wound healing. The increased expression of certain genes and 
expression of some others represent a key component of the wound biology and are 
largely under the regulation of naturally occurring miRNAs. Understanding the 
dysregulated miRNAs in chronic wound biology will therefore enable the develop-
ment of newer therapies. This chapter focuses on the miRNAs that can be poten-
tially targeted for improving skin wound healing and the challenges in miRNA 
therapy, including considerations in miRNA target identification and delivery.

Keywords Wound healing • HypoxymiRs • Angiogenesis • Inflammation • 
Re-epithelialization

 Introduction

A chronic wound is defined as a wound or any interruption in the continuity of the 
body’s surface that requires a prolonged time to heal (over 4 weeks), does not heal, 
or recurs. Examples of some chronic wounds are diabetic foot ulcers, venous ulcers, 
and pressure ulcers and constitute a serious clinical problem with high morbidity 
and mortality. Chronic wounds are common and constitute a significant health 
problem. It has been estimated that 1–2 % of the population of industrialized 
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countries will experience a leg ulcer at some time [1]. In the USA alone, chronic 
wounds affect 6.5 million patients [2]. The immense economic and social impact of 
wounds in our society calls for enhancing our understanding of the biological mech-
anisms underlying cutaneous wound complications. Chronic wound care is expen-
sive and therefore treatment options that are both clinically effective and 
cost-effective are vital.

 miRNA Biogenesis and Mechanism of Action

microRNAs (miRs) are a class of ~21–23 nucleotide long noncoding RNAs 
(ncRNAs) that regulate the functionality of majority of protein-coding genes. 
Mature miRNAs are transcribed by RNA polymerase II as precursor RNAs, called 
primary miRNAs (pri-miRNAs) [3]. The pri-miRNAs are then sequentially pro-
cessed in the nucleus and cytoplasm by the RNase III/Drosha/DGCR8 complex to 
hairpin-shaped pre-miRNAs (~70 nucleotides in length) that are further shortened 
in the cytoplasm by Dicer to give rise to the mature miRNA [3]. In the cytoplasm, 
miRNAs associate with mRNAs within the RISC complex (RNA- induced silencing 
complex), which facilitates and stabilizes miRNA–mRNA interactions. miRNAs 
anneal via Watson–Crick base pairing, with sequences most commonly located in 3′ 
untranslated regions (UTRs) of mRNA [3] although there are some examples of 
miRNA interactions within mRNA coding regions, intron–exon junctions, and 5′ 
UTRs [4, 5]. Association of a miRNA with its mRNA target results in degradation 
of the mRNA as well as inhibition of translation (Fig. 15.1).

microRNA-based gene silencing plays a critical role in the tissue repair response 
following wounding. The ability to therapeutically manipulate miRNA expression 
through systemic or local delivery of miRNA inducers/inhibitors has triggered 
enthusiasm about the therapeutic potential of miRNAs for non-healing wounds. An 
analysis from Frost & Sullivan has determined that US microRNA markets have 
earned revenues of over $20.3 million in 2008 and estimate this to reach $98.6 mil-
lion by 2015 [6, 7]. microRNA research thus offers the capability of moving from 
bench to bedside faster than most research fields and diagnostic tests have already 
emerged from this young field.

 OxymiRs in Wound Healing

microRNAs that are implicated in defining biological outcomes in response to a 
change in the state of tissue oxygenation are referred to as oxymiRs [8]. OxymiRs 
can be directly influenced by changes in tissue oxygenation or indirectly by oxygen- 
sensitive transcription factors, metabolites, pH, etc. or may also affect other oxygen- 
sensing pathways. miRNAs that are sensitive to hypoxia are classified as 
“hypoxymiRs”. HIF is one of the most important hypoxia sensors in our body and 
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a number of hypoxymiRs are induced by HIF stabilization [9]. Some miRNAs also 
influence HIF stabilization. Induction of miR-424 is known to stabilize HIF1α, 
while miRs that target the HIF1α transcript such as miR-20b, miR-199a, and miR- 
17~92 are repressed to increase HIF1α expression and transcription [10, 11].

Chronic non-healing wounds are characterized by ischemia/hypoxia. 
HypoxymiRs have therefore been a strong focus to identify dysregulated targets for 
possible therapeutic intervention. miR-210, miR-21, and miR-203 are the most 
studied hypoxymiRs with respect to wound healing [12]. The key oxymiRs that are 
differentially expressed during the different stages of wound healing are as follows 
(Fig. 15.2):

 miRNAs in Inflammation Control in Wound Healing

The first report linking miRNAs with inflammation came from miRNA expression 
profiling in a monocytic cell line treated with lipopolysaccharide (LPS) TLR4 
ligand [13] which induced expression of miR-146a, miR-155, and miR-132 [13].

Fig. 15.1 Biogenesis of microRNAs
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Inflammatory cells, including macrophages and neutrophils, recognize invading 
microbial pathogens primarily through Toll-like receptors (TLRs) [14]. miR-155 is 
among the first miRNAs to be linked to inflammation induced by TLRs ligands, 
inflammatory cytokines, and specific antigens. miR-155 regulates proteins involved 
in the cellular immune response against pathogens, which have clinical implication 
in chronic infected wounds [15]. miR-155 was identified to be directly repressing 
src homology-2 domain-containing inositol 5-phosphate 1(SHIP1) [16]. 
Furthermore, miR-155 indirectly enhances TNFα translation by its influence on 
LPS signaling mediators such as Fas-associated death domain protein (FADD), IκB 
kinase epsilon, and the receptor (TNFR superfamily)-interacting serine-threonine 
kinase 1 (Ripk1) [17]. LPS-induced downregulation of miR-125b is also instrumen-
tal in bolstering the production of TNF-alpha [18]. miR-125b has been shown to 
bind to the 3′-UTR of TNF-α inhibiting the translation of this cytokine [18]. In 
addition, the genes regulated by TNFα, i.e., E-selectin and ICAM-1 are direct tar-
gets of miR-31 and miR-17-3p, respectively [19]. Another major chemokine 
involved in wound healing is the chemokine macrophage chemo attractant protein 
(MCP-1/CCL2). It is a major chemo-attractant for monocytes/macrophages. The 
expression of MCP-1 was highly upregulated (~70 fold) following wounding [20]. 
miR-124a is directly implicated in the posttranscriptional silencing of MCP-1 [21].

Fig. 15.2 MicroRNAs involved in different stages of wound healing
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IRAK1 and TRAF6 are two prominent targets of miR-146a that help it to negatively 
regulate the release of IL8 and RANTES [14]. IRAK2, which regulates  IFN- γ, has 
also been identified as a miR-146a target [16]. Downregulation of miR-146a has 
been observed in diabetic mouse wounds, thereby increasing its pro- inflammatory 
target genes [18]. miR-146a also acts as a critical physiological brake to prevent the 
overactivation of the innate as well as the adaptive immune system [19].

At an injury site, efficient clearance of apoptotic cells by wound macrophages or 
efferocytosis is a prerequisite for the timely resolution of inflammation. Resolvin 
D1, an endogenous lipid mediator generated during resolution phase of acute 
inflammation, induces miR-21, and therefore miR-21 has been proposed to play a 
role in resolving acute inflammation [22]. miR-21 silences PTEN, GSK3β, and 
PDCD4, which are all key effectors of the inflammatory response [23]. Decreased 
PDCD4 additionally favors c-Jun-AP-1 activity, which in turn results in elevated 
production of anti-inflammatory IL-10 [23].

 Involvement of Dicer and miRNAs in Barrier Function 
during Re-epithelialization

Under conditions of oxygen limitation, the respiratory chain is limited, by the 
unavailability of oxygen as the final electron acceptor. In order to support survival, 
cells switch from aerobic to anaerobic metabolism, first described by the Pasteur 
Effect. Poor oxygen availability trigger austerity measures aimed at energy conser-
vation [24, 25]. Nonessential energy consuming functions are suspended to support 
cell survival. Hypoxia regulates gene expression through transcriptional and post-
transcriptional mechanisms. The processes by which cells sense and respond to 
ambient oxygen concentration are fundamental to cell survival and function, and 
they commonly target gene regulatory events. Hypoxia can also differentially regu-
late microRNAs, which are posttranscriptional regulators of genes. While under 
hypoxia, some microRNAs can be transcriptionally induced, chronic hypoxia 
impairs Dicer (DICER1) expression and activity, resulting in global suppression of 
microRNA biogenesis. VHL-dependent downregulation of Dicer is also linked to 
the expression and function of HIF-1α [26].

Recently, we have also shown that following arrest of Dicer in keratinocytes, 
barrier function of the repaired skin is severely disrupted, thus affecting wound 
healing [27]. On the other hand, Argonaute 2 (Ago2), which processes some precur-
sor miRNAs independent of Dicer, has been shown to be increased in hypoxia. 
Hydroxylation of Ago2, which occurs as a response to hypoxia, is required for the 
association of Ago2 with heat shock protein 90 (Hsp90), which is necessary for the 
loading of microRNAs (miRNAs) into the RISC, and translocation to stress gran-
ules (SGs) [28]. Lack of molecular oxygen or a dysfunctional mitochondria to pro-
cess that oxygen, and the resulting differentially expressed gene regulators, thus 
have a profound importance in wound healing.
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The state of tissue oxygenation is widely recognized as a major microenviron-
mental cue that determines healing outcomes [29]. Healthy mitochondria are the 
main site of oxygen metabolism, accounting for approximately 85–90 % of the 
oxygen consumed by the cell [30, 31]. Mitochondria constantly metabolize oxygen, 
thereby producing ROS as a by-product. In the 1980s, oxygen free radicals drew 
much attention in biomedical research. The primary identity of free radicals was 
that they were destructive to biological tissues, and that approaches to antagonize 
free radicals, i.e., antioxidants are helpful [32–34]. Based on this crude preliminary 
concept, numerous clinical trials testing the efficacy of antioxidants were hastily 
started and the results were understandably disappointing [29]. Work during the 
mid-late 1990s led to the recognition that at very low levels, oxygen-derived free 
radicals and derivative species such as H2O2 may serve as signaling messengers 
[35–37]. This underlines the importance of oxygen in driving molecular signals dur-
ing wound healing.

Although hypoxia may have favorable effects on endothelial cells, HIF specifi-
cally induces growth arrest of keratinocytes compromising wound closure. HIF1α is 
widely known to be pro-angiogenic [38]. It would thus be tempting to propose that 
HIF1α would improve wound healing. Under moderate hypoxia conditions such as 
the non-ischemic (low lactate) wound, HIF1α seems to favor wound closure [39]. 
HIF has been widely known as a transcription factor that regulates the expression of 
several coding genes. miR-210 has recently emerged as a key noncoding gene that 
is transcriptionally driven by HIF adding a new dimension to HIF’s circle of influ-
ence in molecular and cell biology.

So far, the connection between HIF and miR-210 has been studied in the context 
of cancer [40, 41]. Work in our laboratory links miR-210 as a key regulator of isch-
emic wound closure. miR-210 also represses mitochondrial respiration and associ-
ated downstream functions [42]. We noted that the hypoxamiR miR-210 silences 
target genes which would arrest growth as well as repress mitochondrial metabo-
lism in keratinocytes. This could be of importance in the healing wound where 
metabolic demand on mitochondrial metabolism is known to be high. In both mice 
and chronic wound patients, ischemic wounds showed elevated miR-210 levels. 
Sharply elevated lactate is also a hallmark of the ischemic tissue, including wounds 
[43, 44]. In addition to serving metabolic needs, lactate triggers cell signaling [43, 
45]. We and others have reported that lactate induces HIF-1α signaling [43, 46]. 
Here, we show that lactate induces miR-210. Lactate also enhanced HIF-dependent 
miR-210 expression suggesting the presence of HIF-independent component in 
lactate-induced miR-210 expression.

Next, we screened for miR-210-dependent pathways that would impair wound 
re-epithelialization. We studied the candidate pathways that emerged from murine 
studies for their relevance to human chronic wounds. Expression of E2F3 which is 
a known target of miR-210 [40] was significantly lower in ischemic wounds. 
Immunohistochemical studies identified abundant E2F3 in the epidermis of non- 
ischemic wound. E2F3 in the wound-edge tissue of ischemic wounds was markedly 
downregulated.
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To test the significance of HIF-1 in regulating E2F3 and cell proliferation in 
keratinocytes, studies were performed using human HaCaT keratinocytes com-
monly used for the study of wound healing [47]. HIF-1α stabilization, adopting a 
genetic approach, resulted in attenuated expression of E2F3, an observation that 
was consistent with the results from in vivo studies suggesting that HIF-1 down-
regulates E2F3 via a miR-210-dependent pathway. Knockdown of E2F3 limited 
cell proliferation, demonstrating the significance of E2F3 in driving keratinocyte 
cell cycle. Human ischemic wounds also demonstrated lower E2F3 and Ki67 (a 
proliferation marker). miR-210 is also known to suppress ISCU1/2, a protein needed 
for mitochondrial function. We indeed found that in the ischemic wounds of both 
humans and mice, with elevated miR-210, energy supply (ATP/ADP ratio) is sharply 
lower, which was in accordance with dysfunctional mitochondria.

We also discovered another novel microRNA, miR-1, to be hypoxia inducible and 
highly elevated in murine as well as human ischemic wounds (unpublished data). We 
found that c-met, which is known to upregulate AQP3 [48], a protein important for 
keratinocyte migration [49] is a direct target for miR-1 in keratinocytes, and overex-
pressing miR-1 in keratinocytes can impair cell migration. miR-1 is also predicted to 
silence IGF-1, another key player for keratinocyte migration [50, 51].

Thus, miR-1- and miR-210-directed therapeutic strategies to address complica-
tions in ischemic wound closure may prove to be a prudent consideration (Fig. 15.3).

Fig. 15.3 Hypoxia-regulated microRNAs impairing wound re-epithelialization
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 miRNAs Involved in Angiogenic Response during Wound 
Healing

The clue to the importance of microRNAs in guiding vascularization was first 
obtained from experimental studies involved in arresting miRNA biogenesis by 
Dicer knockdown in vascular cells to deplete available mature miRNA pools [52, 53]. 
Dicer knockdown leads to profound dysregulation of angiogenesis-related genes 
[54]. Several aspects of angiogenesis, such as proliferation, migration, and morpho-
genesis, of endothelial cell are modified by specific miRNAs. Endothelial miRs 
involved in angiogenesis, also referred to as angiomiRs, include miR 17-5p, cluster 
17–92, miR-15b, -16, -20, -21, -23a, -23b, -24, -27a, -29a, -30a, -30c, -31, -100, -103, 
-106, -125a and -b, -126, -181a, -191, -199a, -221, -222, -320, and let-7 family [55].

Dicer knockdown in human microvascular endothelial cells (HMECs) showed 
lower inducible production of ROS when activated with phorbol ester, TNFα, or 
VEGF. NADPH oxidase-derived reactive oxygen species (ROS) are important as 
signaling messengers in driving wound angiogenesis [56]. Transcription factor 
HBP1, a suppressor transcription factor that negatively regulates p47phox expres-
sion was also induced following Dicer knockdown. Knockdown of HBP1 restored 
the production of inducible ROS and the angiogenic response of miRNA-deficient 
HMECs [52].

Hypoxia is widely recognized as a cue that drives angiogenesis as part of an 
adaptive response to vascularize the oxygen-deficient host tissue. Figure 15.4 
shows how microRNAs silence the pro-angiogenic effects of HIF-1. Hypoxia-
repressible miR-200b is involved in induction of angiogenesis via directly target-
ing Ets-1 [57]. Certain Ets-1-associated genes, namely matrix metalloproteinase 1 
and vascular endothelial growth factor receptor 2, were silenced by miR-200b. 
Overexpression of Ets-1 rescues miR-200b-dependent impairment in angiogenic 
response and suppression of Ets-1-associated gene expression [57]. VEFG and 
FGF-2 represent two key stimuli that drive wound angiogenesis in a concerted 

Fig. 15.4 Regulation of pro-angiogenic effect of HIF by microRNAs
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manner. VEGF-A has been shown to induce the expression of miR-191, -155, -31, 
-17-5p, -18a, and miR- 20a in HUVEC [58].

Both VEGF-A and basic FGF-2 increased the expression of miR-130a, a pro- 
angiogenic miRNA, which directly targets GAX and HOXA5 [59]. VEGF-A and 
bFGF signaling phosphorylate CREB causing rapid transcription of miR-132. miR- 
132 overexpression increased endothelial cell proliferation and in vitro networking 
by targeting p120RasGAP, a GTPase-activating protein [60]. miR-221 and miR-222 
have been identified as modifying c-Kit expression as well as the angiogenic prop-
erties of the c-Kit ligand Stem Cell Factor. The miR-221/2 and c-Kit interaction 
represents an integral component of a complex circuit that controls the ability of 
endothelial cells to form new capillaries [61]. Inhibition of c-Kit results in reduced 
VEGF expression [62].

 From Bench to Bedside: Therapeutic Applications of miRNAs

With the discovery of miRNAs beingpowerful regulators in wound healing and a 
wide variety of other diseases, the possibilities of therapeutically correcting the dys-
regulated miRNAs are being actively explored. miRNAs have several significant 
advantages in that they are small and comprise a known sequence that is often com-
pletely conserved among species, which are very attractive features from a drug 
development standpoint. Based on lessons learned from antisense technologies, very 
potent oligonucleotide chemistries to target miRNAs, known as anti-miRs or pharma-
cologically active synthetic miRNAs, or miR mimics, are currently being generated.

There are several significant advantages to miRNAs for becoming a new class of 
drug targets. Their small size and known and conserved sequence make them attrac-
tive candidates from a development standpoint. Additionally, many genetic or 
oligonucleotide- based gain-and-loss-of function studies have shown very pro-
nounced phenotypes in rodents and even large animal models, whereas miRNA 
manipulation under baseline conditions oftentimes does not exert overt effects. 
Furthermore, the direct downstream targets of a single miRNA are commonly 
related genes that function in a comparable cellular process or signaling cascade. 
This implies that targeting of a single miRNA probably will result in a dramatic 
effect due to the combinatorial effect of gene expression changes in all these related 
downstream targets.

The impact of targeting a miRNA sequence is further strengthened by the fact 
that the genome often contains multiple copies of the same or closely related miRNA 
sequences, such that targeting of the miRNA sequence will become even more influ-
ential [63]. The biggest advantage of miR therapy besides having the ability to tar-
get multiple genes of a pathway at the same time is that plasma levels of an anti-miR 
or miR-mimetic are cleared from plasma within hours by uptake into tissues [63, 
64] but, once inside cells, many of the modified oligonucleotide used as anti-miRs 
are so metabolically stable that their clearance is slow, and half-lives in tissues are 
often in the order of weeks, providing therapeutic benefit long after blood levels are 
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near zero. Because of their high water solubility, it is possible to dissolve anti-miRs 
in aqueous solutions at volumes that are amenable to self-administration by the 
subcutaneous route, and, with their long biological half-lives, it may be possible that 
anti-miRs can be administered relatively infrequently, thus reducing frequency of 
injection. miR therapy therefore presents an exciting potential for clinical applica-
tion in the future.

 Challenges in miRNA Therapeutics

Successful delivery of miRNA has some major challenges, which include low cel-
lular uptake of the RNA and endosomal escape, immunogenicity, degradation in the 
bloodstream, and rapid renal clearance [65]. Delivery of the miRNA in order to be 
effective has to be routed to the target organ, enter the cell, and reach its intracellular 
target in an active form [65]. Therefore, new efforts are being made to develop more 
efficient methods to deliver miRNAs. Follow-up preclinical studies will have to 
guide appropriate dosing regimens in order to establish the lowest possible effica-
cious doses while attempting to prevent unacceptable side effects. A key limiting 
factor is the extremely poor efficiency of the internalization and release of anti- 
miRs [66] and therefore determining how to reach a sufficient dose within the cells 
in order to achieve efficient miRNA inhibition is a big challenge.

 Considerations in Target Identification and miRNA Delivery

miRNAs often exhibit relatively modest inhibitory effects on mRNA targets. It is 
not uncommon, for example, for miRNA inhibition to result in minimal increases 
(<1.5–2-fold) in the expression of mRNA targets, suggesting that it is the cumula-
tive impact of small changes in the expression of myriad targets—rather than pro-
nounced changes in single targets—that mediates the biological actions of miRNAs 
on disease processes. Thus, when identifying targets, it may be beneficial to manip-
ulate miRNAs that target multiple genes of a pathway that is dysregulated in a 
pathological condition.

Successful delivery of RNAi molecules in vivo is based mainly on incorporation 
into lipid- or polymer-based nanoparticles. An ideal delivery system should be bio-
compatible, biodegradable or excretable, and nonimmunogenic [65]. Natural and 
synthetic lipids and polymers such as phosphatidylcholine, PLGA, and chatoyant, 
which can undergo biodegradation into products absorbed by the natural biochemi-
cal pathways of the body, are the most common nanocarriers for therapeutics 
delivery.

Other requirements of the delivery system include being stable in the circulation, 
arriving at the target site, facilitating cellular uptake, avoiding lysosomal degrada-
tion, enabling endosomal escape, and bypassing rapid renal clearance [67]. miRNA 
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molecules are negatively charged and hydrophilic, therefore, incorporation of the 
negatively charged nucleic acid with cationic lipids or polymers resulting in a net 
positive charge enables it to cross the negatively charged cell membranes by recep-
tor mediated endocytosis or pinocytosis. The nanoparticle complex (<100 nm in 
diameter) is coated with targeting molecules that can specifically interact with the 
target antigen on the cell surface. The outer surface of the nanoparticle contains 
hydrophilic groups in order to avoid rapid clearance by the reticuloendothelial sys-
tem and enhance circulation time when injected into the bloodstream.

The nanocarriers then escape from the early endosome in order to avoid fusion 
with the lysosome and ultimately elimination via the Golgi system. The nonviral 
miRNA delivery by nanocarriers can generally be divided into three main catego-
ries: complexation, encapsulation, and conjugation. Complexation is the formation 
of an electrostatic complex between the negatively charged miRNA and the posi-
tively charged vehicle. Liposomes which are lipid vesicles composed of bilayer 
phospholipid membrane are the best examples. Encapsulation inside biodegradable 
nanoparticles such as PLGA or silica nanoparticles is another approach for miRNA 
delivery. The cargo is released following intracellular dissolution of the particle. 
This method is advantageous since it does not require the use of potentially toxic 
cationic materials.

Conjugation is the process of covalently binding the miRNA to its carrier using 
different linkers that will release the cargo specifically at the target site either by 
hydrolysis or reduction. Conjugation results in a highly stable delivery system that 
can effectively protect miRNA in the bloodstream [65]. Three forms of chemically 
modified oligonucleotides that have been used are (a) 2′-O-methyl-group (OMe)-
modified oligonucleotides; (b) 2′-O-Methoxyethyl-modified oligonucleotides; and 
(c) Locked nucleic acid or LNA [68]. Another approach involves linking a RNA- 
binding protein or domain to the Fab fragments of a cell or tissue-specific antibody. 
The high affinity and binding specificity of antibodies make them attractive vehicles 
for targeted delivery of miR mimics or anti-miRs in vivo. Other considerations that 
need to be factored in, when designing the delivery system, include the knowledge 
of the tissue architecture, the microenvironment, and therapeutically meaningful 
doses that is required for efficient miRNA inhibition. Designing a delivery system 
that is more efficient in releasing the miR mimics or anti-miRs from the endosomes 
will considerably decrease the therapeutic dose of the oligonucleotides and improve 
therapeutic potential (Fig. 15.5).

 Conclusion

The induction and silencing of a unique set of genes represent a trigger for the onset 
of pathology and restoration of the normal expression levels is key to the repair 
process. This well-orchestrated symphony is under the control of the small nucleo-
tide regulators in the body called microRNAs. In this chapter, we have reviewed the 
miRs that have been identifying to be dysregulated during the different stages of the 
healing cascade.
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As newer miRs and targets for these miRs are discovered, the therapeutic  
prospect will improve for use of miR manipulators in skin injury repair. 
microRNA-210, which is induced highly in ischemic conditions, is already being 
tested in a clinical trial as molecular marker that can be used to predict healing out-
comes, thereby making treatments more accurate and efficient. Further develop-
ment of the technology into a successful therapy will involve (a) identification of 
new miRNA targets and dissecting their function; (b) identifying and improving 
agents capable of  successful in vivo delivery of the antagomiR; and (c) delivering 
the nucleotides to the specific targeted sites. Thus, along with identifying new 
microRNA targets, future investigations need to be directed towards more efficient 
in vivo delivery systems.
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    Chapter 16   
 Essential Role of microRNA in Skin 
Physiology and Disease       

       Damjan     Glavač      and     Metka     Ravnik-Glavač   

    Abstract     The identifi cation and characterization of microRNAs (miRNAs) is a 
rapidly growing area of research also in dermatology. Skin represents the largest 
organ in the human body, and its morphogenesis has been shown to require a highly 
coordinated and undisrupted miRNA profi le. High expression of several miRNAs in 
the epidermis and hair follicles is necessary for normal skin development. Profi ling 
studies have identifi ed numerous differentially regulated miRNAs associated with 
either normal physiological status of the skin or some pathological processes or 
both. This chapter covers current knowledge of the important roles of miRNAs in 
the pathogenesis of some skin diseases including systemic lupus erythematosus 
(SLE), systemic sclerosis (SSc), dermatomyositis (DM), psoriasis (PS), and skin 
cancer, especially malignant melanoma (MM). In addition, the diagnostic and thera-
peutic relevance of miRNAs that are involved in pathological processes of the skin 
are elucidated providing further information for some possible clinical implications 
especially for their use as therapeutic targets or disease biomarkers.  

  Keywords     Skin diseases   •   Psoriasis   •   Malignant melanoma  

        Introduction 

 The  skin   is an essential and the largest organ in our body; it is metabolically active 
and regenerative through our life. It comprises about 15 % of the total body weight 
and is the body’s primary defense structure. Skin has three layers: the epidermis, the 
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dermis, and hypodermis. The composition and thickness of the epidermis and dermis 
vary from 0.04 to 1.6 mm depending on the location on the body. The primary cell 
in the epidermis is the keratinocyte. Additional cells include the melanocytes (cells 
of neural crest origin that produce pigment), the Langerhans cells (mobile, dendritic 
antigen-presenting cells), and the Merkel cells (cells with both neuroendocrine and 
epithelial features that synapse with the dermal sensory axons and adjacent epithe-
lial cells and are sensitive to mechanical stimuli [ 1 ]. 

 The  dermis  ,    located between the subcutaneous and dermal–epidermal junction, 
measures from 0.3 mm on the eyelids to 3.0 mm on the back. The dermis and its 
blood supply are responsible for delivering nutrients and circulatory support. 
Communication is ongoing between the dermis and epidermis. The skin’s color is 
created by melanocytes producing the pigment melanin and they are located in the 
epidermis. Functionally, the skin has the biggest challenge of any organ of the body. 
It is exposed and responds to environmental challenges. Every minute around 
30,000 of our outermost skin cells die. The skin is also a highly active biological 
factory for protein synthesis and metabolism, signaling molecules and lipids, and an 
integral part of the immune, nervous, and endocrine systems [ 2 ]. 

 Skin  maintenance   is the primary therapy for wound prevention: a wound is 
defi ned as the absence of healthy, normally developed, and intact skin. However, all 
of the functions of the skin change with age. The skin is therefore a complicated 
structure with many functions. Skin aging and failure, not usually visible processes, 
become evident when the skin is affected. In the failing individual, skin deterioration 
is the outward manifestation of faltering physiology. Even in the healthy aged popu-
lation, normal and expected changes occur, leading to many problems [ 3 ]. Recent 
advances in miRNA research and technology in skin have provided evidence of the 
importance of miRNAs in normal cellular skin function and also in skin diseases.  

    miRNA Technology 

   High-throughput  miRNA gene   expression  analysis   is a technical challenge. The 
short length and uniqueness of each miRNA render many conventional  tools   inef-
fective; very small RNAs are diffi cult to reliably amplify or label without introduc-
ing bias. Earlier attempts at detection and identifi cation of miRNA included three 
approaches: hybridization-based methods (e.g., Northern blot), PCR-based detec-
tion, and cloning methods. Based on these initial approaches, higher-throughput 
technologies have been developed systematically to profi le miRNA on a genome-
wide scale [ 4 ]. Three main methods are currently used to measure the expression 
levels of miRNAs: real-time reverse transcription-PCR (qPCR) [ 5 ,  6 ], microarray 
hybridization [ 7 ,  8 ], and massively parallel/ next-generation sequencing (NGS)   [ 9 ]. 
Each of these methods has its unique challenges for use in miRNA profi ling. 
Microarray analysis is challenged by differentiating between mature and precursor 
miRNAs and differentiating among different miRNAs that differ by only one or a 
few nucleotides. Furthermore, the target preparation in itself is challenging due to 
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the fact that miRNAs are relatively short; in addition, there are limitations in probe 
designing and hybridization conditions to account for the unequal Tm of mature 
miRNAs [ 7 ]. NGS is increasingly popular because it allows for the discovery of 
new miRNAs together with quantitative expression analysis. As a result, the contin-
ued refi nement of miRNA databases necessitates frequent changes to miRNA array 
probe design and annotation. However, NGS has its limitations as miRNAs can be 
infl uenced by sequencing errors and often require search and removal of adaptor 
sequences before the miRNA sequence itself can be elucidated [ 10 ]. In addition, 
both the RNA ligation [ 11 ] and the PCR amplifi cation steps bear inherent biases and 
the method is costly; associated tools for computational analysis are still in develop-
ing stages [ 10 ]. 

 It was shown also that miRNA profi ling with )   NGS is strongly biased toward 
certain small RNAs, which makes NGS inappropriate for absolute quantifi cation of 
miRNAs, but not for differential miRNA expression analysis [ 12 ]. These biases 
were dependent on library preparation and were also observed in quantitative 
reverse transcription polymerase chain reaction (qPCR) amplifi cations [ 13 ]. Rapid 
increase in the number of miRNAs renders qPCR ineffi cient on a genomic scale, 
and it is probably better used as a validation rather than a discovery tool [ 10 ]. 

  Microarray-based techniques   have the advantages of being relatively cost- 
effective, relatively quick from RNA labeling to data generation, and simple to use. 
The differences between available platforms range from surface chemistry and print-
ing technology, through probe design and labeling techniques, to cost. Among the 
available commercial miRNA microarray platforms, the single-color array format is 
the most common, but miRNA profi ling platform technology has also been devel-
oped that provides both sequence and size discrimination for mature miRNAs [ 14 ]. 

 In the studies comparing miRNA profi ling results using different methodologies 
including different microarray platforms, qPCR and NGS, it was shown that the 
platform which uses direct labelling methods is probably less prone to amplifi cation 
biases than PCR-based labelling methods, indicating that the technology type is not 
the major variability factor. It is likely that other factors, such as microarray probe 
design, target preparation, or hybridisation stringency are more important [ 10 ,  13 ].    

    miRNAs and Normal Skin Development 

  High expression of  several   miRNAs in the epidermis and hair follicles is necessary 
for normal skin development. The global importance of miRNAs in skin develop-
ment was revealed in functional studies on animal models by targeting critical com-
ponents in the miRNA biogenesis pathways such as Drosha-DGCR8 or Dicer. 
Mutants of Dicer and Dgcr8 conditional knockouts present similar phenotypes of 
severe defects in murine embryonic skin development. Both mutants have been 
characterised by rough skin, failure to thrive, defects in hair follicle slow-growth, 
and apoptosis [ 15 ]. Because the epidermis and hair follicles are accessible and easy 
to manipulate genetically, they also represent a good system to investigate the 
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functions of miRNA. In 2006 Yi and coworkers showed that many skin miRNAs are 
differentially expressed in the epidermis and hair follicles. They have cloned more 
than 100 miRNAs from skin and they have found 33 highly expressed miRNAs (>1 
% abundance) in epidermis with three of them miR-200a, miR-141, and miR-429 
being absent in hair follicles. Another 15 miRNAs were more abundant in epidermis 
than hair follicles. Interestingly, specifi c to only the hair follicle there were six 
abundant miRNAs, including the miR-199a family [ 16 ]. 

 This early research on skin miRNA forms a basis to establish precisely the func-
tion of individual miRNAs in the skin. miRNA-203 has been identifi ed as a skin- 
specifi c microRNA which was also the fi rst skin miRNA thoroughly investigated. 
Expression of miR-203 depends on the stages of skin development and is cell spe-
cifi c. Overexpression of miR-203 in keratinocytes enhances keratinocyte differen-
tiation. miRNA-203 has several validated targets [ 17 ]. One of those targets was p63 
identifi ed as a regulator of stem-cell maintenance in stratifi ed epithelial tissue. miR- 
203 represses the expression of p63 and at least in part acts as a switch between 
proliferation and differentiation. Highly expressed miR-203 in the suprabasal layer 
has been shown to repress the expression of p63, thus reducing the proliferative 
potential of terminally differentiating keratinocytes [ 18 ]. 

 In addition to miR-203, recent studies have also recognised several other miR-
NAs involved in skin development and homeostasis. For example, repression of 
miR-34 transcription by p63 is important to maintain cell cycle progression in epi-
dermal cells [ 19 ]. miR-125b has been shown to be highly expressed in skin stem 
cells, in contrast to dramatically lower expression in their early progeny [ 20 ]. The 
miR-200 family and miR-205 are both highly expressed in normal skin. These miR-
NAs have been shown to target ZEB1 and ZEB2, which are both transcriptional 
repressors of E-cadherin [ 21 ]. On the other hand it was shown that downregulation 
of the miR-200 family and miR-205 induces an epithelial-to-mesenchymal transi-
tion in conjunction with upregulation of ZEB1 and ZEB2 [ 22 ]. 

 In recent years NGS high-throughput sequencing technology was used for pro-
fi ling the expression of various RNA species on a genomewide scale with single- 
nucleotide resolution. Recent NGS studies have indicated that more than 200 
novel loci in the human genome were identifi ed as hosting novel miRNAs and 
miRNA candidates, some of them also of particular interest in skin conditions such 
as psoriasis [ 23 ].   

    miRNAs in Skin Diseases 

   Many studies address  the   question of the pivotal role of miRNAs in the pathogen-
esis of various  human   disorders including skin diseases. First, miRNAs are impor-
tant in the regulation of development, especially in regulating the timing of 
morphogenesis and the maintenance of undifferentiated or incompletely differenti-
ated cell types (stem cell differentiation, cardiac and skeletal muscle development, 
neurogenesis, haematopoiesis, etc.). Second, they are involved in several 
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physiological processes such as insulin secretion, cholesterol metabolism, and 
immune response. Third, miRNAs have been linked to the formation of tumours 
and abnormal regulation of the cell cycle, where they can function as both onco-
genes and tumour suppressors. Fourth, in addition to abnormal miRNA expression 
profi les in diseased in comparison to healthy tissues, disruptions of miRNA target 
interaction in the form of single-nucleotide polymorphisms (SNPs) either in the 
miRNA gene or its target site (3′ UTR mRNA) could lead to complete gain or loss 
of miRNA function, thus also leading to a disease state [ 24 ]. 

 The role of miRNA in  autoimmune diseases (AIMDs)   is of special importance as 
skin lesions are an early manifestation in many of those conditions. AIMDs arise 
from an abnormal immune predisposition and environmental exposure. Given that 
miRNAs play key roles also in the regulation of the immune system, it is not sur-
prising that several studies revealed links between miRNA dysfunction and AIMDs 
with skin involvement. They include among many others also systemic lupus ery-
thematosus (SLE), systemic sclerosis (SSc), dermatomyositis (DM), and most nota-
bly, psoriasis (PS).    

    miRNAs in Psoriasis 

     Psoriasis   is  a   common, chronic, immune-mediated systemic  disease   characterised 
by skin lesions. The causes of psoriasis are not fully understood. Psoriasis is an 
organ-specifi c autoimmune disease and the most prevalent chronic infl ammatory 
skin disease, affecting 1–3 % of the population. Genetic and environmental factors 
in connection to abnormal regulation of the immune system are thought to be 
involved in pathogenesis of the disease. Several different cell types, keratinocytes, 
fi broblasts, monocyte-derived immune cells, T cells, and mast cells, which nor-
mally occur in skin, are relevant in the formation of psoriatic lesions [ 25 ]. 
Keratinocytes show abnormal differentiation and proliferation because of aberrant 
cell signalling and production of mediators involved in immune cell activation. It is 
widely accepted that psoriasis is a consequence of impaired crosstalk between the 
immune system and the structural cells of the skin [ 26 ]. To show a specifi c miRNA 
expression profi le in psoriasis-affected skin, representing leukocyte- and keratino-
cyte-derived miRNAs, Sonkoly and coworkers compared psoriasis- affected skin to 
atopic eczema and to healthy human skin and identifi ed miR-203, along with miR-
146a, miR-21, and miR-125b, as a psoriasis-specifi c miRNA [ 27 ]. They also 
observed downregulation of an evolutionary conserved SOCS3 protein. This pro-
tein is involved in infl ammatory responses and keratinocyte proliferation and dif-
ferentiation. In response to IL-6, which is a cytokine present in the psoriatic lesions, 
STAT3 transcription factor is activated, which leads to development of psoriatic 
plaques [ 28 ]. SOCS3, target of miR-203, functions also as an inhibitor of the activa-
tion of STAT3. It is suggested that the SOCS3 suppression by miR- 203 in psoriatic 
lesions would lead to constant activation of STAT3, subsequent infi ltration of 
immune cells, and the development of psoriatic plaques [ 27 ]. 
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 Identifi ed psoriasis-associated miRNAs in the skin showed different expression 
profi les among 21 studied organs. miR-203 was expressed more than 100-fold 
higher in skin compared to most other organs, and at lower levels in organs with 
squamous epithelium, suggesting a specifi c function for this miRNA in the forma-
tion/function of squamous epithelia. miR-146a, miR-21, and miR-125b were 
detected in all studied organs, but their expression showed different patterns. miR- 
146a was highly expressed in organs containing a high percentage of leukocytes 
with lower expression in healthy skin, suggesting that infi ltrating cells express miR- 
146a in the skin. miR-125b was expressed mostly in organs containing cells of 
ectodermal origin. miR-21 showed the highest expression in the bladder, lung, pros-
tate, and colon [ 27 ]. 

 Systematic analyses of expression of identifi ed psoriasis-associated miRNAs in 
the skin revealed a list of microRNA listed in Table  16.1  and Fig.  16.1 . TNF-alpha 
is one of the most important mediators in leukocyte–keratinocyte interactions in 
psoriasis [ 26 ]. Psoriasis-specifi c miRNA, miR-146a, inhibits the expression of two 

   Table 16.1    Summary of involvements of miRNAs and miRNAs putative targets in the 
pathogenesis of psoriasis [ 27 ,  30 – 35 ]   

 miRNA  Putative targets  Cell type  Location  Regulation 

 miR-19a  CCND1, KIT  Hair roots  13q31.3  Up-regulated 
 miR-21  BTG2, PDCD4, 

RASGRP1, RPS7, TIMP3, 
SOX5, RECK, TGFBR2, 
PTEN, TPM1, APAF1, 
BMPR2, MSH2, MTAP 

 Dendritic and mast 
cells 

 17q23.1  Up-regulated 

 miR-31  STK40, DKK1, DACT3  Keratinocytes  9p21.3  Up-regulated 
 miR-99a  mTOR, IGF1R, FGFR3  Skin  21q21.1  Down-regulated 
 miR-125b 
(miR- 
125b- 1, 
miR- 
125b- 2) 

 ERBB2, CBFB, 
TP53INP1, KLF13 

 Fibroblasts  11q24.1, 
21q21.1 

 Down-regulated 

 miR-146a  CXCR4, TLR4, TRAF6, 
IRAK1, BRCA1, NFKB1, 
SMAD4 

 Dendritic and mast 
cells 

 5q34  Up-regulated 

 miR-150  MYB, EGR2  Skin  19q13.33  Down-regulated 
 miR-197  IL22RA1  Keratinocytes  1p13.3  Down-regulated 
 miR-203  SOCS-3, p63, TNFα, 

IL-24 
 Keratinocytes  14q32.33  Up-regulated 

 miR-423  CDKN1A  Skin  17q11.2  Unchanged 
 miR-424  MEK1, HIF1A, CUL2, 

SPI1, CCNE1, CCND3, 
CDK6, CCND1, 
MAP2K1, MYB, SIAH1 

 Keratinocytes  Xq26.3  Down-regulated 

  There are several web-based computational miRNA target gene prediction programs including: 
miRTarBase (  http://mirtarbase.mbc.nctu.edu.tw    ), PicTar (  http://pictar.mdc-berlin.de/    ), and 
TargetScan (  http://www.targetscan.org/    )  
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regulators of the TNF-a signalling pathway, IRAK1 and TRAF6. Thus,  miRNA- 146a 
is probably involved in the pathogenesis of psoriasis via the modulation of TNF-
alpha signalling in the skin [ 27 ,  29 ].   

        miRNAs in Systemic Lupus Erythematosus, Systemic 
Sclerosis, and Dermatomyositis 

       Dai and coworkers  compared   the  levels   of  miRNA   expression   in SLE patients with 
 idiopathic   thrombocytopenic purpura (ITP)  patients   using miRNA microarrays. 
They found 22 SLE- and ITP-related miRNAs, of which 13 miRNAs had the same 
expression pattern in both SLE and ITP and might be generally associated with 
AIMDs. Three miRNAs were SLE-related and may be involved in systemic infl am-
mation; the other 6 ITP-related miRNAs may have functions in organ-specifi c 
destruction of thrombocytes. Thus, SLE-specifi c and ITP-specifi c miRNAs are 
potential biomarkers for differential diagnosis of SLE and ITP and are probably 
involved in pathogenesis of the SLE and ITP [ 36 ]. In another microRNA-SLE 
related study miRNA-142-3p and miRNA-142-5p were signifi cantly downregulated 
in SLE CD4+ T cells compared with normal healthy controls [ 37 ]. 

 Lower expression of miRNA-146a has been found to be negatively correlated 
with SLE disease activity. At the molecular level, miRNA-146a targets IRF5 and 
STAT1 which are important transcription factors related to the interferon signalling 
network [ 38 ]. Decreased miRNA-145 and increased miRNA-224 expression in T 
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  Fig. 16.1    miRNAs in normal skin ( a ) and psoriatic skin ( b ): fi ve most prominent downregulated 
miRNAs (in  red ) and fi ve most prominent upregulated miRNAs (in  black )       
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cells from patients with SLE were also reported [ 39 ]. The aberrant production of 
cytokines and chemokines in SLE T cells are also mediated by the abnormal down-
regulation of miRNAs. T cells from SLE patients produce remarkably low amounts 
of IL-2 upon activation. A recent report has demonstrated that the signifi cant reduc-
tion in miRNA-31 expression in SLE T cells is positively correlated with the low-
ered IL-2 production [ 40 ]. 

  Type I IFN   is recognised as the central player in SLE pathogenesis from the 
striking correlation between the deregulated type I IFN-inducible gene expression 
pattern and SLE disease activity, also known as the “IFN signature” of SLE [ 41 ]. 
There are fewer studies on miRNA expression in B cells in patients with SLE. Liu 
and colleagues have reported a direct interaction between miRNA-30a and the 
3′-UTR of Lyn mRNA in association with deregulated B cell functions in SLE 
patients [ 42 ]. Three miRNA polymorphisms miRNA-499 rs3746444, miRNA-146a 
rs57095329, and miRNA-146a rs2910164, were investigated in patients with rheu-
matoid arthritis (RA) or SLE using a meta-analysis approach. The results demon-
strate that miRNA-499 rs3746444 polymorphism has a signifi cant association with 
RA but not with SLE, miRNA-146a rs57095329 has a signifi cant association with 
SLE, and miRNA-146a rs2910164 has no association with either RA or SLE [ 43 ]. 
Collectively, there is a lack of distinct pattern in specifi c deregulated miRNA expres-
sion in SLE among the reviewed studies. Further studies with a larger sample size 
are needed to evaluate the association of miRNA with SLE precisely. 

 The expression pattern of multiple miRNAs in individual patients with sclero-
derma with that in normal subjects was also compared and signifi cant difference 
observed. Levels of let-7g and miR-125b showed strong correlation in normal sub-
jects, but not in patients with scleroderma. The miRNA expression pattern of com-
bined miR-206 and miR-21 was useful to distinguish patients with scleroderma 
[ 44 ]. The possibility to use miRNA-29a levels in hair as a disease marker of patients 
with scleroderma was also evaluated. Comparison of miR-29a levels in scleroderma 
patients, dermatomyositis patients, and normal controls revealed lower levels of 
hair miRNA-29a in scleroderma patients than those in control subjects or dermato-
myositis, suggesting that hair miR-29a microRNAs may serve as an independent 
biomarker [ 45 ]. Downregulation of miR-29a is thought to mediate the posttran-
scriptional upregulation of collagen, which contributes to the tissue fi brosis in 
scleroderma [ 46 ]. In another similar study serum and hair root of miRNA-196a 
levels were not signifi cantly changed in scleroderma patients, whereas miRNA- 
196a levels in hair shafts were signifi cantly decreased in scleroderma patients com-
pared to those in normal subjects [ 47 ]. 

 The levels of extracellular circulating miRNA levels have been detected in sev-
eral skin diseases in which objective biomarkers have not been in clinical use and 
they are listed in Table  16.2 . In dermatomyositis patients, for example, serum 
miRNA-21 levels were signifi cantly upregulated and correlated with serum IgG lev-
els whereas serum miRNA-223 and miRNA-7 were downregulated [ 48 ,  49 ]. In pso-
riatic patients a statistically signifi cant difference in the serum levels of miR- 125b, 
miR-146a, miR-203, and miR-205 among normal subjects and psoriasis patients was 
reported [ 50 ]. In scleroderma patients serum miRNA-150 levels were decreased and 
those patients tended to have more severe clinical manifestations [ 51 ].      
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   Table 16.2    Summary of miRNA, miRNAs putative targets, and miRNAs expression in serum of 
patients with skin diseases [ 27 ,  35 ,  50 – 56 ]   

 miRNA  Putative targets  Disease  Location  Regulation 

 miR-7 
(miR-
7- 1, 
miR-7-2, 
miR-7- 3) 

 EGFR, RAF1, 
SNCA 

 Dermatomyositis  9q21.32, 
15q26.1, 
19p13.3 

 Down-regulated 

 miR-21  BTG2, PDCD4, 
RASGRP1, 
RPS7, TIMP3, 
SOX5, RECK, 
TGFBR2, PTEN, 
TPM1, APAF1, 
BMPR2, MSH2, 
MTAP 

 Psoriasis, 
Dermatomyositis 

 17q23.1  Down regulated in 
psoriasis; up-regulated 
in dermatomyositis 

 miR-24 
(miR- 
24- 1, 
miR-
24- 2) 

 CDKN1B, 
FEN1, CDK4, 
CCNA2, 
AURKB, MYC, 
E2F2, DHFR, 
HNF4A, 
BRCA1, 
POLD1, Smad3, 
CDK1 

 Psoriasis  9q22.32, 
19p13.13 

 Unchanged 

 miR-29a  SPARC, 
DNMT3A, 
MCL1, PPM1D, 
CDK6, 
SERPINB9 

 Scleroderma  7q32.3  Unchanged, decreased 
in scleroderma 
spectrum disorder 

 miR- 
125b 
(miR- 
125b- 1, 
miR- 
125b- 2) 

 ERBB2, CBFB, 
TP53INP1, 
KLF13 

 Psoriasis  11q24.1, 
21q21.1 

 Down-regulated 

 miR-143  KRAS, MAPK7, 
MYO6, 
DNMT3A, 
FNDC3B, JAG1 

 Psoriasis  5q32  Up-regulated 

 miR- 
146a 

 CXCR4, TLR4, 
TRAF6, IRAK1, 
BRCA1, 
NFKB1, 
SMAD4 

 Psoriasis  5q34  Down-regulated 

 miR-150  MYB, EGR2, 
MUC4, ZEB1 

 Scleroderma  19q13.33  Down-regulated 

(continued)
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       miRNAs and Malignant Melanoma 

       Malignant melanoma   is the most aggressive form of skin cancer and, according to 
the  World   Health Organization (WHO), the number of  melanoma   cases worldwide 
is increasing faster than that of any other type of cancer. Melanoma accounts for 
only about 4 % of skin cancer cases but for as many as 74 % of all skin cancer 
deaths. Although there is a good chance for the recovery of patients suffering from 
melanoma, if the primary lesion is detected very early (more than 90 % survival in 
stage I melanomas), prognosis of 5-year survival for more advanced melanomas 
drops down across approximately 60 % (stage II) of cases to as low as 10 % (stage 
III) or to even complete fatality (stage IV). This refl ects the current lack of therapeu-
tic approaches for treating advanced melanoma [ 57 ]. 

 That miRNA profi les were suitable to classify melanoma with respect to their 
developmental lineage and differentiation state was shown fi rst in the study of Lu 
et al. [ 58 ]. Further studies included more melanoma and other cancer cell lines ana-
lysing miRNA copy number or miRNA expression patterns [ 59 ,  60 ]. They identifi ed 
a set of 15 miRNAs that were expressed signifi cantly differently in the eight 
 melanoma cell lines [ 60 ]. In 2009, more comprehensive studies were published [ 61 , 
 62 ], carrying out a detailed comparison of the miRnomes of normal human melano-
cytes to well-characterised melanoma cell lines derived from primary tumours and 
melanoma metastases. It has been shown that several miRNAs are associated with 

Table 16.2 (continued)

 miRNA  Putative targets  Disease  Location  Regulation 

 miR- 
196a 
(miR- 
196a1, 
miR- 
196a2) 

 HOXC8, 
ANXA1, 
HOXB7, 
BACH1, 
HMOX1 

 Scleroderma  17q21.32, 
12q13.13 

 No change 

 miR-203  SOCS-3, p63, 
TNFα, IL-24 

 Psoriasis  14q32.33  Down-regulated in 
serum (up-regulated in 
keratinocytes) 

 miR-205  ZEB1, ERBB3, 
ZEB2, EGLN2 

 Psoriasis  1q32.2  Down-regulated 

 miR-223  NFIA, MEF2C, 
STMN1, LMO2, 
RHOB, CHUK, 
PARP1 

 Psoriasis, 
Dermatomyositis 

 Xq12  Up-regulated in 
psoriasis, down- 
regulated in 
dermatomyositis 

 miR-424  MEK1, HIF1A, 
CUL2, SPI1, 
CCNE1, 
CCND3, CDK6, 
CCND1, 
MAP2K1, MYB, 
SIAH1 

 Psoriasis  Xq26.3  No change in serum 
(down-regulated in 
keratinocytes) 
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malignant transformation as well as with different steps of melanoma progression, 
including invasion and metastasis [ 61 ]. In order to determine miRNAs which were 
deregulated in the transition of melanocytes into melanoma cells, Mueller and 
coworkers compared expression of 461 miRNAs in melanocytes with primary mela-
noma cell lines. They detected 77 upregulated and only 14 downregulated miRNAs 
in primary melanoma cell lines. Of these 49 miRNAs were upregulated more than 
tenfold in primary melanoma cell lines or were not expressed in melanocytes but 
highly expressed in primary melanoma cell lines thus strongly associated with early 
progression. Comparing miRNA expression levels in primary melanoma cell lines 
and melanoma cell lines derived from metastatic melanomas revealed 13 differently 
regulated miRNAs associated with metastatic colonisation [ 61 ]. Using real-time 
PCR to determine the expression level of 16 potentially relevant miRNAs of 6 prep-
arations of normal melanocytes versus 10 melanoma cell lines and in formalin fi xed 
paraffi n embedded tissue of 11 melanocytic nevi versus 16 melanomas, miR-15b 
and miR-210 were signifi cantly upregulated, whereas miR-34a was signifi cantly 
downregulated in melanomas compared with melanocytic nevi. These 3 miRNAs 
were further analysed in a total of 128 primary melanomas from patients with 
detailed clinical follow-up information. High expression of miR-15b was signifi -
cantly associated with poor recurrence-free survival and overall survival. 
Downregulation of miR-15b in two melanoma cell lines with high miR-15b expres-
sion by transfection with anti-miR-15b siRNA was associated with reduced tumour 
cell proliferation, whereas apoptosis was increased. MiR-15b thus appeared to rep-
resent a particular important miRNA in melanoma that is associated with poor prog-
nosis and tumourigenesis [ 62 ]. 

 Melanoma cell lines and patient tissue samples including benign nevi and pri-
mary and metastatic tumours were analysed, in order to compare their miRNA 
expression pattern with those of the cell lines. Using miRNA microarrays and real- 
time miRNA reverse transcription-PCR arrays, followed by qPCR validation 
Philippidou et al., 2010 detected inconsistent results, both between different detec-
tion techniques as well as between tissue samples and cell lines. Nevertheless, they 
identifi ed miRNA-200c to be consistently downregulated in melanocytes, mela-
noma cell lines, and patient samples, whereas miRNA-205 and miRNA-23b were 
markedly reduced only in patient samples [ 63 ]. 

 In a recent study [ 64 ] an exploratory microarray analysis was performed by 
miRNA expression profi ling based on platform screening for 1205 human miRNAs 
using specimens excised from the center of tumours from patients with primary 
cutaneous malignant melanoma (PCMM), cutaneous malignant melanoma metasta-
ses, and benign melanocytic tissue obtained during surgery. The results from the 
microarray analysis were validated by TaqMan quantitative real-time polymerase 
chain reaction. They confi rmed signifi cantly increased expression of several miR-
NAs associated with PCMM development including hsa-miR-106, hsa-miR-126, 
hsa-miR-133a, hsa-miR-141, hsa-miR-145, hsa-miR-15b, hsa-miR-200c, hsa- 
miR- 210, and hsa-miR-27b [ 61 ,  62 ,  65 ,  66 ] as well as those signifi cantly downregu-
lated that have been repeatedly described in other studies and include miRNAs hsa 
let-7a, hsa-let-7b, hsa-miR-155, hsa-miR-324-5p, and hsa-miR-34a [ 61 ,  62 ,  65 ,  67 , 
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 68 ]. In addition to the above-mentioned miRNAs previously known to be associated 
with cutaneous malignant melanoma (CMM), Sand et al. 2013 [ 64 ] reported addi-
tional novel candidate miRNAs to be deregulated in CMM patient samples. Among 
them hsa-miR- 22, hsa-miR-130b, hsa-miR-146b-5p, hsa-miR-223, hsa-miR-301a, 
hsa-miR-484, hsa-miR-663, hsa-miR-720, hsa-miR-1260, hsa-miR-3663-3p, hsa- 
miR- 4281, and hsa-miR-4286 were found to be upregulated, and hsa-miR-24-1*, 
hsa-miR-26a, hsa-miR-4291, hsa-miR-4317, and hsa-miR-4324 were downregu-
lated . Of these hsa-miR-130b and hsa-miR-26a were also confi rmed in a study 
using next-generation sequencing methodology [ 69 ]. 

 The majority of studies has shown miRNAs deregulated in melanoma using 
mostly cell lines [ 61 ,  70 – 75 ] and fewer studies using specimens of primary tumours 
[ 63 ,  76 – 78 ] or melanoma metastases [ 79 ]. In addition, these studies were based on 
microarray hybridisation or real-time quantitative RT-PCR (qRT-PCR) techniques, 
which are limited to the detection of known miRNA sequences previously identifi ed 
by sequencing or homology searches. 

  NGS sequencing   is a promising alternative technology as it is unable to identify 
and quantify also novel miRNAs. Stark and coworkers deep sequenced small RNA 
libraries from melanoblasts, melanocytes, and congenital nevi as well as from acral, 
mucosal, cutaneous, and uveal melanoma cells, and identifi ed 539 known mature 
miRNAs along with 279 predicted novel miRNAs. Some of the potentially novel 
miRNAs were likely to be specifi c for the melanocytic lineage and might become 
interesting candidates in melanoma research [ 80 ]. 

 In a recent study Kozubek and coworkers used deep sequencing to characterise 
the miRNA transcriptome in melanoma [ 69 ]. They compared miRNA profi les of 
biopsies of nevi, thick primary melanomas, and metastatic melanomas with matched 
normal skin in parallel to melanocytes and melanoma cell lines (both primary and 
metastatic) and identifi ed 698 differently expressed miRNAs. In the set of 40 miR-
NAs that were most statistically signifi cantly differentially expressed in all samples 
they confi rmed 23 (58 %) previously discovered miRNAs (including miR-15b, 
miR-205, miR-23b, miR-126, miR-200c, hsa-let-7a, hsa-let-7b), introduced an 
additional 17 (42 %) known and top-15 putative novel candidate miRNAs deregu-
lated during melanoma progression. To classify benign from malignant lesions, they 
performed an unsupervised clustering on all the samples and showed four major 
subgroups with an almost-perfect separation between normal and cancer. 
Downregulation of miR-144-3p, miR-181b-5p, miR-320a, miR-320c, miR-320d, 
and miR-451a separated melanoma from normal skin, and downregulation of miR- 
203, miR-204-5p, miR-205-5p, miR-211-5p, miR-23b-3p, miR-26a-5p, and miR- 
26b- 5p distinguished melanoma from nevi. Moreover, specifi c miRNA signature 
distinguished primary melanomas from metastatic lesions. Higher levels of miR- 
103/107 clusters in primary melanoma were associated with the clinical history of 
early occult metastasis to sentinel lymph node and miR-205 was signifi cantly 
decreased in primary melanoma and metastases to lymph node compared to nevi 
[ 69 ]. miR-205 was shown also to be signifi cantly associated with worse clinical 
outcome [ 81 ]. 
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 Kozubek et al. also detected a signifi cant divergence in miRNA signature 
between melanoma specimens and low-passage–number cell lines highlighting the 
inherent epigenetic/genetic differences between human malignancies and their cul-
tured counterparts. Inasmuch as most studies have profi led miRNAs from estab-
lished melanoma cell lines compared to cultured melanocytes they further discussed 
the possibility of making these miRNA results clinically irrelevant [ 69 ].       

    Functional Role of miRNAs in Malignant Melanoma 

 Because of the complexity  of   molecular mechanisms infl uenced by miRNA activity 
 and   the heterogeneous experimental approaches, a  complete   picture of the role of 
miRNAs in malignant melanoma is still missing [ 82 ]. 

 miRNAs have been shown to be frequently located at fragile sites or at genomic 
sites that are often altered in cancer. Some specifi c miRNAs that have been shown 
to be underexpressed, mapped to regions that are frequently deleted or to be overex-
pressed and located at regions frequently amplifi ed in cancers. Each miRNA can 
control hundreds of gene targets and thus potentially infl uence almost every genetic 
pathway. Recent evidence has shown that miRNA mutations or mis-expression cor-
relate with various human cancers and indicates that miRNAs can act as either 
tumour suppressors or oncogenes, depending on their downstream target genes 
[ 83 ]. Generally, miRNAs in melanoma intersect with cycle/proliferation pathways, 
cell invasion pathways, and cell survival pathways as well as modulate immune 
response [ 79 ] (Fig.  16.2 ). Most functionally characterised miRNAs detected as 
deregulated in melanoma tissues and confi rmed by different studies using different 
methodologies and different techniques include let-7b, miR-200 family, miR-203, 
miR-211-5p, miR-204-5p, miR-205-5p, miR-23b-3p, miR-26a-5p, and miR-26b-5p 
as downregulated and miR-221/211, miR-21, miR-182, miR-30b/30d¸ miR-214, 
and miR-148b as upregulated.

       Downregulated miRNAs in Melanoma 

    Let-7b  expression   was signifi cantly reduced in melanoma compared to nevi, sug-
gesting  a   role of let-7b in the transition  from   nevi to primary melanomas. The 
3′UTRs of the human RAS genes contain multiple let-7 complementary sites, 
allowing let-7 to regulate RAS expression [ 84 ]. Predicted targets of let-7 family 
miRNAs include N-RAS, RAF, c-Myc, cyclins D1, D3, and A, and Cdk4, all of 
which had been shown to play a role in melanoma biology [ 68 ,  85 – 87 ]. These stud-
ies demonstrated that let-7 family members act as tumour suppressors whose loss 
may contribute to melanoma development and progression through the activation of 
various oncogenic processes including signalling pathways acting on proliferation, 
migration, and invasion. 
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 Recently, it was described that miR-26a inhibited tumour growth and metastasis 
formation and upregulated let-7 [ 88 ,  89 ]. miR-26a was broadly reduced in multiple 
cancers, and overexpression of miR-26a signifi cantly suppressed tumour growth 
and metastasis both in vitro and in vivo, including melanoma, prostate, and liver 
cancers. It was shown also that one miRNA can act as a modulator of another 
miRNA biogenesis, because miR-26a directly targeted Lin28B and Zcchc11, two 
critical repressors of let-7 maturation [ 90 ]. 

 In both, primary and metastatic melanoma, compared with benign melanocytic 
nevi, miRNAs of the miR-200 family, including miR-200a, miR-200b, miR-200c, 
and miR-141 were shown to be downregulated during melanomagenesis and are 
therefore suggested as tumour suppressors [ 77 ]. Overexpression of miR-200c was 
reported to result in a signifi cant decrease of proliferation, migration, and drug 
resistance in melanoma caused by miR-200c–mediated downregulation of BIM-1 
[ 91 ]. Loss of miR-200c may also contribute to the release of repression of ZEB1, a 
transcription factor that represses E-cadherin transcription, a major prerequisite for 
epithelial–mesenchymal transition [ 92 ]. miR-141 showed an additional decrease in 
melanoma metastases compared to primary melanoma [ 77 ]. 

 In addition, miR-203, miR-211-5p, miR-204-5p, miR-205-5p, miR-23b-3p, 
miR-26a-5p, and miR-26b-5p were downregulated in primary cutaneous melanoma 
versus common nevi. Examining a specifi c KEGG pathway by downregulation of 
these miRNAs in melanoma highlighted the mitogen-activated protein kinase 

  Fig. 16.2    miRNAs in melanoma cycle/proliferation pathways.   http://www.kegg.jp/kegg/kegg1.
html           
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(MAPK) signalling pathway. Within this pathway, often more than one miRNA is 
predicted to target FGF18, PDGFRA, PIK3R3, PTEN, AKT2, and MAPK1, where 
the same gene could be potentially targeted by several cotranscribed miRNAs. For 
example, miR-205, miR-23b, miR-26a, and miR-26b converge on PDGFRA or 
miR-211 and miR-204 converge on MAPK1, demonstrating a combinatorial effect 
of miRNAs on the same target [ 69 ].     

    Upregulated miRNAs in Melanoma 

     Reports that  the   expression of the receptor tyrosine kinase c-KIT was found  to 
  decrease with melanoma progression [ 93 ,  94 ]  and   that miR-221/222 target c-KIT in 
papillary  thyroid   carcinoma [ 95 ] and in erythroleukemic cells [ 96 ] infl uenced 
Felicetti et al. to analyse the expression of miR-221/222 and c-KIT in melanocytes 
and melanoma cell lines including primary vertical growth phase and metastatic 
melanomas. They found that miR-221/222 expression increased with tumour pro-
gression and reversely correlated with c-KIT expression. They also showed that 
downregulation of PLZF in melanoma cells unblocks miR-221/222 which in turn 
represses the expression of cyclin-dependent kinase inhibitor 1B (CDKN1B) and 
c-KIT, leading to increased proliferation and inhibited differentiation, respectively. 
Further in vivo experiments showed that overexpression of miR-221/222 promoted 
tumour growth whereas inhibition of miR-221/222 by respective antagomirs sup-
pressed tumour growth [ 97 ]. It was shown also that miR-221 and 222, by targeting 
PTEN and TIMP3 tumour suppressors, induce TNF-related apoptosis-inducing 
ligand (TRAIL) resistance and enhance cellular migration through the activation of 
the AKT pathway and metallopeptidases. It was also demonstrated that the MET 
oncogene is involved in miR-221 and 222 activation through the c-Jun transcription 
factor [ 98 ]. In a recent study c-FOS was identifi ed as another direct target of miR- 
221 and 222 whose repression causes reduced apoptosis [ 99 ]. 

 It was demonstrated in a recent study that levels of miR-21 were signifi cantly 
increased in primary melanoma tissues as compared to benign nevi [ 100 ]. In a previ-
ous research Talotta et al. have found that the tumour suppressors PTEN and PDCD4 
are downregulated by RAS in an AP-1 and miR-21 dependent fashion [ 101 ]. In 
melanoma cell lines with high endogenous miR-21 expression downregulation of 
miR-21 induced apoptosis, whereas proliferation was not signifi cantly altered. 

 miR-182 is frequently amplifi ed in melanoma and was found to be upregulated 
in melanoma cell lines and tissues [ 102 ]. MITF and FOXO3 were shown to be direct 
targets of miR-182. In human tissues, expression of miR-182 increases with pro-
gression from primary to metastatic melanoma and inversely correlates with FOXO3 
and MITF levels. Silencing of miR-182 led to apoptosis in melanoma cells and 
diminished their invasive capacity in vitro [ 102 ]. 

 Upregulated miR-30b/30d expression was described to correlate with melanoma 
stage, metastatic potential, shorter time to recurrence, and reduced overall survival. 
Ectopic expression of miR-30b/30d promoted the metastatic behaviour of mela-
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noma cells by directly targeting the GalNAc transferase GALNT7, resulted in 
increased synthesis of the immunosuppressive cytokine IL-10, and reduced immune 
cell activation and recruitment [ 60 ]. Similar oncogenic effects could also be 
observed for miR-214, a driver of melanoma metastases [ 61 ]. Upregulation of miR- 
214 and ALCAM and the loss of TFAP2 expression have been implicated in this 
process, with TFAP2 a direct target of miR-214. miR-214 upregulated ALCAM, 
acting transcriptionally through TFAP2 and also posttranscriptionally through miR- 
148b (itself controlled by TFAP2), both negative regulators of ALCAM. A pathway 
involving miR-214, miR-148b, TFAP2, and ALCAM was thus defi ned which regu-
lates melanoma cell migration, extravasation, invasion, and angiogenesis resulting 
in establishing distant metastases in melanoma [ 62 ].      

    MiRNAs as Diagnostic and Prognostic Biomarkers 
in Melanoma 

    Because of lineage- specifi c   expression of some miRNAs,  miRNAs have   the ability 
to  subclassify   tumour types more specifi cally than mRNAs. Furthermore, miRNAs 
are important modulators of classical oncogenes and tumour suppressors, which 
turn them into putative tumour suppressors or oncogenes. miRNAs are as well 
extremely stable molecules, both in archived tissues and body fl uids, a property 
which, in combination with their tissue specifi city, makes them attractive candidate 
biomarkers [ 103 ]. 

 The remarkable stability of miRNAs in the bloodstream [ 104 ] and the ability of 
miRNAs to distinguish between disease-free and disease-burdened patients offered 
new hope of miRNA use in early detection or disease surveillance. Leidinger et al. 
[ 105 ] identifi ed a miRNA signature of melanoma comparing the miRNA profi les of 
blood cells from patients with melanoma ( n  = 35) versus healthy donors ( n  = 20). 
They detected 16 signifi cantly deregulated miRNAs (miR-186, let-7d, miR-18a, 
miR-145, miR-99a, miR-664, miR-501-5p, miR-378, miR-29c, miR-1280, miR- 
365, miR-1249, miR-328, miR-422a, miR-30d, miR-17) that could separate the 
groups with a classifi cation accuracy of 97.4 %, a specifi city of 95 %, and a sensitiv-
ity of 98.9 % by supervised analysis [ 105 ]. These results are particularly promising 
because most of the patients included in the analysis were diagnosed with early- 
stage melanoma, suggesting the signifi cant potential of miRNA expression sensitiv-
ity to early disease changes and detection in blood cells. 

 In tissue samples different mi-RNAs signatures, namely downregulation of miR- 
144- 3p, miR-181b-5p, miR-320a, miR-320c, miR-320d, and miR-451a separated 
melanoma from normal skin [ 69 ]. 

 miRNAs may also have powerful prognostic potential in melanoma. Patient 
melanoma specimens expressing lower levels of miRNA-205 by immunohisto-
chemistry have been shown to associate tightly with signifi cantly shorter mela-
noma-specifi c survival, independent of melanoma stage, age, gender, or Breslow 
depth [ 81 ]. In vitro and in vivo models have demonstrated that miR-205 overex-
pression impedes melanoma cell migration and invasion [ 91 ]. 
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 Another miRNA, miR-29c, was demonstrated to be signifi cantly downregulated 
in AJCC stage IV melanoma specimens compared to primary tumours. Elevated 
expression of miR-29c signifi cantly predicted disease-free and overall survival [ 106 ]. 

 Friedman and coworkers [ 107 ] performed a miRNA regression analysis compar-
ing serum samples from patients with melanoma against serum samples from patients 
with other cancers, systemic infl ammatory disease, and healthy volunteers. They 
found that miR-182 and miR-221 are specifi c for melanoma compared with all three 
controls and that miR-182, miR-221, and miR-15b are predictive for metastasis. A 
signature of fi ve miRNAs (miR-150, miR-15b, miR-199a-5p, miR-33a, miR- 424) 
predicted high versus low recurrent-free survival groups [ 107 ]. Higher expression of 
a signature of 18 miRNA: miR-150, miR-455-3p, miR-145, miR- 342- 3p, miR-497, 
miR-155, miR-342-5p, miR-143, miR-193a-3p, miR-146-5p, miR-28-3p, miR-10b, 
miR-193b, miR-28-5p, miR-143, miR-126, and miR-214 was signifi cantly corre-
lated with longer survival in melanoma patients with metastasis [ 79 ].     

    miRNAs in Nonmelanoma Skin Cancer 

    miRNAs in Basal Cell Carcinoma 

    Basal cell carcinoma ( BCC)   is the most common form of human cancer, which 
 rarely   metastasises [ 108 ]. In advanced cases,     tumour   growth can spread to types of 
tissue other than skin, such as cartilage, bone, nerves, and vessels [ 109 ]. 

 In a study by Heffelfi nger et al. [ 110 ] a global miRNA expression was quantifi ed 
by high-throughput sequencing in nodular BCCs, a subtype that is slow growing, 
and infi ltrative BCCs, aggressive tumours that extend through the dermis and invade 
structures such as cutaneous nerves. Twenty miRNAs showed statistically signifi -
cant differences in expression between nodular and infi ltrative BCCs, including 
miR-150, miR-31, miR-183, miR-146a, and miR-886-5p, which were validated 
also by qPCR. The expression level of miR-183, a miRNA that inhibits invasion and 
metastasis in several types of malignancies, was consistently lower in infi ltrative 
than nodular tumours and could be one element underlying the difference in 
 invasiveness [ 110 ]. In a microarray-based miRNA expression profi le study of 
tumour biopsies of 7 patients with BCC of the skin compared to the adjacent nonle-
sional skin 16 signifi cantly upregulated (hsa-miR-17, hsa-miR-18a, hsa-miR-18b, 
hsa- miR- 19b, hsa-miR-19b-1*, hsa-miR-93, hsa-miR-106b, hsa-miR-125a-5p, hsa- 
miR- 130a, hsa-miR-181c, hsa-miR-181c*, hsa-miR-181d, hsa-miR-182, hsa-miR-
455-3p, hsa-miR-455-5p, and hsa-miR-542-5p) and 10 signifi cantly downregulated 
(hsa-miR-29c, hsa-miR-29c*, hsa-miR-139-5p, hsa-miR-140-3p, hsa-miR-145, 
hsa-miR-378, hsa-miR-572, hsa-miR-638, hsa-miR-2861, and hsa- miR- 3196) miR-
NAs were identifi ed. Data mining revealed connections to many tumour-promoting 
pathways, such as the Hedgehog and the MAPK/extracellular signal-regulated 
kinase signalling cascades [ 111 ].     
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    miRNAs in Cutaneous Squamous Cell Carcinoma 

     Cutaneous squamous cell carcinoma (cSCC)     is an epithelial skin tumour that is the 
second  most   common form of human cancer [ 108 ]. Some cSCCs become locally 
invasive and show an aggressive course [ 112 ]. The rate of metastasis has been 
shown to be 0.3–3.7 % with an overall 5-year survival rate <30 % in cases in which 
it spreads systemically [ 113 ]. 

 Microarray miRNA profi ling of tumour biopsies from patients with cSCC and 
adjacent healthy skin revealed three upregulated (hsa-miR-135b, hsa-miR-424, and 
hsa-miR-766) and six downregulated (hsa-miR-30a*, hsa-miR-378, hsa-miR-145, 
hsa-miR-140-3p, hsa-miR-30a, and hsa-miR-26a) miRNAs in cSCC [ 114 ].      

    Conclusion 

 The aberrant expression and function of miRNAs has been linked to the develop-
ment and progression of many human diseases, including skin diseases. SLE, SSc, 
dermatomyositis, psoriasis, and skin cancer, especially malignant melanoma, are 
skin conditions which were intensively studied in recent years using miRNA tech-
nology. Some skin disease related specifi c miRNA and miRNAs signatures have 
been identifi ed and a few miRNA pathways elucidated. In the future more func-
tional studies involving antagomirs will eventually lead to the confi rmation of pres-
ent studies and identifi cation of new diagnostic and prognostic markers as well as 
therapeutic targets to be tested in preclinical models.     

   References 

    1.    McGrath JA, Eady RAJ, Pope FM. Anatomy and organization of human skin. In: Rook A, 
Burns T, editors. Rook’s textbook of dermatology. Malden: Blackwell; 2004. p. 3.1–3.84.  

    2.    Fore J. A review of skin and the effects of aging on skin structure and function. Ostomy 
Wound Manage. 2006;52:24–35; quiz 36–27.  

    3.    Giacomoni PU, Declercq L, Hellemans L, Maes D. Aging of human skin: review of a mecha-
nistic model and fi rst experimental data. IUBMB Life. 2000;49:259–63.  

    4.    Sun BK, Tsao H. Small RNAs in development and disease. J Am Acad Dermatol. 
2008;59:725–37; quiz 738–740.  

    5.    Chen C, Ridzon DA, Broomer AJ, Zhou Z, Lee DH, Nguyen JT, Barbisin M, Xu NL, 
Mahuvakar VR, Andersen MR, Lao KQ, Livak KJ, Guegler KJ. Real-time quantifi cation of 
microRNAs by stem-loop RT-PCR. Nucleic Acids Res. 2005;33, e179.  

    6.    Shi R, Chiang VL. Facile means for quantifying microRNA expression by real-time 
PCR. Biotechniques. 2005;39:519–25.  

     7.    Yin JQ, Zhao RC, Morris KV. Profi ling microRNA expression with microarrays. Trends 
Biotechnol. 2008;26:70–6.  

    8.    Li W, Ruan K. MicroRNA detection by microarray. Anal Bioanal Chem. 2009;394:
1117–24.  

D. Glavač and M. Ravnik-Glavač



325

    9.    Hafner M, Landgraf P, Ludwig J, Rice A, Ojo T, Lin C, Holoch D, Lim C, Tuschl T. 
Identifi cation of microRNAs and other small regulatory RNAs using cDNA library sequenc-
ing. Methods. 2008;44:3–12.  

       10.    Git A, Dvinge H, Salmon-Divon M, Osborne M, Kutter C, Hadfi eld J, Bertone P, Caldas C. 
Systematic comparison of microarray profi ling, real-time PCR, and next-generation sequenc-
ing technologies for measuring differential microRNA expression. RNA. 2010;16:
991–1006.  

    11.    Bissels U, Wild S, Tomiuk S, Holste A, Hafner M, Tuschl T, Bosio A. Absolute quantifi cation 
of microRNAs by using a universal reference. RNA. 2009;15:2375–84.  

    12.    Linsen SE, de Wit E, Janssens G, Heater S, Chapman L, Parkin RK, Fritz B, Wyman SK, de 
Bruijn E, Voest EE, Kuersten S, Tewari M, Cuppen E. Limitations and possibilities of small 
RNA digital gene expression profi ling. Nat Methods. 2009;6:474–6.  

     13.    Pradervand S, Weber J, Lemoine F, Consales F, Paillusson A, Dupasquier M, Thomas J, 
Richter H, Kaessmann H, Beaudoing E, Hagenbuchle O, Harshman K. Concordance among 
digital gene expression, microarrays, and qPCR when measuring differential expression of 
microRNAs. Biotechniques. 2010;48:219–22.  

    14.    Wang H, Ach RA, Curry B. Direct and sensitive miRNA profi ling from low-input total 
RNA. RNA. 2007;13:151–9.  

    15.    Xia J, Zhang W. MicroRNAs in normal and psoriatic skin. Physiol Genomics. 
2014;46:113–22.  

    16.    Yi R, O’Carroll D, Pasolli HA, Zhang Z, Dietrich FS, Tarakhovsky A, Fuchs E. Morphogenesis 
in skin is governed by discrete sets of differentially expressed microRNAs. Nat Genet. 
2006;38:356–62.  

    17.    Yi R, Poy MN, Stoffel M, Fuchs E. A skin microRNA promotes differentiation by repressing 
‘stemness’. Nature. 2008;452:225–9.  

    18.    Lena AM, Shalom-Feuerstein R, Rivetti di Val Cervo P, Aberdam D, Knight RA, Melino G, 
Candi E. miR-203 represses ‘stemness’ by repressing DeltaNp63. Cell Death Differ. 
2008;15:1187–95.  

    19.    Antonini D, Russo MT, De Rosa L, Gorrese M, Del Vecchio L, Missero C. Transcriptional 
repression of miR-34 family contributes to p63-mediated cell cycle progression in epidermal 
cells. J Invest Dermatol. 2010;130:1249–57.  

    20.    Zhang L, Stokes N, Polak L, Fuchs E. Specifi c microRNAs are preferentially expressed by 
skin stem cells to balance self-renewal and early lineage commitment. Cell Stem Cell. 
2011;8:294–308.  

    21.    Korpal M, Lee ES, Hu G, Kang Y. The miR-200 family inhibits epithelial-mesenchymal 
transition and cancer cell migration by direct targeting of E-cadherin transcriptional repres-
sors ZEB1 and ZEB2. J Biol Chem. 2008;283:14910–4.  

    22.    Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A, Farshid G, Vadas MA, Khew- 
Goodall Y, Goodall GJ. The miR-200 family and miR-205 regulate epithelial to mesenchy-
mal transition by targeting ZEB1 and SIP1. Nat Cell Biol. 2008;10:593–601.  

    23.    Joyce CE, Zhou X, Xia J, Ryan C, Thrash B, Menter A, Zhang W, Bowcock AM. Deep 
sequencing of small RNAs from human skin reveals major alterations in the psoriasis miR-
NAome. Hum Mol Genet. 2011;20:4025–40.  

    24.    Bostjancic E, Glavac D. Importance of microRNAs in skin morphogenesis and diseases. Acta 
Dermatovenerol Alp Pannonica Adriat. 2008;17:95–102.  

    25.    Menter A, Gottlieb A, Feldman SR, Van Voorhees AS, Leonardi CL, Gordon KB, Lebwohl 
M, Koo JY, Elmets CA, Korman NJ, Beutner KR, Bhushan R. Guidelines of care for the 
management of psoriasis and psoriatic arthritis: section 1. Overview of psoriasis and guide-
lines of care for the treatment of psoriasis with biologics. J Am Acad Dermatol. 
2008;58:826–50.  

     26.    Lowes MA, Bowcock AM, Krueger JG. Pathogenesis and therapy of psoriasis. Nature. 
2007;445:866–73.  

16 Essential Role of microRNA in Skin Physiology and Disease



326

         27.    Sonkoly E, Wei T, Janson PC, Saaf A, Lundeberg L, Tengvall-Linder M, Norstedt G, Alenius 
H, Homey B, Scheynius A, Stahle M, Pivarcsi A. MicroRNAs: novel regulators involved in 
the pathogenesis of psoriasis? PLoS One. 2007;2, e610.  

    28.    Croker BA, Krebs DL, Zhang JG, Wormald S, Willson TA, Stanley EG, Robb L, Greenhalgh 
CJ, Forster I, Clausen BE, Nicola NA, Metcalf D, Hilton DJ, Roberts AW, Alexander 
WS. SOCS3 negatively regulates IL-6 signaling in vivo. Nat Immunol. 2003;4:540–5.  

    29.    Taganov KD, Boldin MP, Chang KJ, Baltimore D. NF-kappaB-dependent induction of 
microRNA miR-146, an inhibitor targeted to signaling proteins of innate immune responses. 
Proc Natl Acad Sci U S A. 2006;103:12481–6.  

    30.    Hirao H, Jinnin M, Ichihara A, Fujisawa A, Makino K, Kajihara I, Sakai K, Fukushima S, 
Inoue Y, Ihn H. Detection of hair root miR-19a as a novel diagnostic marker for psoriasis. Eur 
J Dermatol. 2013;23:807–11.  

   31.    Zibert JR, Lovendorf MB, Litman T, Olsen J, Kaczkowski B, Skov L. MicroRNAs and poten-
tial target interactions in psoriasis. J Dermatol Sci. 2010;58:177–85.  

   32.    Xu N, Meisgen F, Butler LM, Han G, Wang XJ, Soderberg-Naucler C, Stahle M, Pivarcsi A, 
Sonkoly E. MicroRNA-31 is overexpressed in psoriasis and modulates infl ammatory cyto-
kine and chemokine production in keratinocytes via targeting serine/threonine kinase 40. 
J Immunol. 2013;190:678–88.  

   33.    Lerman G, Avivi C, Mardoukh C, Barzilai A, Tessone A, Gradus B, Pavlotsky F, Barshack I, 
Polak-Charcon S, Orenstein A, Hornstein E, Sidi Y, Avni D. MiRNA expression in psoriatic 
skin: reciprocal regulation of hsa-miR-99a and IGF-1R. PLoS One. 2011;6, e20916.  

   34.    Lerman G, Sharon M, Leibowitz-Amit R, Sidi Y, Avni D. The crosstalk between IL-22 sig-
naling and miR-197 in human keratinocytes. PLoS One. 2014;9, e107467.  

     35.    Ichihara A, Jinnin M, Yamane K, Fujisawa A, Sakai K, Masuguchi S, Fukushima S, Maruo 
K, Ihn H. microRNA-mediated keratinocyte hyperproliferation in psoriasis vulgaris. Br 
J Dermatol. 2011;165:1003–10.  

    36.    Dai Y, Huang YS, Tang M, Lv TY, Hu CX, Tan YH, Xu ZM, Yin YB. Microarray analysis of 
microRNA expression in peripheral blood cells of systemic lupus erythematosus patients. 
Lupus. 2007;16:939–46.  

    37.    Ding S, Liang Y, Zhao M, Liang G, Long H, Zhao S, Wang Y, Yin H, Zhang P, Zhang Q, Lu 
Q. Decreased microRNA-142-3p/5p expression causes CD4+ T cell activation and B cell 
hyperstimulation in systemic lupus erythematosus. Arthritis Rheum. 2012;64:2953–63.  

    38.    Tang Y, Luo X, Cui H, Ni X, Yuan M, Guo Y, Huang X, Zhou H, de Vries N, Tak PP, Chen S, 
Shen N. MicroRNA-146a contributes to abnormal activation of the type I interferon  pathway 
in human lupus by targeting the key signaling proteins. Arthritis Rheum. 2009;60:1065–75.  

    39.    Lu MC, Lai NS, Chen HC, Yu HC, Huang KY, Tung CH, Huang HB, Yu CL. Decreased 
microRNA(miR)-145 and increased miR-224 expression in T cells from patients with sys-
temic lupus erythematosus involved in lupus immunopathogenesis. Clin Exp Immunol. 
2013;171:91–9.  

    40.    Fan W, Liang D, Tang Y, Qu B, Cui H, Luo X, Huang X, Chen S, Higgs BW, Jallal B, Yao Y, 
Harley JB, Shen N. Identifi cation of microRNA-31 as a novel regulator contributing to 
impaired interleukin-2 production in T cells from patients with systemic lupus erythemato-
sus. Arthritis Rheum. 2012;64:3715–25.  

    41.    Te JL, Dozmorov IM, Guthridge JM, Nguyen KL, Cavett JW, Kelly JA, Bruner GR, Harley 
JB, Ojwang JO. Identifi cation of unique microRNA signature associated with lupus nephritis. 
PLoS One. 2010;5, e10344.  

    42.    Liu Y, Dong J, Mu R, Gao Y, Tan X, Li Y, Li Z, Yang G. MicroRNA-30a promotes B cell 
hyperactivity in patients with systemic lupus erythematosus by direct interaction with Lyn. 
Arthritis Rheum. 2013;65:1603–11.  

    43.   Fu L, Jin L, Yan L, Shi J, Wang H, Zhou B, Wu X: Comprehensive review of genetic associa-
tion studies and meta-analysis on mirna polymorphisms and rheumatoid arthritis and sys-
temic lupus erythematosus susceptibility. Hum Immunol. 2014.  

    44.    Koba S, Jinnin M, Inoue K, Nakayama W, Honda N, Makino K, Kajihara I, Makino T, 
Fukushima S, Ihn H. Expression analysis of multiple microRNAs in each patient with sclero-
derma. Exp Dermatol. 2013;22:489–91.  

D. Glavač and M. Ravnik-Glavač



327

    45.    Takemoto R, Jinnin M, Wang Z, Kudo H, Inoue K, Nakayama W, Ichihara A, Igata T, Kajihara 
I, Fukushima S, Ihn H. Hair miR-29a levels are decreased in patients with scleroderma. Exp 
Dermatol. 2013;22:832–3.  

    46.    Maurer B, Stanczyk J, Jungel A, Akhmetshina A, Trenkmann M, Brock M, Kowal-Bielecka 
O, Gay RE, Michel BA, Distler JH, Gay S, Distler O. MicroRNA-29, a key regulator of col-
lagen expression in systemic sclerosis. Arthritis Rheum. 2010;62:1733–43.  

    47.    Wang Z, Jinnin M, Kudo H, Inoue K, Nakayama W, Honda N, Makino K, Kajihara I, 
Fukushima S, Inoue Y, Ihn H. Detection of hair-microRNAs as the novel potent biomarker: 
evaluation of the usefulness for the diagnosis of scleroderma. J Dermatol Sci. 
2013;72:134–41.  

    48.    Sing T, Jinnin M, Yamane K, Honda N, Makino K, Kajihara I, Makino T, Sakai K, Masuguchi 
S, Fukushima S, Ihn H. MicroRNA-92a expression in the sera and dermal fi broblasts 
increases in patients with scleroderma. Rheumatology (Oxford). 2012;51:1550–6.  

    49.    Shimada S, Jinnin M, Ogata A, Makino T, Kajihara I, Makino K, Honda N, Nakayama W, 
Inoue K, Fukushima S, Ihn H. Serum miR-21 levels in patients with dermatomyositis. Clin 
Exp Rheumatol. 2013;31:161–2.  

     50.    Koga Y, Jinnin M, Ichihara A, Fujisawa A, Moriya C, Sakai K, Fukushima S, Inoue Y, Ihn 
H. Analysis of expression pattern of serum microRNA levels in patients with psoriasis. 
J Dermatol Sci. 2014;74:170–1.  

    51.    Honda N, Jinnin M, Kira-Etoh T, Makino K, Kajihara I, Makino T, Fukushima S, Inoue Y, 
Okamoto Y, Hasegawa M, Fujimoto M, Ihn H. MiR-150 down-regulation contributes to the 
constitutive type I collagen overexpression in scleroderma dermal fi broblasts via the induc-
tion of integrin beta3. Am J Pathol. 2013;182:206–16.  

   52.    Oshikawa Y, Jinnin M, Makino T, Kajihara I, Makino K, Honda N, Nakayama W, Inoue K, 
Fukushima S, Ihn H. Decreased miR-7 expression in the skin and sera of patients with der-
matomyositis. Acta Derm Venereol. 2013;93:273–6.  

   53.    Kawashita Y, Jinnin M, Makino T, Kajihara I, Makino K, Honda N, Masuguchi S, Fukushima 
S, Inoue Y, Ihn H. Circulating miR-29a levels in patients with scleroderma spectrum disorder. 
J Dermatol Sci. 2011;61:67–9.  

   54.    Lovendorf MB, Zibert JR, Gyldenlove M, Ropke MA, Skov L. MicroRNA-223 and miR-143 
are important systemic biomarkers for disease activity in psoriasis. J Dermatol Sci. 
2014;75:133–9.  

   55.    Honda N, Jinnin M, Kajihara I, Makino T, Makino K, Masuguchi S, Fukushima S, Okamoto 
Y, Hasegawa M, Fujimoto M, Ihn H. TGF-beta-mediated downregulation of microRNA-196a 
contributes to the constitutive upregulated type I collagen expression in scleroderma dermal 
fi broblasts. J Immunol. 2012;188:3323–31.  

    56.    Inoue K, Jinnin M, Yamane K, Makino T, Kajihara I, Makino K, Honda N, Nakayama W, 
Fukushima S, Ihn H. Down-regulation of miR-223 contributes to the formation of Gottron’s 
papules in dermatomyositis via the induction of PKCvarepsilon. Eur J Dermatol. 
2013;23:160–7.  

    57.    Parkin DM, Bray F, Ferlay J, Pisani P. Global cancer statistics, 2002. CA Cancer J Clin. 
2005;55:74–108.  

    58.    Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck D, Sweet-Cordero A, Ebert BL, 
Mak RH, Ferrando AA, Downing JR, Jacks T, Horvitz HR, Golub TR. MicroRNA expression 
profi les classify human cancers. Nature. 2005;435:834–8.  

    59.    Blower PE, Verducci JS, Lin S, Zhou J, Chung JH, Dai Z, Liu CG, Reinhold W, Lorenzi PL, 
Kaldjian EP, Croce CM, Weinstein JN, Sadee W. MicroRNA expression profi les for the NCI- 
60 cancer cell panel. Mol Cancer Ther. 2007;6:1483–91.  

      60.    Gaur A, Jewell DA, Liang Y, Ridzon D, Moore JH, Chen C, Ambros VR, Israel 
MA. Characterization of microRNA expression levels and their biological correlates in 
human cancer cell lines. Cancer Res. 2007;67:2456–68.  

          61.    Mueller DW, Rehli M, Bosserhoff AK. MiRNA expression profi ling in melanocytes and 
melanoma cell lines reveals miRNAs associated with formation and progression of malignant 
melanoma. J Invest Dermatol. 2009;129:1740–51.  

16 Essential Role of microRNA in Skin Physiology and Disease



328

        62.    Satzger I, Mattern A, Kuettler U, Weinspach D, Voelker B, Kapp A, Gutzmer R. MicroRNA- 
15b represents an independent prognostic parameter and is correlated with tumor cell prolif-
eration and apoptosis in malignant melanoma. Int J Cancer. 2010;126:2553–62.  

     63.    Philippidou D, Schmitt M, Moser D, Margue C, Nazarov PV, Muller A, Vallar L, Nashan D, 
Behrmann I, Kreis S. Signatures of microRNAs and selected microRNA target genes in 
human melanoma. Cancer Res. 2010;70:4163–73.  

     64.    Sand M, Skrygan M, Sand D, Georgas D, Gambichler T, Hahn SA, Altmeyer P, Bechara 
FG. Comparative microarray analysis of microRNA expression profi les in primary cutaneous 
malignant melanoma, cutaneous malignant melanoma metastases, and benign melanocytic 
nevi. Cell Tissue Res. 2013;351:85–98.  

     65.    Molnar V, Tamasi V, Bakos B, Wiener Z, Falus A. Changes in miRNA expression in solid 
tumors: an miRNA profi ling in melanomas. Semin Cancer Biol. 2008;18:111–22.  

    66.    Zhang Z, Sun H, Dai H, Walsh RM, Imakura M, Schelter J, Burchard J, Dai X, Chang AN, 
Diaz RL, Marszalek JR, Bartz SR, Carleton M, Cleary MA, Linsley PS, Grandori 
C. MicroRNA miR-210 modulates cellular response to hypoxia through the MYC antagonist 
MNT. Cell Cycle. 2009;8:2756–68.  

    67.    Levati L, Alvino E, Pagani E, Arcelli D, Caporaso P, Bondanza S, Di Leva G, Ferracin M, 
Volinia S, Bonmassar E, Croce CM, D’Atri S. Altered expression of selected microRNAs in 
melanoma: antiproliferative and proapoptotic activity of miRNA-155. Int J Oncol. 
2009;35:393–400.  

     68.    Schultz J, Lorenz P, Gross G, Ibrahim S, Kunz M. MicroRNA let-7b targets important cell 
cycle molecules in malignant melanoma cells and interferes with anchorage-independent 
growth. Cell Res. 2008;18:549–57.  

         69.    Kozubek J, Ma Z, Fleming E, Duggan T, Wu R, Shin DG, Dadras SS. In-depth characteriza-
tion of microRNA transcriptome in melanoma. PLoS One. 2013;8, e72699.  

    70.    Caramuta S, Egyhazi S, Rodolfo M, Witten D, Hansson J, Larsson C, Lui WO. MicroRNA 
expression profi les associated with mutational status and survival in malignant melanoma. 
J Invest Dermatol. 2010;130:2062–70.  

   71.    Greenberg E, Hershkovitz L, Itzhaki O, Hajdu S, Nemlich Y, Ortenberg R, Gefen N, Edry L, 
Modai S, Keisari Y, Besser MJ, Schachter J, Shomron N, Markel G. Regulation of cancer 
aggressive features in melanoma cells by microRNAs. PLoS One. 2011;6, e18936.  

   72.    Penna E, Orso F, Cimino D, Tenaglia E, Lembo A, Quaglino E, Poliseno L, Haimovic A, 
Osella-Abate S, De Pitta C, Pinatel E, Stadler MB, Provero P, Bernengo MG, Osman I, 
Taverna D. MicroRNA-214 contributes to melanoma tumour progression through suppres-
sion of TFAP2C. EMBO J. 2011;30:1990–2007.  

   73.    Levy C, Khaled M, Iliopoulos D, Janas MM, Schubert S, Pinner S, Chen PH, Li S, Fletcher 
AL, Yokoyama S, Scott KL, Garraway LA, Song JS, Granter SR, Turley SJ, Fisher DE, 
Novina CD. Intronic miR-211 assumes the tumor suppressive function of its host gene in 
melanoma. Mol Cell. 2010;40:841–9.  

   74.    Mazar J, DeYoung K, Khaitan D, Meister E, Almodovar A, Goydos J, Ray A, Perera RJ. The 
regulation of miRNA-211 expression and its role in melanoma cell invasiveness. PLoS One. 
2010;5, e13779.  

    75.    Chan E, Patel R, Nallur S, Ratner E, Bacchiocchi A, Hoyt K, Szpakowski S, Godshalk S, 
Ariyan S, Sznol M, Halaban R, Krauthammer M, Tuck D, Slack FJ, Weidhaas JB. MicroRNA 
signatures differentiate melanoma subtypes. Cell Cycle. 2011;10:1845–52.  

    76.    Glud M, Rossing M, Hother C, Holst L, Hastrup N, Nielsen FC, Gniadecki R, Drzewiecki 
KT. Downregulation of miR-125b in metastatic cutaneous malignant melanoma. Melanoma 
Res. 2010;20:479–84.  

     77.    Xu Y, Brenn T, Brown ER, Doherty V, Melton DW. Differential expression of microRNAs 
during melanoma progression: miR-200c, miR-205 and miR-211 are downregulated in mela-
noma and act as tumour suppressors. Br J Cancer. 2012;106:553–61.  

    78.    Poliseno L, Haimovic A, Segura MF, Hanniford D, Christos PJ, Darvishian F, Wang J, 
Shapiro RL, Pavlick AC, Berman RS, Hernando E, Zavadil J, Osman I. Histology-specifi c 
microRNA alterations in melanoma. J Invest Dermatol. 2012;132:1860–8.  

D. Glavač and M. Ravnik-Glavač



329

      79.    Segura MF, Belitskaya-Levy I, Rose AE, Zakrzewski J, Gaziel A, Hanniford D, Darvishian 
F, Berman RS, Shapiro RL, Pavlick AC, Osman I, Hernando E. Melanoma microRNA signa-
ture predicts post-recurrence survival. Clin Cancer Res. 2010;16:1577–86.  

    80.    Stark MS, Tyagi S, Nancarrow DJ, Boyle GM, Cook AL, Whiteman DC, Parsons PG, 
Schmidt C, Sturm RA, Hayward NK. Characterization of the melanoma miRNAome by deep 
sequencing. PLoS One. 2010;5, e9685.  

     81.    Hanna JA, Hahn L, Agarwal S, Rimm DL. In situ measurement of miR-205 in malignant 
melanoma tissue supports its role as a tumor suppressor microRNA. Lab Invest. 
2012;92:1390–7.  

    82.    Kunz M. MicroRNAs in melanoma biology. Adv Exp Med Biol. 2013;774:103–20.  
    83.    Esquela-Kerscher A, Slack FJ. OncomiRs—microRNAs with a role in cancer. Nat Rev 

Cancer. 2006;6:259–69.  
    84.    Johnson SM, Grosshans H, Shingara J, Byrom M, Jarvis R, Cheng A, Labourier E, Reinert 

KL, Brown D, Slack FJ. RAS is regulated by the let-7 microRNA family. Cell. 
2005;120:635–47.  

    85.    Wolfel T, Hauer M, Schneider J, Serrano M, Wolfel C, Klehmann-Hieb E, De Plaen E, 
Hankeln T, Meyer zum Buschenfelde KH, Beach D. A p16INK4a-insensitive CDK4 mutant 
targeted by cytolytic T lymphocytes in a human melanoma. Science. 1995;269:1281–4.  

   86.    Chudnovsky Y, Khavari PA, Adams AE. Melanoma genetics and the development of rational 
therapeutics. J Clin Invest. 2005;115:813–24.  

    87.    Miller AJ, Mihm Jr MC. Melanoma. N Engl J Med. 2006;355:51–65.  
    88.    Couts KL, Anderson EM, Gross MM, Sullivan K, Ahn NG. Oncogenic B-Raf signaling in 

melanoma cells controls a network of microRNAs with combinatorial functions. Oncogene. 
2013;32:1959–70.  

    89.    Fu X, Meng Z, Liang W, Tian Y, Wang X, Han W, Lou G, Lou F, Yen Y, Yu H, Jove R, Huang 
W. miR-26a enhances miRNA biogenesis by targeting Lin28B and Zcchc11 to suppress 
tumor growth and metastasis. Oncogene. 2014;33:4296–306.  

    90.    Cai Q, Sun MH, Fu G, Ding CW, Mo SJ, Cai SJ, Ren SX, Min DL, Xu XL, Zhu WP, Zhang 
TM, Shi DR. [Mutation analysis of hMSH2 and hMLH1 genes in Chinese hereditary nonpol-
yposis colorectal cancer families]. Zhonghua Bing Li Xue Za Zhi. 2003;32:323–8.  

     91.    Liu S, Tetzlaff MT, Cui R, Xu X. miR-200c inhibits melanoma progression and drug resis-
tance through down-regulation of BMI-1. Am J Pathol. 2012;181:1823–35.  

    92.    Hurteau GJ, Carlson JA, Spivack SD, Brock GJ. Overexpression of the microRNA hsa-miR- 
200c leads to reduced expression of transcription factor 8 and increased expression of 
E-cadherin. Cancer Res. 2007;67:7972–6.  

    93.    Montone KT, van Belle P, Elenitsas R, Elder DE. Proto-oncogene c-kit expression in malig-
nant melanoma: protein loss with tumor progression. Mod Pathol. 1997;10:939–44.  

    94.    Shen SS, Zhang PS, Eton O, Prieto VG. Analysis of protein tyrosine kinase expression in 
melanocytic lesions by tissue array. J Cutan Pathol. 2003;30:539–47.  

    95.    He H, Jazdzewski K, Li W, Liyanarachchi S, Nagy R, Volinia S, Calin GA, Liu CG, Franssila 
K, Suster S, Kloos RT, Croce CM, de la Chapelle A. The role of microRNA genes in papillary 
thyroid carcinoma. Proc Natl Acad Sci U S A. 2005;102:19075–80.  

    96.    Felli N, Fontana L, Pelosi E, Botta R, Bonci D, Facchiano F, Liuzzi F, Lulli V, Morsilli O, 
Santoro S, Valtieri M, Calin GA, Liu CG, Sorrentino A, Croce CM, Peschle C. MicroRNAs 
221 and 222 inhibit normal erythropoiesis and erythroleukemic cell growth via kit receptor 
down-modulation. Proc Natl Acad Sci U S A. 2005;102:18081–6.  

    97.    Felicetti F, Errico MC, Bottero L, Segnalini P, Stoppacciaro A, Biffoni M, Felli N, Mattia G, 
Petrini M, Colombo MP, Peschle C, Care A. The promyelocytic leukemia zinc fi nger- 
microRNA- 221/-222 pathway controls melanoma progression through multiple oncogenic 
mechanisms. Cancer Res. 2008;68:2745–54.  

    98.    Garofalo M, Di Leva G, Romano G, Nuovo G, Suh SS, Ngankeu A, Taccioli C, Pichiorri F, 
Alder H, Secchiero P, Gasparini P, Gonelli A, Costinean S, Acunzo M, Condorelli G, Croce 
CM. miR-221&222 regulate TRAIL resistance and enhance tumorigenicity through PTEN 
and TIMP3 downregulation. Cancer Cell. 2009;16:498–509.  

16 Essential Role of microRNA in Skin Physiology and Disease



330

    99.    Errico MC, Felicetti F, Bottero L, Mattia G, Boe A, Felli N, Petrini M, Bellenghi M, Pandha 
HS, Calvaruso M, Tripodo C, Colombo MP, Morgan R, Care A. The abrogation of the 
HOXB7/PBX2 complex induces apoptosis in melanoma through the miR-221&222-c-FOS 
pathway. Int J Cancer. 2013;133:879–92.  

    100.    Satzger I, Mattern A, Kuettler U, Weinspach D, Niebuhr M, Kapp A, Gutzmer R. MicroRNA-21 
is upregulated in malignant melanoma and infl uences apoptosis of melanocytic cells. Exp 
Dermatol. 2012;21:509–14.  

    101.    Talotta F, Cimmino A, Matarazzo MR, Casalino L, De Vita G, D’Esposito M, Di Lauro R, 
Verde P. An autoregulatory loop mediated by miR-21 and PDCD4 controls the AP-1 activity 
in RAS transformation. Oncogene. 2009;28:73–84.  

     102.    Segura MF, Hanniford D, Menendez S, Reavie L, Zou X, Alvarez-Diaz S, Zakrzewski J, 
Blochin E, Rose A, Bogunovic D, Polsky D, Wei J, Lee P, Belitskaya-Levy I, Bhardwaj N, 
Osman I, Hernando E. Aberrant miR-182 expression promotes melanoma metastasis by 
repressing FOXO3 and microphthalmia-associated transcription factor. Proc Natl Acad Sci U 
S A. 2009;106:1814–9.  

    103.    Segura MF, Greenwald HS, Hanniford D, Osman I, Hernando E. MicroRNA and cutaneous 
melanoma: from discovery to prognosis and therapy. Carcinogenesis. 2012;33:1823–32.  

    104.    Gilad S, Meiri E, Yogev Y, Benjamin S, Lebanony D, Yerushalmi N, Benjamin H, Kushnir M, 
Cholakh H, Melamed N, Bentwich Z, Hod M, Goren Y, Chajut A. Serum microRNAs are 
promising novel biomarkers. PLoS One. 2008;3, e3148.  

     105.    Leidinger P, Keller A, Borries A, Reichrath J, Rass K, Jager SU, Lenhof HP, Meese E. High- 
throughput miRNA profi ling of human melanoma blood samples. BMC Cancer. 2010;10:262.  

    106.    Nguyen T, Kuo C, Nicholl MB, Sim MS, Turner RR, Morton DL, Hoon DS. Downregulation 
of microRNA-29c is associated with hypermethylation of tumor-related genes and disease 
outcome in cutaneous melanoma. Epigenetics. 2011;6:388–94.  

     107.    Friedman EB, Shang S, de Miera EV, Fog JU, Teilum MW, Ma MW, Berman RS, Shapiro 
RL, Pavlick AC, Hernando E, Baker A, Shao Y, Osman I. Serum microRNAs as biomarkers 
for recurrence in melanoma. J Transl Med. 2012;10:155.  

     108.    Ratushny V, Gober MD, Hick R, Ridky TW, Seykora JT. From keratinocyte to cancer: the 
pathogenesis and modeling of cutaneous squamous cell carcinoma. J Clin Invest. 
2012;122:464–72.  

    109.    Jarus-Dziedzic K, Zub W, Dziedzic D, Jelen M, Krotochwil J, Mierzejewski M. Multiple 
metastases of carcinoma basocellulare into spinal column. J Neurooncol. 2000;48:57–62.  

     110.    Heffelfi nger C, Ouyang Z, Engberg A, Leffell DJ, Hanlon AM, Gordon PB, Zheng W, Zhao 
H, Snyder MP, Bale AE. Correlation of global microRNA expression with basal cell carci-
noma subtype. G3 (Bethesda). 2012;2:279–86.  

    111.    Sand M, Skrygan M, Sand D, Georgas D, Hahn SA, Gambichler T, Altmeyer P, Bechara 
FG. Expression of microRNAs in basal cell carcinoma. Br J Dermatol. 2012;167:847–55.  

    112.    Cassarino DS, Derienzo DP, Barr RJ. Cutaneous squamous cell carcinoma: a comprehensive 
clinicopathologic classifi cation. Part one. J Cutan Pathol. 2006;33:191–206.  

    113.    Kwa RE, Campana K, Moy RL. Biology of cutaneous squamous cell carcinoma. J Am Acad 
Dermatol. 1992;26:1–26.  

    114.    Sand M, Skrygan M, Georgas D, Sand D, Hahn SA, Gambichler T, Altmeyer P, Bechara 
FG. Microarray analysis of microRNA expression in cutaneous squamous cell carcinoma. 
J Dermatol Sci. 2012;68:119–26.    

D. Glavač and M. Ravnik-Glavač



331© Springer International Publishing Switzerland 2015 
G. Santulli (ed.), microRNA: Medical Evidence, Advances in Experimental 
Medicine and Biology 888, DOI 10.1007/978-3-319-22671-2_17

    Chapter 17   
 microRNA and Allergy       

       Ana     Rebane    

    Abstract     Allergy is a common hypersensitivity disorder of the immune system, 
which, along with other factors, is also subjected to regulation by microRNAs. The 
most common allergic diseases are allergic rhinitis, asthma, atopic dermatitis, and 
food allergy, which all are multifactorial and very heterogeneous conditions, high-
lighting the need for more individualized treatment techniques. More particular key 
questions in relation to allergic diseases are how microRNAs infl uence the differen-
tiation, polarization, plasticity and functions of T helper and other immune cells, as 
well as the development of immune tolerance. In addition, microRNAs can affect 
allergic infl ammation and tissue remodeling through their functions in epithelial 
and other tissue cells. Among immune system-related microRNAs, miR-21, miR- 
146a, and miR-155 are the most intensively studied and have convincingly been 
demonstrated to regulate immune responses and tissue infl ammation in allergic dis-
eases. Further characterization of microRNA functions is important, as similar to 
other conditions, the modulation of microRNA expression could potentially be used 
for therapeutic purposes in allergic diseases in the future. In addition, miRNAs 
could be implemented as biomarkers for endotyping complex allergic conditions.  

  Keywords     Noncoding RNA   •   Allergy   •   Asthma   •   Rhinitis   •   Dermatitis   •   Food 
allergy  

        Introduction 

  Immune responses in health and disease are controlled by the dynamic and multi-
factorial regulation of gene expression in each cell type involved. A healthy immune 
system detects and eliminates pathogens very effi ciently. However, excessive and 
inappropriate responses to self-antigens, pathogens, tissue damage, toxins, irritants, 
and allergens may cause unreasonably strong infl ammation, leading to autoimmune 
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or allergic diseases [ 1 – 3 ]. The most common  allergic diseases   are allergic rhinitis, 
asthma, and atopic dermatitis (AD), which can occur either alone or in combination 
[ 4 ,  5 ]. A predisposition toward developing certain allergic reactions is also known 
as atopy. Immunologically, atopy is characterized by the expansion of the Th2 cell 
subset and IgE-expressing memory/effector B cells and plasma cells producing IgE 
antibodies specifi c for common environmental allergens. Because allergic diseases 
mainly affect tissues that interface with the environment, the role of epithelial cell 
responses is important. In addition, various nonpathogenic and pathogenic microbes 
and viruses affecting the same tissues enhance the complexity of the molecular 
events that lead to or protect against the development of allergic infl ammation [ 6 ]. 
For instance, human rhinoviruses (HRVs), which typically only cause the common 
cold, may also cause long-lasting infection and acute asthma exacerbations in asth-
matics [ 7 ,  8 ]. 

  Atopic diseases   possess a strong genetic component, which is well characterized 
for AD. Numerous genetic studies of AD have identifi ed candidate genes linked either 
to the epidermal barrier, such as fi laggrin ( FLG ) [ 9 ], or to immune processes, such as 
 IL4 / IL13  receptor [ 10 ,  11 ],  IL13  [ 12 ] and the α-chain of the high affi nity receptor for 
IgE,  FCER1A  [ 13 – 15 ]. Distinct functional  IL13  variants have been associated with 
asthma susceptibility as well [ 16 ]. A recent meta-analysis  of   genome-wide associa-
tion studies confi rms previous fi ndings regarding the involvement of both the epider-
mal barrier function and immune dysregulation in AD pathogenesis [ 17 ]. 

 Many studies have addressed the domination of Th2 cells in atopic diseases. As 
one possibility, high IFN-γ-secreting Th1 cells in peripheral blood selectively 
undergo activation-induced cell death and skew the immune response toward sur-
viving Th2 cells in AD patients [ 18 ]. Albeit Th2 cells are dominant in the periphery 
of atopic patients, Th1 type responses, such as an enhanced level of IFN-γ, in fact 
appear to have a stronger infl uence on epithelial cells in the chronic phase of infl am-
mation [ 14 ,  19 – 23 ]. 

 Allergic diseases are very heterogeneous [ 24 ]. For example, both asthma and AD 
were initially divided into either extrinsic or allergic or intrinsic, i.e., nonatopic, 
disease. Recently, it has become clear that asthma and AD are far more complex 
diseases composed of a number of variants with different underlying pathophysiolo-
gies. Accordingly, it has been proposed that asthma can be divided into distinct 
disease entities called asthma endotypes, which link both the clinical characteristics 
and underlying biology [ 25 ]. However, the currently used diagnostic techniques and 
biomarkers do not allow for precise asthma endotyping. 

 The existing therapies for atopic diseases aim to control the symptoms. Despite 
extensive research, there is no established method to prevent asthma and AD, and 
the severe forms of these diseases are not well controlled [ 3 ]. Therefore, further 
characterization of the molecular mechanisms contributing to the pathogenesis of 
allergic diseases is important and ultimately could help in the development of more 
personalized therapeutic approaches for these diseases. 

 Although studies on the functions of microRNAs in allergic diseases have 
emerged during the last 5 years, the roles of miRNAs in the regulation and 
 pathogenesis of these diseases remain largely uncharacterized [ 26 ,  27 ]. Here, we 
provide an overview of the microRNAs that infl uence the development of allergic 
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diseases or impact the strength of infl ammation in affected tissues. In addition, we 
discuss the potential of microRNAs to serve as biomarkers and targets of gene ther-
apy in allergic diseases.   

    Three Guardians of the Immune System 

   Three microRNAs,    miR-21, miR-146a, and miR-155, are most likely the most 
intensively  studied   immune system-related miRNAs and have also been shown to 
play important roles in the development of allergic diseases and infl ammation in 
several studies. The functions and best characterized targets of miR-21, miR-146a, 
and miR-155 are presented in Fig.  17.1 .
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  Fig. 17.1    The expression regulation and functions of miR-146a/b, miR-21, and miR-155. The 
expression of miR-146a and miR-146b can be stimulated by activation of the NF-κB and JAK- STAT 
signaling, respectively, while the expression of miR-21 and miR-155 can be upregulated by both 
these pathways. miR-21 inhibits infl ammatory responses by targeting tumor suppressors and a pro-
infl ammatory protein (PDCD4) that promotes the activation of [ 30 ] and contributes to Th2 polariza-
tion by targeting IL-12p35 [ 53 ]. miR-146a/b inhibit most probably the same set of target genes. 
miR-146a/b directly downregulate IL-1 receptor-associated kinase 1 (IRAK1), TNF receptor- 
associated factor 6 (TRAF6) [ 31 ], which can be activated by TLR ligands, TNF-α and IL-1β, as well 
as caspase recruitment domain-containing protein 10 (CARD10), which can be activated through G 
protein-coupled receptors (GPCRs) by lysophosphatidic acid (LPA) or other unidentifi ed factors, as 
well as by IFN-γ in unknown manner [ 33 ,  34 ]. miR-155 promotes type I IFN signaling and contrib-
utes to the activation of NF-κB pathway by targeting suppressor of cytokine signaling 1, SOCS1 [ 41 ]       
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    miR-21   is mainly studied in connection with cancer, but it has been shown to 
regulate several immunological processes as well [ 28 ]. miR-21 is highly expressed 
in many cell types and can be further upregulated by signal transducers and activa-
tors of transcription 3 (STAT3) and nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB) [ 29 ]. In mouse macrophages, miR-21 has been shown to 
inhibit infl ammatory responses by targeting tumor suppressors and a pro- 
infl ammatory protein (PDCD4) that promotes the activation of NF-κB and controls 
the production of immune-suppressor cytokine IL-10 [ 30 ]. 

 Similarly,  miR-146a is an   anti-infl ammatory miRNA known to inhibit the activa-
tion of the NF-κB pathway. miR-146a directly downregulates IL-1 receptor- 
associated kinase 1 (IRAK1), TNF receptor-associated factor 6 (TRAF6) [ 31 ], 
Relb, a member of the non-canonical NF-κB/Rel family [ 32 ], and caspase recruit-
ment domain-containing protein 10 (CARD10, also known as CARD recruited 
membrane-associated protein 3, CARMA3) [ 33 ,  34 ]. miR-146a−/− mice develop 
autoimmunity at approximately 6 months of age, which is caused by the over- 
activation of STAT1 in Treg cells, leading to increased IFN-γ production and an 
inability to suppress immune responses mediated by Th1 cells [ 35 – 37 ]. Recent 
studies demonstrate that in addition to miR-146a, miR-146b is expressed and plays 
important roles in several different cell types [ 38 ,  39 ]. Mature miR-146a and miR- 
146b differ from each other by two nucleotides, and they target the same or a very 
similar set of genes because of their identical seed sequence [ 31 ,  40 ]. Although the 
function of miR-146a has been studied intensively in immune system and in numer-
ous diseases, the function and regulation of miR-146b is less well described. In 
monocytes, miR-146b is upregulated via an IL-10-mediated STAT3-dependent loop 
upon LPS stimulation and has been shown to directly target TLR4 [ 38 ]. In normal 
breast epithelial cells, the expression of miR-146b is induced by IL-6 and IFN-γ 
through activation of the STAT3 and STAT1 pathways, respectively [ 39 ]. 

 In contrast to miR-21 and miR-146a/b, miR-155 acts primarily as a pro- 
infl ammatory factor. miR-155 expression is induced upon vesicular stomatitis virus 
infection in macrophages, which promotes type I IFN signaling by targeting sup-
pressor of cytokine signaling 1, SOCS1 [ 41 ]. The suppression of SH2 domain- 
containing inositol-5-phosphatase (SHIP1) by miR-155 results in activation of Akt 
kinase and the upregulation of IFN response genes during the cellular response to 
LPS [ 42 ]. In addition, miR-155 directly represses BCL6, a transcription factor that 
attenuates NF-κB signaling, and this promotes atherosclerosis in mice [ 43 ]. miR- 
155 also functions in the development and activation of adaptive immune cells, 
including effector T cell subsets [ 44 ]. In addition, miR-155-defi cient mice are 
defective in production of Th1 and Th17 cells and, therefore, are highly resistant to 
experimental autoimmune encephalomyelitis [ 45 ]. 

 Numerous other miRNAs control innate and adaptive immune responses. For 
example, miR-301a, miR-9, miR-147b, and miR-125a have been shown to infl u-
ence the activation of the NF-κB pathway [ 46 ], and miR-10a, miR-17-92, miR- 
181a, miR-182, and miR-29a/b impact the differentiation and plasticity of T cells 
[ 47 ]. In addition, miR-17-92, miR-34a, miR-150, miR-181b, miR-125b, and miR- 
217 affect the development and functions of B cells [ 48 ]. Within the context of 
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allergic diseases, it is particularly interesting to study how miRNAs infl uence Th2 
polarization, Treg cell suppression capacity, and Ig class switching in B cells.    

    miRNAs in the Regulation of Effector T Cell Responses 
in Allergic Diseases 

     Naïve T cells   can  differentiate   into Th1, Th2, or Th17 cells, all of  which   can  pro-
mote   different types of infl ammatory responses. Moreover, the established subsets 
of effector T cells are rather heterogeneous cell populations, which often express 
only one or two of the lineage specifi c cytokines and under certain conditions can 
coproduce different amounts of the cytokines characteristic of other lineages, thus 
leading to different functional outcomes [ 49 – 51 ]. Allergic diseases are character-
ized by the expansion of Th2 cells and IgE-expressing memory B cells and plasma 
cells that produce IgE antibodies specifi c to common environmental allergens [ 3 ]. 

 The characteristic cytokines for Th2 cells are IL-5, IL-4, and IL-13; however, the 
Th1/Th2 balance is also infl uenced by Th1 cytokines, such as IFN-γ and IL-12, and 
by innate immune responses of antigen presenting cells (APCs), dendritic cells 
(DCs), and tissue macrophages, and responses of epithelial cells [ 52 ]. For example, 
epithelial cells produce thymic stromal lymphopoietin (TSLP) in response to vari-
ous stimuli and that contributes to activation of Th2 type responses. Coordinately, 
all miRNAs regulating the balance of Th1/Th2 type cytokines and innate immune 
responses in APCs and epithelial cells infl uence the pathogenesis of allergic dis-
eases. For example, in a mouse model of ovalbumin (OVA)-induced allergic airway 
infl ammation, miR-21 was the most highly induced miRNA in transgenic mice 
overexpressing IL-13 in the lungs. Because miR-21 directly targets IL-12p35, it was 
suggested that miR-21 might contribute to Th2 polarization [ 53 ]. Consistent with 
this, OVA-challenged miR-21-defi cient mice exhibited reduced lung eosinophilia 
and increased levels of IFN-γ when compared to wild-type mice [ 54 ]. miRNA-21 
also has been shown to inhibit innate immune responses in TLR2 agonist-induced 
lung infl ammation in mice [ 55 ] (Table  17.1 ).

   In line with research in mouse models of airway infl ammation, a correlation 
between reduced levels of miR-21 in mononuclear leukocytes from human umbili-
cal cord blood samples and elevated antenatal IgE production in allergic rhinitis 
patients have been observed [ 56 ]. Additionally, the upregulation of miR-21 was 
observed in esophageal biopsies from patients with eosinophilic esophagitis (EoE) 
[ 57 ] (Table  17.2 ). EoE is characterized by very high IL-13 overproduction, very 
strong Th2 type infl ammation and eosinophilia in the esophagus and can therefore 
regarded as a model for Th2-type diseases [ 58 ]. miR-21 is also upregulated in 
lesional skin from subjects with allergic responses to diphenylcyclopropenone 
(DPCP) in humans and in a dinitrofl uorobenzene (DNFB)-induced contact dermati-
tis mouse model, conditions in which Th17 and Th1 responses are dominant [ 59 ].

   Ubiquitously expressed miRNA let-7 has been shown to infl uence the expression 
of IL-13 in lung epithelial cell-line A549. Indeed, intranasal administration of let-7 
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     Table 17.1    The functions of miRNAs in asthma   

 miRNA  Function  Targets 

 miR-126  Inhibition reduced allergic infl ammation in an HDM-
induced mouse model of asthma [ 78 ] and eosinophilia in 
a mouse model of chronic airway infl ammation [ 79 ] 

 ? 

 miR-221  Upregulated in OVA-induced mouse models of asthma; 
silencing reduced allergic infl ammation [ 82 ] 

 Spred-2 

 miR-145  Silencing reduced allergic infl ammation in an HDM-
induced mouse model of asthma [ 80 ] 

 ? 

 miR-106a  Silencing reduced allergic infl ammation in an HDM-
induced mouse model of asthma [ 81 ] 

 IL-10 

 let-7a  Overexpression reduced allergic infl ammation in an 
OVA-induced mouse model of asthma [ 60 ] 

 IL-13 

 Intravenous administration of LNA inhibitors impeded 
AHR in a mouse model of asthma [ 61 ] 

 miR-21  Overexpressed in lung-specifi c IL-13-expressing 
transgenic mice with induced allergic airway 
infl ammation [ 53 ] 

 IL-12p35 

 Overexpression reduced TLR2 agonist-induced lung 
infl ammation in mice [ 55 ] 
 Increased Th1 cytokines and reduced eosinophilia in an 
OVA-induced mouse model of asthma in miR-21- 
defi cient mice [ 54 ] 

 miR-146a  Overexpressed in splenic CD4+ T lymphocytes [ 76 ]  IRAK1, TRAF6, 
CARD10, indirectly 
inhibits COX-2 and 
IL-1β 

 Reduced expression in CD8+ and CD4+ cells in patients 
under oral corticosteroid treatment [ 119 ] 
 Reduced cytokine induced apoptosis in human bronchial 
epithelial cells [ 94 ] 
 Increased in human asthmatic SMCs [ 93 ] 

 miR-375  A positive regulator of TSLP in human primary lung 
epithelial cells [ 65 ] 

 ? 

 miR-133a  Downregulated in mouse bronchial smooth muscle cells; 
augments airway contraction and hyperresponsiveness 
[ 89 ] 

 RhoA 

 miR-1  Downregulated by VEGF in lung endothelium; intranasal 
administration inhibited infl ammatory responses to OVA, 
HDM, and IL-13 overexpression Mpl [ 88 ] 

 Mpl 

 miR-155  Required for Th2-mediated eosinophilic infl ammation in 
an OVA-induced mouse model of asthma [ 77 ] 

 PU.1 

 miR-155-defi cient mice spontaneously developed 
asthma-like infl ammation in the lung and showed 
increased levels of IL-4 and IL-5 in T cells [ 44 ] 

 c-Maf 

 Increased in asthmatic SMCs upon stimulation [ 95 ] 
 miR- 17~92 
cluster 

 Downregulated in pulmonary hypertension, SMCs; 
specifi c depletion augments hypoxia-induced pulmonary 
hypertension in mice [ 91 ] 

 PDLIM5 

 miR-708  Inhibits airway SMC contractility [ 92 ]  CD38 
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   Table 17.2    The functions of miRNAs in allergic diseases other than asthma   

 miRNA  Disease  Function  Targets 

 miR-21  Allergic 
rhinitis, ACD, 
EoE 

 Antenatal IgE production and development of 
allergic rhinitis [ 56 ] 

 IL-12p35 

 Upregulated in contact dermatitis lesional skin 
[ 59 ] 
 Upregulated in EoE esophageal tissue [ 57 ] 
 Inhibits Th1-associated delayed-type 
hypersensitivity cutaneous responses in 
miR-21-defi cient mice [ 54 ] 

 miR- 
146a 

 AD  Upregulated in the skin and keratinocytes of 
AD patients; alleviates chronic infl ammation in 
a mouse model of AD [ 34 ] 

 IRAK1, 
CARD10, CCL5 

 miR-375  EoE  Expression is modulated by IL-13 [ 58 ]  ? 
 Downregulated in EoE esophageal tissue [ 57 ] 

 miR-155  AD  Infl uences development of AD by 
downregulating CTLA-4 negative regulator of 
T cell activation [ 102 ] 

 CTLA-4 

 miR- 
125b 

 CRS with 
nasal polyps 

 Upregulated in CRS with nasal polyps; 
infl uences IFN-α/β production [ 103 ] 

 4E-BP1 

 miR-150  ACD  Nanovesicles containing miR-150 induce 
antigen-specifi c tolerance in a mouse ACD 
model [ 110 ] 

family miRNAs led to reduced IL-13 and AHR as well as the resolution of allergic 
infl ammation in an OVA-induced mouse model of asthma [ 60 ]. However, in another 
study, instead of exacerbating the disease, let-7 miRNA inhibition using intrave-
nously administered locked nucleic acid (LNA) inhibitors hampered AHR in a 
mouse model of asthma [ 61 ]. 

  miR-155   can impact the Th1/Th2 balance and the development of allergic disease 
through its function in macrophages, in which miR-155 targets IL-13RA, SOCS1, 
and SHIP1. When miR-155 levels are reduced in differentiating macrophages, 
STAT6 becomes more activated, leading to the establishment of an alternative M2 
pro-Th2 phenotype [ 62 ]. A very interesting recent study using miR-155(−/−) or miR-
146a(−/−) T cells identifi ed that T cell-intrinsic miR-155 is required for type-2 
immunity and that T cell-intrinsic miR-146a is required to prevent overt  Th1/Th17 
skewing [ 63 ]. Thus, if there is no miR-155 in macrophages, they tend to stimulate 
Th2 responses; however, if there is no miR-155 in T cells, there is less differentiation 
toward Th2 type direction suggesting that tightly regulated miR-155 in each partici-
pating cell type is needed for proper functioning of the immune system. 

  miR-375 is   yet another miRNA that contributes to the differentiation of Th2 cells. 
miR-375 has been shown to be induced by IL-13 in gut mucosal epithelial cells and 
it positively regulates the expression of key Th2 cytokines, TSLP, and resistin-like 
beta (RELMβ) [ 64 ]. In line with these results, diesel exhaust particles, which are 
known to aggravate asthma, induce TSLP mRNA and miR-375 in primary human 
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bronchial epithelial cells [ 65 ]. In contrast to gut mucosal epithelial cells, miR-375 is 
downregulated by IL-13 in human esophageal squamous and bronchial columnar 
epithelial cells, suggesting that the regulation of miR-375 is complicated and cell 
type specifi c [ 57 ]. 

 In addition to the Th2 cells, recent studies propose an important role for Th22 
cells in the chronic phase of the allergic tissue infl ammation. Infl uence of miRNAs 
on development of Th22 cells, as well as on production of IL-22 has not been stud-
ied. This will be interesting because IL-22 might be also produced by Th17 cells; 
however, when IL-17 augments infl ammation, IL-22 is known to play a tissue- 
protective role [ 66 ].     

    miRNAs and Regulatory T and B Cell Responses 

    T cells with  immunoregulatory   capacity can be classifi ed  into   two groups: thymus- 
derived   naturally occurring CD4+CD25+FOXP3+ Treg cells and inducible Treg 
cells (iTreg) generated outside the thymus after antigenic stimulation. Importantly, 
the balance between allergen-specifi c Treg cells and Th2 cells is decisive in the 
development of allergy. Studies on the mechanisms of immune responses to aller-
gens have demonstrated that iTreg cells are dominant in healthy individuals [ 67 ]. 
Therefore, miRNAs that infl uence the development and functions of iTregs most 
likely play important roles in allergic diseases. For example, miR-10a has been 
shown to limit the phenotypic conversion of iTreg cells into follicular helper T cells 
and hinder the differentiation of the Th17 cell subset [ 68 ]. An interesting large-scale 
overexpression screen with T cell-expressed miRNAs in naïve mouse CD4 +  T cells 
undergoing Treg differentiation identifi ed 29 miRNAs with a negative effect and 10 
miRNAs with a positive effect. miR-100, miR-99a, and miR-10b all specifi cally 
promoted Treg differentiation and inhibited the Th17 program without impacting 
viability, proliferation, and activation [ 69 ]. In addition to autoimmunity, Th17 cells 
play a dominant role in neutrophilic asthma, which is also associated with asthma 
exacerbations in response to rhinoviruses [ 70 ], indicating that these miRNAs poten-
tially infl uence the development of neutrophilic asthma and asthma exacerbation. 

 iTreg cells not only suppress Th1 or Th2 cell responses but also have a direct 
infl uence on B cells. Both natural Tregs and iTregs reduce the IgE-secreting plasma 
cell frequency and simultaneously augment IgG4-secreting plasma cells. Recently, 
it has also been shown that regulatory IL-10-producing B cells induce Treg cells and 
alleviate symptoms in a murine model of allergic asthma [ 71 ,  72 ]. However, the 
roles of miRNAs in immunoregulatory B cells are almost fully unexplored. 
Interestingly, miR-21 was recently shown to stimulate B cells to produce IL-10 in a 
study exploring the role of miR-21 in nasopharyngeal cancer. Thus, in addition to 
its role in triggering Th2 type responses, miR-21 is required for the regulatory role 
of B cells, which suggests that similarly to miR-155, well-controlled miR-21 levels 
in every cell is needed for the proper functioning of the immune system. 
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 The development of regulatory and effector T cells strongly depends on innate 
immune responses of APCs [ 73 ]. Several miRNAs may play important roles in the 
modulation of DC capacity to induce regulatory T cells. For example, miR-23b 
transfection into mouse or human in vitro differentiated DCs leads to increased 
IL-10 and decreased IL-12 production, inactivation of the Notch1 and NF-κB sig-
naling pathways, and increased capacity of DCs to promote FoxP3+ CD4+ T cell 
proliferation [ 74 ]. Interestingly, miR-146a has been shown to be differentially 
expressed by myeloid DC subsets and it desensitizes DCs to TLR2-dependent acti-
vation, which suggests that high constitutive miR-146a levels in the epidermis ren-
der Langerhans cells (LCs) in the epithelium less susceptible to inappropriate 
activation by commensal bacterial through TLR2 [ 75 ]. Thus, both miR-146a and 
miR-23b might essentially contribute to protection against the development of aller-
gic responses through their actinon in APCs, the fi rst line of the cells activated by 
allergens. As the modulation of microRNA expression in APCs can be considered 
easier compared with T and B lymphocytes, further studies about the functions of 
microRNAs in APCs has high potential also in light of few of the development of 
therapeutic approaches for allergic diseases.     

    miRNAs in Asthma 

    The fi rst study to demonstrate  the   importance of miRNAs in airway diseases  was 
  published in  2007   by Rodriguez et al., who characterized miR-155-defi cient mice 
and noted that approximately 50 % of aging miR-155-defi cient mice spontaneously 
develop asthma-like lung infl ammation with increased Th2-type cytokines and 
greater numbers of lymphocytes and macrophages but similar counts of eosinophils 
compared to wild-type mice [ 44 ]. In ensuing studies, the expression of several miR-
NAs, including miR-155, was found to be dysregulated in the airways or lympho-
cytes of patients with asthma, as well as in different mouse models of airway 
infl ammation [ 76 ]. Interestingly, the same miR-155-defi cient mice were recently 
demonstrated as developing an altered infl ammatory response with diminished 
eosinophilic infl ammation, reduced eotaxin-2/CCL24 and periostin levels, and 
reduced Th2 cell numbers in an experimental mouse model of allergic airway 
infl ammation [ 77 ]. Concordantly, miR-155 was shown to be required for Th2-type 
responses [ 63 ]. Thus, it appears that in the case of miR-155 defi ciency, a spontane-
ous development of airway infl ammation occurs; however, in induced mouse mod-
els, miR-155 rather contributes to airway infl ammation. 

 In addition to miR-155, several other miRNAs have been shown to modulate 
asthma-like lung infl ammation in different mouse models (Table  17.1 ). The expres-
sion of miR-126 was found to be increased in the airways of mice upon exposure to 
house dust mite (HDM), and the inhibition of miR-126 using intranasal administra-
tion of miR-126 antagomir reduced allergic infl ammation in the same mouse model 
of asthma [ 78 ] and also decreased eosinophilia in a mouse model of chronic airway 
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infl ammation [ 79 ]. Similarly, the inhibition of miR-145 [ 80 ] and miR-106a [ 81 ] had 
anti-infl ammatory effects in HDM-induced allergic airways disease in mice. Similar 
to miR-126, enhanced expression of miRNA-221 was detected in the lung biopsies 
of mice subjected to an OVA-induced mouse model of asthma, and the inhibition of 
miR-221 reduced infl ammation in the airways [ 82 ]. Interestingly, miR-221 is also 
known to regulate the cell cycle of mast cells and is upregulated by stimulation with 
IgE-allergen complexes in these cells [ 83 ,  84 ]. 

 Current therapies for asthma aim to control symptoms and mainly include fast- 
acting beta2-adrenoceptor agonists and corticosteroids for long-term control, yet 
these therapies are ineffi cient in controlling severe forms of asthma and allergic 
diseases [ 3 ]. Thus, one important question in research concerning asthma is how 
miRNAs impact the development of corticosteroid-resistant and severe asthma. One 
of the initial studies in a mouse model of corticosteroid-resistant asthma demon-
strated a rapid change in miRNA levels in mouse lungs following LPS-induced 
infl ammation; however, no infl uence of glucocorticoids was detected [ 33 ]. Another 
study showed that the expression of miR-146a is reduced in CD8+ and CD4+ T 
cells from severe asthma patients under continuous oral corticosteroid treatment 
[ 34 ]. In agreement with this observation, the expression of miR-146a was shown to 
be suppressed by dexamethasone in splenic CD4+ T lymphocytes from mice sub-
jected to an OVA-induced model of asthma [ 53 ]. 

 Together, these studies show that miRNAs can either enhance or reduce airway 
infl ammation and suggest that a complex network of miRNAs impacts immune 
responses in asthma. Because asthma is a complex syndrome with heterogeneous 
endotypes or phenotypes [ 25 ,  85 ], miRNAs as fi ne-tuners of gene expression also 
may contribute to the development of different forms of the disease.     

    miRNAs in Bronchial Epithelium and Airway Smooth 
Muscle Cells  

     Disease-related changes in lung  alveolar   epithelial cells,    endothelial cells, fi bro-
blasts, and  bronchial smooth muscle cells (SMCs)   have strong impact on the patho-
genesis of asthma, and miRNAs are clearly part of  the   regulatory network involved 
in tissue responses to asthma. An initial study demonstrated that miRNAs have 
different expression profi les in airway SMCs, bronchial epithelial cell-lines A549 
and Beas2B, bronchial fi broblasts, and alveolar macrophages [ 86 ]. In epithelial 
cells from asthmatic patients, 66 miRNAs were detected as differentially expressed, 
and pathway analysis indicated that the putative targets of these miRNAs encode 
disease- or infl ammation-related proteins such as TNF-α, IL-8, Cox2, IL-6, and 
AQP4 [ 87 ]. 

 Several recent studies describe the functions of miRNAs in lung endothelial 
cells and SMCs. The lung-specifi c overexpression of vascular endothelial growth 
factor (VEGF) was shown to decrease miR-1 expression in the lung endothelium, 
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whereas intranasally delivered miR-1 inhibited infl ammatory responses to HDM, 
OVA, and IL-13. In the same study, VEGF blockade and the knockdown of a miR-1 
target, myeloproliferative leukemia virus oncogene (MPL), inhibited Th2-mediated 
lung infl ammation, suggesting that VEGF controls lung Th2 infl ammation via 
miR-1 and MPL [ 88 ]. Suppression of miR-133a leads to increased expression of the 
small GTPase RhoA, causing augmented contraction and hyperresponsiveness of 
bronchial SMCs in a mouse model of allergic asthma [ 89 ]. miR-140-3p is another 
microRNA that possibly has a strong impact on SMCs, as it is capable of activating 
p38 MAPK and NF-κB in these cells [ 90 ]. Patients with pulmonary hypertension 
were found to express decreased levels of the miR-17~92 cluster, transforming 
growth factor beta (TGF-β), and SMC markers. Concordantly, SMC-specifi c 
knockout of miR-17-92 attenuated hypoxia-induced pulmonary hypertension (PH) 
in mice, suggesting a direct link between the downregulation of the miR-17-92 
cluster and hypoxia-induced PH in these mice [ 91 ]. The cell-surface protein CD38, 
which mediates airway SMC contractility, was recently shown to be both directly 
and indirectly regulated by miR-708 through JNK MAPK and PI3K/AKT signaling 
pathways [ 92 ]. 

 The expression of anti-infl ammatory miR-146a was also shown to be enhanced 
in human asthmatic SMCs. Both miR-146a/b were found to negatively regulate pro- 
infl ammatory cyclooxygenase-2 (COX-2) and IL-1β in human SMCs [ 93 ]. miR- 
146a might also contribute to tissue remodeling in the lungs because it has been 
shown to reduce cytokine-induced apoptosis in human bronchial epithelial cells 
[ 94 ]. Consistent with the fi ndings already described in this chapter, the expression 
of pro-infl ammatory miR-155 has been shown to be increased in asthmatic SMCs 
upon stimulation, and its expression positively correlates with COX-2 expression in 
human asthmatic SMCs [ 95 ]. Together, these studies demonstrate that the increased 
activation of pro-infl ammatory pathways, altered expression of tight junction pro-
teins and other changes observed in epithelial cells, SMCs and endothelium of 
patients with asthma may also be partially attributed to underlying aberrant miRNA 
expression.      

    microRNAs in the Regulation of Virus-Induced Asthma 
Exacerbation 

    One major cause of morbidity  among   asthma patients  is   virus- induced   recurrent 
exacerbations, among which HRVs are the most common triggering factors [ 7 ,  96 ]. 
As asthma exacerbations are not well controlled in the severe form of the disease, 
studies on the molecular mechanisms of asthma exacerbation are of great impor-
tance [ 3 ]. The fi rst implications of miRNAs in the regulation of airway responses to 
respiratory viruses have been published very recently. The replication of human 
rhinovirus HRV-1B was increased after DICER knockdown in human bronchial 
epithelial cells, and the transfection of specifi c anti-miRs for miR-128 and miR-155 
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increased viral replication of HRV-1B [ 97 ]. microRNAs -18a, -27a, -128, and -155 
were found to be downregulated in asthmatic bronchial epithelial cells; however, 
manipulation of the levels of these individual microRNAs in bronchial epithelial 
cells did not have an effect on any pathways potentially regulating responses to 
HRVs, and only simultaneous knockdown of the network of microRNAs led to a 
signifi cant increase in IL-8 and IL-6 expression [ 98 ]. 

 In an early study, IL-1β-induced miR-146a was shown to reduce the levels of 
pro-infl ammatory chemokines IL-8 and CCL5 (also known as RANTES) in human 
alveolar A549 epithelial cells [ 99 ], which is consistent with its strong inhibitory 
effect on NF-κB in other cell types [ 31 – 34 ]. When infecting epithelial cells, HRVs 
activate both NF-κB and interferon responses, whereas it has been proposed that 
defi cient interferon induction and increased activation of NF-κB in asthmatic bron-
chial epithelial cells leads to aggravated infl ammation and possibly to the exacerba-
tion of asthma [ 100 ,  101 ]. These fi ndings suggest an important function for 
microRNAs targeting NF-κB and stimulating interferon responses in protecting 
against exacerbation and long-lasting viral infections in patients with asthma.     

    miRNAs in Atopic Dermatitis, Allergic Contact Dermatitis, 
and Chronic Rhinosinusitis 

          The functions of microRNAs  in     atopic dermatitis (AD), allergic contact dermatitis 
(ACD), chronic rhinosinusitis (CRS), and allergic rhinitis (AR) have been described 
only in a small number of studies.    miR- 155   was determined to be overexpressed in 
skin from AD  patients   most   likely due to infi ltrating immune cells. The same study 
suggested that miR-155 infl uences the development of AD through the downregula-
tion of cytotoxic  T   lymphocyte-associated antigen (CTLA)-4, a  negative   regulator 
of general T cell activation  that   also plays an important role in allergen tolerance 
[ 67 ,  102 ]. microRNA profi ling of human skin challenged with DPCP and skin from 
a mouse model of contact dermatitis revealed that the same set of microRNAs, miR- 
21, miR-142-3p, miR-142-5p, and miR-223, are upregulated both in human and in 
mice [ 59 ]. Similar to asthmatic SMC cells, miR-146a expression was found to be 
increased in keratinocytes and chronic lesional skin of AD patients. 

 Intriguingly, the effect of miR-146a in the suppression of NF-κB pathway kera-
tinocytes appear to largely occur due to the suppression of CARD10. In line with 
experiments in keratinocytes, miR-146a-defi cient mice developed stronger infl am-
mation, characterized by increased expression of genes typical in the chronic skin 
infl ammation of AD [ 34 ]. Consistent with its binding site in IL-12p35 and inhibi-
tory function in Th2-type airway infl ammation, the third microRNA among “the 
three guardians,” miR-21, has been shown to suppress Th1-associated delayed-type 
hypersensitivity cutaneous responses in mice [ 54 ]. 

 miR-125b has been shown to be upregulated in eosinophilic CRS with nasal pol-
yps. miR-125b overexpression infl uenced IFN-α/β production, most likely through 
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the suppression of eukaryotic translation initiation factor 4E (EIF4E)-binding pro-
tein 4E-BP1 in airway epithelial cells [ 103 ]. miR-135a, which is reduced in a mouse 
model of allergic rhinitis, has been shown to correct the Th1/Th2 imbalance in the 
same mouse model when applied intranasally [ 104 ]. miR-143 has been shown to 
decrease the mRNA and protein expression levels of eotaxin and mucin 5AC 
(MUC5AC) in IL-13-stimulated nasal epithelial cells through direct suppression of 
IL-13 receptor α1 chain (IL13Rα1) [ 105 ]. 

 An interesting aspect of micoRNAs is their relative stability in the extracellular 
space when compared with mRNA. Moreover, it appears that miRNAs can be 
actively secreted via cell-derived membrane vesicles and by protein–miRNA com-
plexes and can also be picked up by neighboring cells [ 106 – 109 ]. Indeed, a recent 
study demonstrated that CD8+ suppressive cells are capable of producing antigen- 
specifi c antibody-coated nanovesicles containing miR-150. These nanovesicles 
entered into effector T cells and suppressed induced ACD and promoted antigen- 
specifi c tolerance in mice; the nanovesicles from miR-150-defi cient mice did not 
have a suppressive effect [ 110 ]. Despite the limited number, these studies clearly 
demonstrate that miRNAs are involved in the regulation of allergic infl ammation in 
the skin and sinonasal epithelial cells and strongly suggest that microRNAs repre-
sent additional means of communication between different types of cells participat-
ing in the regulation of allergic responses and the development of tolerance.           

    Extracellular miRNAs as Biomarkers in Allergic Diseases 

   Asthma is a complex disorder based on underlying  cellular   and molecular  mecha-
nisms   and can be subcategorized into endotypes [ 24 ,  25 ,  85 ]. For better manage-
ment of allergic diseases, especially severe forms of asthma, the development of 
endotype-specifi c treatment modalities is important and depends on reliable bio-
markers. The microRNA expression pattern varies in different cell types and disease 
conditions. microRNAs are stable and can be detected in different body fl uids, such 
as serum, urine, and saliva, and recent studies suggest that similarly to other dis-
eases, extracellular miRNAs could be potentially used as biomarkers in airway and 
allergic diseases as well. In serum from patients with chronic obstructive pulmonary 
disease (COPD), four miRNAs (miR-20a, miR-28-3p, miR-34c-5p, and miR-100) 
were signifi cantly downregulated and one (miR-7) upregulated [ 111 ]. 

 Of ten differentially expressed miRNAs in esophageal tissue from EoE biopsies, 
the differential expression of miR-146a/b and miR-223 was also detected in plasma 
from EoE patients [ 57 ]. Bronchoalveolar lavage fl uid (BALF) exosomal miRNA 
profi les have been found to be different in patients with mild asymptomatic asthma 
and healthy subjects [ 112 ]. miRNAs have also been detected in exhaled breath con-
densate, and some differences have been reported between asthmatic patients and 
control subjects [ 113 ]. miRNA expression profi les of serum and urine from 30 chil-
dren with AD and 28 healthy children revealed signifi cant upregulation of miR-203 
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and miR-483-5p in serum from children with AD. At the same time, miR-203 was 
markedly decreased in urine from children with AD compared with healthy chil-
dren, and the downregulated miR-203 in urine was signifi cantly associated with the 
levels of serum IgE in the AD patients [ 114 ]. Clearly, future studies are needed to 
determine whether extracellular miRNAs can be used as reliable biomarkers to dis-
tinguish certain endotypes of asthma and other allergic diseases.    

    Potential of miRNA-Based Therapeutics in Allergic Diseases 

   The current therapies for asthma  and    allergic diseases   are still ineffi cient in control-
ling severe forms of these diseases, and approximately 5–10 % of all people with 
these disorders have inadequately controlled, severe persistent asthma or severe 
atopic dermatitis [ 3 ]. These asthma and allergy patients use a large proportion of 
public health resources, and new, more effective therapies are urgently required. 
One direction in the development of novel therapeutics for allergic diseases is the 
biological modifi cation of immune responses for better and more individualized 
control [ 3 ,  115 ]. Indeed, there is obvious potential for miRNAs as novel target mol-
ecules for the development of biological treatment modalities. Because the func-
tions of miRNAs are shaped by evolution, miRNA-based therapeutics would have 
a low likelihood of inducing toxicity, suggesting that miRNA-based therapeutics 
would have few side effects [ 116 ]. However, in the fi eld of miRNA research in 
allergic diseases, only a limited number of people are investigating the functions of 
microRNAs, which is most likely due to the complexity and specifi city of this 
research direction. Regardless, we propose that improved techniques for microRNA 
overexpression and inhibition, combined with increased knowledge about the bio-
logical functions of microRNAs, will lead to the development of very specifi c gene 
expression modulators that could be implemented as personalized therapeutics for 
allergic diseases in the future. 

 Based on the current knowledge of the molecular mechanisms and functions of 
microRNAs in allergic diseases and infl ammation in general, we outline here a few 
ideas, whereby the targeting or overexpression of different miRNAs could possibly 
be utilized therapeutically in allergic tissue infl ammation (Fig.  17.2 ). Allergic tissue 
infl ammation in the skin, sinus, or lungs is induced by the development of a strong 
allergen-induced Th2-type immune response, which is strongly supported by the 
production of TSLP by epithelial cells [ 117 ]. As miR-375 promotes the production 
of TSLP [ 64 ], the inhibition of miR-375 may reduce the development of Th2-type 
infl ammation. Suppression of the positive regulators of Th2 cell development, miR- 
155 [ 63 ] and miR-21 [ 54 ], in CD4+ T cells would similarly reduce the skewing of 
immune responses toward the Th2 direction. During the chronic phase of tissue 
infl ammation, secondary infections and innate immune response activation in epi-
thelial cells occurs [ 118 ], which could be suppressed with the overexpression of 
miR-146a/b. In the case of asthma, overexpression of the miR-17-92 cluster (87) 
may reduce pulmonary hypertension.

A. Rebane



345

   In HRV-induced long-term airway infl ammation or asthma exacerbation, the 
overexpression of miR-146a would help to reduce the activation of the NF-κB path-
way and accompanying infl ammation, whereas the simultaneous overexpression of 
miR-155 would increase the interferon response and virus clearance. Overexpression 
of miR-23b and miR-146a in DCs would render DCs less susceptible to the activa-
tion and might contribute to the development of regulatory T cells [ 74 ,  75 ]. In addi-
tion, inhibition of miR-126, miR-221, miR-145, and miR-106a (Table  17.1 ) could 
possibly be used to reduce allergic infl ammation in patients with asthma.   
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  Fig. 17.2    microRNA as potential therapeutic targets in allergic infl ammation. ( a ) Allergic tissue 
infl ammation is induced by allergen-induced Th2-type immune response supported by the produc-
tion of thymic stromal lymphopoietin (TSLP) by epithelial cells [ 117 ]. As miR-375 promotes the 
production of TSLP [ 64 ], the inhibition of miR-375 could reduce Th2 type infl ammation. 
Suppression of the positive regulators of Th2 cell development, miR-155 [ 63 ], and miR-21, which 
targets IL-12p35, a positive regulator of Th1 cells [ 54 ], would also reduce Th2 type responses. 
Overexpression of miR-23b and miR-146a in DCs would render DCs less susceptible to the activa-
tion and might contribute to the development of Treg cells [ 74 ,  75 ]. ( b ) During the chronic phase 
of tissue infl ammation, secondary infections and activation of innate immune responses in epithe-
lial cells occurs [ 118 ], which could be suppressed by the overexpression of miR-146a/b. In HRV- 
induced airway infl ammation or asthma exacerbation, the overexpression of miR-146a would 
possibly help to reduce the activation of the NF-κB pathway and accompanying infl ammation, 
whereas the simultaneous overexpression of miR-155 would increase the interferon response and 
virus clearance       
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 In conclusion, the roles of miRNAs in relation to allergic diseases are just begin-
ning to be explored. Further studies are needed to reveal the full impact of miRNAs 
in the development of allergic diseases as well as to reveal their potential as thera-
peutic targets and non-invasive biomarkers in allergic conditions.     
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    Chapter 18   
 microRNA in Human Reproduction       

       Iris     Eisenberg    ,     Noora     Kotaja    ,     Debra     Goldman-Wohl    , and     Tal     Imbar    

    Abstract     microRNAs constitute a large family of approximately 21-nucleotide- 
long, noncoding RNAs. They emerged more than 20 years ago as key posttranscrip-
tional regulators of gene expression. The regulatory role of these small RNA 
molecules has recently begun to be explored in the human reproductive system. 
microRNAs have been shown to play an important role in control of reproductive 
functions, especially in the processes of oocyte maturation, folliculogenesis, corpus 
luteum function, implantation, and early embryonic development. Knockout of 
Dicer, the cytoplasmic enzyme that cleaves the pre-miRNA to its mature form, 
results in postimplantation embryonic lethality in several animal models, attributing 
to these small RNA vital functions in reproduction and development. Another 
intriguing characteristic of microRNAs is their presence in body fl uids in a remark-
ably stable form that is protected from endogenous RNase activity. 

 In this chapter we will describe the current knowledge on microRNAs, specifi -
cally relating to human gonadal cells. We will focus on their role in the ovarian 
physiologic process and ovulation dysfunction, regulation of spermatogenesis and 
male fertility, and putative involvement in human normal and aberrant trophoblast 
differentiation and invasion through the process of placentation.  
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        Introduction 

   Ovulation   of a mature and viable  oocyte   and the formation of a functional corpus 
luteum (CL) are essential for establishment of pregnancy. These events are preceded 
by a highly orchestrated series of growth and developmental events in the periovula-
tory follicle that ultimately signals the preovulatory surge of luteinizing hormone 
(LH) resulting in the initiation of ovulation and CL formation. This is a dynamic 
and highly regulated process that requires the coordinated actions of multiple tis-
sues and organ systems (e.g., hypothalamus, pituitary, ovary, and reproductive tract) 
to develop a fertilizable gamete, as well as provide a suitable environment for fertil-
ization and subsequent fetal development. To attain this optimal environment, the 
female reproductive system must be highly responsive to subtle changes in hor-
mones and other external cues. 

 Posttranscriptional gene regulation by  microRNAs (miRNAs)   plays a key role 
during tissue development and differentiation. miRNAs target gene expression sta-
bility through transcriptional repression or degradation and may play an important 
role in control of reproductive endocrine functions especially the process of oocyte 
maturation and folliculogenesis. Mammalian gonads which exhibit strictly regu-
lated spatiotemporal gene expression patterns are also known to express unique sets 
of miRNAs and genes involved in the miRNA biogenetic pathway. miRNAs are also 
associated with functional regulation of gonadal somatic cells, granulosa cells/
cumulus cells, in steroid synthesis. Several functional studies have shown the role 
of miRNAs in pathology, fertility, and development [ 1 – 4 ]. Functional studies 
involving inhibition of miRNA biogenesis have shown the occurrence of develop-
mental arrest and female infertility in various species [ 5 ]. Continuous advances in 
our understanding of the role and function of miRNAs in ovarian cells will lead to a 
better understanding of the control of follicular and luteal development in normal 
and pathological conditions. 

   Male gametes   are produced inside mammalian testes during spermatogenesis 
that includes three phases: (1) mitotic proliferation of spermatogonia, (2) meiosis of 
spermatocytes, and (3) haploid differentiation of spermatids. The progress of sper-
matogenesis is governed by phase-specifi c gene expression patterns for both protein 
coding mRNAs and noncoding RNAs (ncRNAs). Also miRNAs are expressed in a 
cell type-specifi c manner during spermatogenesis and participate in the control of 
the specifi c steps of male germ cell differentiation. Genetically modifi ed mouse 
models to delete the miRNA processing enzymes have revealed the importance of 
miRNA pathway for normal spermatogenesis and male fertility. Functional studies 
have elucidated the roles of specifi c miRNAs in distinct cell types. Furthermore, 
expression profi les of miRNAs have been explored in human testis, spermatozoa, 
and seminal plasma, and it has been shown that spermatozoal or seminal plasma 
miRNAs may serve as potential biomarkers for male infertility.  

 Although  embryo implantation   is essential for human survival, it remains an 
enigmatic biological phenomenon. Following fertilization, the resulting blastocyst 
must signal its presence to the mother, attach to the luminal epithelium of the 
endometrium, and embed into the decidualising stroma. Subsequent placental 
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development requires remodeling of maternal blood vessels by trophoblast cells 
that invade deep into the decidua. Failure in these very early stages can compro-
mise fetal development, resulting in diseases of pregnancy such as intrauterine 
growth restriction or preeclampsia which can also impact on health in adulthood. 
A different chapter in this book is dealing with the role of miRNAs during early 
implantation. In this chapter we focus in the mature product of implantation, the 
placenta. We describe several topics of investigation dealing with miRNA-medi-
ated regulation of the  placenta during pregnancy. This miRNA function remains 
poorly investigated although several independent processes associated with pla-
centa development have been shown to be miRNA-regulated. miRNA may refl ect 
disorders not yet detectable with other methods and contribute to understanding 
the underlying pathological mechanisms.   

    microRNA in the Ovary 

       Dynamically  regulated   sequential recruitment, selection and growth of  the   follicles, 
atresia,    ovulation, and luteolysis in the ovary are under control of closely coordi-
nated endocrine and paracrine factors which are controlled by tightly regulated 
expression and interaction of a multitude of genes in the ovary. miRNAs constitute 
the most abundant class of small RNAs in the ovary [ 6 ]. 

 As one of the major classes of gene regulators these miRNA molecules are sug-
gested to be involved in the regulation of genes in the ovary. The miRNA population 
in the ovaries was identifi ed in human and other species using microarrays, high 
throughput qPCR, and next generation sequencing techniques [ 7 – 14 ]. These studies 
revealed preferential expression of several miRNAs in the ovary of different spe-
cies, suggesting that they may have an important role in ovarian functions. 
Regardless of species, let-7 family, miR-21, miR-99a, miR-125b, miR-126, miR- 
143, miR-145, and miR-199b were found to be the most commonly abundant miR-
NAs populations in the ovary [ 15 ]. Bioinformatics prediction, screening, and Gene 
Ontology analysis of these predominantly expressed miRNAs target genes in the 
mammalian ovary has identifi ed several biological processes and pathways or 
molecular networks including cell cycle regulation, cell death, cell to cell signaling, 
cellular growth, development and proliferation, endocrine system disorder, and dif-
ferent pathways underlying the ovarian functions [ 13 ].        

    Role of Dicer in the Oocyte 

   Studies of the role  of   miRNAs in ovarian function have been  highlighted   primarily 
through Dicer [ 16 ]. Dicer is an RNase III cytoplasmatic  enzyme   required for process-
ing small regulatory RNA, including miRNAs, which originate from endogenous 
single-stranded hairpin precursors to its mature form [ 17 – 20 ]. As the function of 
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Dicer and its products (miRNAs and siRNAs) are studied in the female reproductive 
tract, vital roles for such posttranscriptional gene regulation in female fertility are 
revealed [ 21 ]. Oocytes and fertilized eggs contain 10–15-fold higher levels of Dicer 
transcripts than any other cells and/or tissues (BioGPS;   http://biogps.gnf.org/    ) [ 22 ] 
and are one of few known mammalian cells and/or tissues in which Dicer expression 
is regulated [ 23 ]. 

 Expression of the Dicer transcript remains steady in the growing mouse oocyte 
during folliculogenesis [ 24 ] and through the germinal vesicle and metaphase II 
stages [ 25 ,  26 ]. After fertilization, the amount of Dicer mRNA decreases by approx-
imately half and remains low in the two-cell embryo through the blastocyst stage 
[ 25 ,  26 ]. Expression of total miRNA during this same period is highest in the mature 
oocyte and one-cell zygote before decreasing by half in the two-cell embryo [ 27 ]. 
Similar to the degradation of maternal messenger RNA [ 28 ], there is a signifi cant 
global loss of maternal miRNAs between the one- and two-cell stages of develop-
ment; de novo synthesis of miRNAs commences at the two-cell stage. In the mice, 
knockout (KO) of Dicer results in postimplantation embryonic lethality [ 5 ]. 

 Using a site-specifi c recombinase technology, mice with a conditional knock-
down (cKO) of Dicer revealed a reduction in ovarian weight and lower ovulation 
rates [ 29 ]. Dicer1 cKO mouse was shown to be infertile due to multiple defects in 
ovarian functions including abnormal estrous cycles, shorter estrus and longer met-
estrous, paratubal cyst, and abnormal response to gonadotropin with ultimate prob-
lem in ovulation [ 30 ]. Likewise, Dicer1 conditional knockout mouse in ovarian 
granulose cells led to an increased primordial follicle pool endowment accelerated 
early follicle recruitment, and more follicle degeneration in the cKO ovaries. The 
same study has reported signifi cant differences in the expression of some follicle 
development-related genes between cKO and WT mouse ovaries, such as Amh, 
Inhba, Cyp17a1, Cyp19a1, Zps, Gdf9, and Bmp15, suggesting the important func-
tion of miRNAs in regulating ovarian gene expression [ 31 ]. 

 Studies in rodent oocytes using ovarian specifi c Dicer knockouts have shown no 
effect on early folliculogenesis and oocyte development. Examining the KO oocytes 
revealed an impaired ability to extrude a polar body after mating. Immunostaining 
indicated multiple spindles and chromatin condensation defects [ 26 ,  27 ,  32 ]. These 
data suggest that meiotic defects arise from the ooplasm of the oocyte and not the 
germinal vesicle. These, loss of Dicer expression, experiments indicate that Dicer 
affects ovulation rates, probably by infl uencing the total number of periovulatory 
follicles that achieve proper development and/or by affecting the ability of follicles 
to ovulate (see chapter   8     of the volume “microRNA and Cancer” for a detailed dis-
cussion on miRNA and ovarian cancer).    

    Role of Dicer in Cumulus Cells 

  Dicer expression in  other   somatic tissues of the ovary (theca cells, corpus luteum 
and interstitium) has not been examined directly. The levels of Dicer in granulosa 
cells did not  change   when  examined   before and after the LH surge [ 33 ]. Functional 
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deletion studies of Dicer, points to an important role for miRNA in ovarian function 
and female fertility [ 29 ,  30 ,  34 – 36 ]. Otsuka and colleagues [ 34 ] created a general 
hypomorphic mutation (Dicerhypo; ~75 % reduction in Dicer protein) using a gene- 
trap method and observed that Dicerhypo females were infertile because of luteal 
defi ciency. Transplantation of wild-type ovaries into Dicerhypo females restored 
fertility, indicating that loss of fertility was due to an ovarian defect. Serum proges-
terone levels in Dicerhypo mice remained low after mating, and histological analy-
ses of ovaries revealed a lack of luteal tissue vascularization. This indicates that the 
physiological process in the development and function of the ovarian corpus luteum 
requires Dicer1 function and specifi cally the mechanism of miRNAs-mediated reg-
ulation. The loss of Dicer expression in ovarian granulosa cells reduced natural, 
equine chorionic gonadotropin (eCG) and human chorionic gonadotropin (hCG) 
stimulated ovulation rates when compared with wild type mice [ 29 ,  30 ]. Increased 
numbers of atretic follicles and trapped oocytes in luteinizing follicles were also 
observed.   

    miRNAs in the Ovarian Corpus Luteum 

    Several studies have  identifi ed   miRNA population  specifi cally    associated   with the 
development of follicles and corpora lutea [ 33 ,  37 ,  38 ]. A study of miRNAs expres-
sion in mouse mural granulosa cells collected before and after an ovulatory dose of 
hCG identifi ed that miR-132 and miR-212, two tandemly expressed miRNAs that 
target the same transcripts, are highly upregulated following LH/hCG induction 
[ 33 ]. It is suggested that miR-132 and miR-212 play an important role as posttran-
scriptional regulators in granulosa cells, as computational analysis has identifi ed 77 
putative mRNA as potential targets of miR-212, and miR-132 in granulosa cells 
[ 33 ].  C terminal binding protein 1 (CTBP1)   is a known target of miR-132, and the 
gene product acts as a co-repressor of nuclear receptor genes. Interestingly, knock-
down of both miR-212/miR-132 resulted in decreased protein levels of CTBP1 but 
with no change in mRNA levels [ 33 ]. 

 A recent study described the mechanism underlying the up-regulation of FSH- 
subunit synthesis by a GnRH dependant increase in miR-132 and miR-212 in 
gonadotropin producing cells [ 39 ]. It was shown that the miR-132/212-mediated 
action of GnRH peptide involved a posttranscriptional decrease of Sirtuin 1 (SIRT1) 
deacetylase. The lower level of SIRT1 deacetylase correlated with an increase in the 
acetylated form of Forkhead BoxO1 (FOXO1), a transcriptional repressor of  Fshb  
gene. A different study investigating the role of miRNAs in human granulosa cells 
(hGC) used 80 individual synthetic miRNA precursors that mimic endogenous miR-
NAs and transfected them into cultured primary ovarian granulosa cells [ 37 ]. This 
transfection of cultured hGC with selected miRNA constructs (miR-108, miR- 7, 
miR-9, miR-105, miR-128, miR-132, miR-141, miR-142, miR-152, miR-188, and 
miR-191) resulted in a signifi cant increase in the percentage of cells containing 
PCNA, a cell proliferation marker. Similarly, miR-15a, miR-96, miR-92, miR-124, 
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miR-18, miR-29a, miR-125a, miR-136, miR-147, miR-183, and miR-32 were found 
to promote up to twofold accumulation of Bax, a pro-apoptotic marker, in hGC. A 
different study used a genome scale screen approach in order to identify miRNAs 
controlling human ovarian cell steroidogenesis [ 37 ]. The authors  transfected 80 dif-
ferent gene constructs encoding human pre-miRNAs into primary granulosa cells 
from women undergoing ovariectomy because of non-metastatic cancer of the uter-
ine cervix. 36 out of 80 tested miRNA constructs resulted in  inhibition of progester-
one release and 10 miRNAs promoted progesterone release. 57 miRNAs were found 
to inhibit testosterone release and 51 suppressed estradiol release. 

 A study in rodents revealed a bi-phase regulation of miRNAs by FSH [ 40 ]. After 
12 h of FSH exposure, 17 miRNAs were up regulated and 14 miRNAs were down 
regulated. A signifi cant decrease in the expression levels of miR-29a and miR-30d 
during the fi rst 12 h post FSH exposure was observed. However, FSH induced a 
two- and threefold increase in the expression of miR-29a and miR-30d at 48 h post- 
FSH exposure, respectively. These two miRNAs could be involved in the fi ne- tuning 
of FSH mediated granulose cell function. In this same study FSH up regulated pro-
gesterone levels in the medium at 12 h [ 40 ], suggesting that miRNAs may play a 
role mediating changes in gene expression and thus hormone production in granu-
losa cells following FSH exposure. In addition, it was demonstrated that granulosa 
cells collected, immediately before and 4 h after the ovulatory surge of LH/hCG, 
exhibit differential miRNA expression patterns [ 41 ], suggesting a role for miRNAs 
in ovulation. In vitro over expression and inhibition experiments revealed that aro-
matase gene expression (CYP19A1) and therefore estradiol production, by porcine 
granulosa cells is post transcriptionally downregulated by miR-378 [ 42 ]. These 
results suggest that miRNA may play a key role in the fi ne tuning of gene expression 
cascade, to allow the processes of ovulation, differentiation of luteal cells and cor-
pus luteum function to occur in the mammalian ovary. Most recently,  in vitro  studies 
have shown evidence for posttranscriptional regulation of Progesterone receptor 
(PGR) by miR-378-3p [ 43 ]. miRNA-378-3p decreased protein levels and mRNA 
levels of PGR via direct targeting its 3′UTR but also led to lower expression levels 
of ADAMTS1, CTSL1 and PPARG transcripts which are known to be regulated by 
PGR and are important for follicular maturation and remodeling.     

    miRNAs in Hypothalamic-Pituitary-Ovarian Axis 

    Ovarian  follicle   development is regulated by  the    hypothalamic-pituitary-ovarian 
axis, in   which gonadotropin-releasing hormone (GnRH) controls the release of the 
gonadotropic hormones follicle-stimulating hormone (FSH) and luteinizing hor-
mone (LH). Ovarian steroids exert both negative and positive regulatory effects on 
GnRH hypothalamic secretion. Specifi c deletion of  Dicer  in gonadotropin produc-
ing cells results in altered gonadotropin homeostasis leading to reproductive dys-
function [ 44 ]. Those mutants lacking  Dicer  in their gonadotropin producing cells 
were rescued with supplementation of exogenous hormones. This work confi rmed 
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the assumption that the fertility defects which evolved from reduced  Dicer  activity 
are secondary to suppressed gonadotropins production and action [ 44 ]. Thus, the 
identifi cation of specifi c miRNAs which selectively target individual gonadotropin 
subunits would provide novel  in vivo  therapeutic tool and provide a feasible approach 
to manipulate pituitary gonadotropin secretion. A different study demonstrated that 
miRNA-200b and miRNA-429, members of the miRNA 200 family, strongly affect 
ovulation in female mice. Knockout mice lacking miRNA-200b and -429 displayed 
a defective hypothalamic-pituitary-ovarian axis and failed to ovulate [ 45 ]. 

 The involvement of the miRNA 200 family in humans has been related to tumor-
ogenesis, particularly in the epithelial to mesenchymal transition [ 46 ]. This process 
is an important component of corpus luteum formation, especially during the intense 
angiogenesis occurring after the LH signal of ovulation is attained. Recently our lab 
measured miRNA-200b and -429 expression in hGCs and in the serum in the differ-
ent phases of the ovulation cycle. We found that these miRNAs are expressed in the 
serum of women. Their expression changes during the phases of the normal ovarian 
cycle. We also discovered a distinct difference in the expression pattern of the two 
miRNAs in the serum of anovulatory women during early follicular phase. miRNA- 
200b and -429 in anovulatory women were highly expressed and their levels dropped 
after gonadotropin stimulation immediately post the induced LH surge to levels 
comparable to those found in ovulatory women (In preparation for publication). Our 
results correlate with the study in mice [ 45 ] which examined the expression of these 
miRNAs in the mouse pituitary. In this experiment the formation of a miRNA- 
disrupted gene knockout to miRNA-200b and -429, caused the female mice to be 
sterile and regain their fertility only after superovulation with exogenous gonado-
tropins. These fi ndings elaborate the hypothesis that these miRNAs might act as 
regulators of hormonal pituitary function and with dysfunctional central effect, such 
as in PCOS, the ovarian follicles will not ovulate naturally.     

    miRNAs and Ovarian Dysfunction 

    Given their  important   roles in normal physiology, it is no surprise that  miRNAs   
 have   come under close scrutiny in a variety of diseases. miRNAs have been shown 
to play contributory roles in cancer [ 47 – 51 ], heart disease [ 52 ,  53 ], infectious dis-
ease [ 54 – 57 ], and other medical conditions [ 58 – 60 ].  Polycystic ovary syndrome 
(PCOS)   is one of the most common endocrine-metabolic disorders in women of 
reproductive age [ 61 ]. It has been proposed that PCOS results from abnormal regu-
lation of steroidogenesis and specifi cally from androgen secretion by the ovary [ 62 ]. 

 Expression of miRNAs in granulosa cells may have a direct regulatory effect on 
the expression of specifi c genes involved in folliculogenesis and ovarian steroido-
genesis. The involvement of miRNAs in the control of the release of the main ovar-
ian steroids progesterone and estradiol is the key question. The differences in 
microRNA expression may explain the aberrant follicular development and aid in 
identifying pathways associated with this phenotype. Many biological mechanisms 
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are regulated by microRNA, but only very few studies have investigated the role of 
miRNAs in PCOS (Tables  18.1  and  18.2 ). Two studies were the fi rst to identify 
miRNAs in micro-vesicles and in supernatant of human follicular fl uid from patients 
with PCOS [ 63 ,  64 ]. Both investigators found differentially expressed miRNAs in 
women with PCOS compared to a control group. The fi rst group investigated a sub 
set of 7 miRNAs (miR-132, 320, 24, 520c-3p, 193b, 483-5p, and 222) in the follicu-
lar fl uid of women  with   PCOS. The 7 miRNAs were chosen secondary to their 
association with steroidogenesis and two were found to have signifi cantly decreased 
expression in the PCOS group (miR-132 and 320). miR-132, miR-320, miR-
520c- 3p, and miR-222 regulate the concentration of estradiol and miR-24, miR- 
193b, and miR-483-5p regulate progesterone concentrations (Table  18.2 ).

    A recent study demonstrated that the Notch3 and MAPK3 are targeted by miR-
483- 5p which is down regulated in granulosa cells from PCOS patients [ 65 ] 
(Table  18.1 ). It had been shown that miRNA-320 is mainly expressed in GCs and 
oocytes of mouse ovarian follicles in the time of follicular development. 
Overexpression of miR-320 inhibited estradiol synthesis and proliferation of GCs 
through targeting E2F1 and SF-1. E2F1/SF-1 mediated miR-320-induced 
 suppression of GC proliferation and of GC steroidogenesis. FSH down-regulated 
the expression of miR-320 and regulated the function of miR-320 in mouse GCs. 
miR- 383 promoted the expression of miR-320 and enhanced miR-320-mediated 
suppression of GC proliferation [ 66 ]. 

 The mechanism by which those miRNAs regulate estradiol and progesterone 
expression and corpus luteum secretion is still unknown. Bioinformatic analysis 
showed that the most highly expressed miRNAs targeted genes are associated with 
reproductive, endocrine, and metabolic processes. The second group also identifi ed 
5 miRNAs (hsa-miR-9, 18b, 32, 34c, and 135a) with signifi cant overexpression in 
the PCOS group versus the control group [ 63 ] (Table  18.2 ). Three potential miRNA- 
target genes had signifi cantly decreased expression in the women with PCOS: insu-
lin receptor substrate 2 (IRS2), Synaptotagmin 1(SYT1) and interleukin 8 (IL8). 
Mice lacking IRS2 demonstrate dysregulation of the estrous cycle, anovulation, 
infertility, and insulin resistance, similar to women with PCOS [ 67 ]; IL8 is impli-
cated in steroid synthesis in the late follicular and ovulatory follicle in both bovine 
and humans [ 68 ]. All three have functions related to  the   PCOS phenotype including 
roles in carbohydrate metabolism and beta cell function, cell–cell communication, 
and steroid synthesis. The level of GLUT4, the major insulin-dependent glucose 
transporter, in primary adipocytes from women with PCOS, was found to be corre-
lated with the women insulin sensitivity. Using miRNA databases with target gene 
prediction softwares, miR-93 was found to potentially target GLUT4. Over expres-
sion and inhibition of miR-93 in human adipose cells showed inverse expression of 
GLUT4 mRNA and protein levels [ 69 ]. 

 Recently we have performed a large-scale miRNA expression analysis of granu-
losa cells isolated from PCOS patients (Imbar and Eisenberg, unpublished data). 
miRNAs 483-3p, 363-3p, 4284 and 212 were identifi ed as signifi cantly dysregulated 
in women with ovulation dysfunction. Bioinformatics analysis suggests an inhibi-
tory role of miRNAs 483-3p; 363-3p; 4284 in several steps of the TGFβ signaling 
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    Table 18.1    Dysregulated miRNAs in cumulus granulosa cells from anovulatory women with 
PCOS a    

 miRNA  Expression  Previous validated targets b  

 miR-423-3p  ↑  CDKN1A 
 miR-3651  ↑ 
 miR-3653  ↑ 
 miR-151b  ↑ 
 miR-1273g- 3p   ↑ 
 miR-590-5p  ↑  TGFBR2 
 miR-3648  ↑  FUT11 
 miR-7845-5p  ↑ 
 miR-27a-5p  ↑ 
 miR-1275  ↑ 
 miR-483-3p  ↑  SMAD4, BBC3,PARD3, NUDC 
 miR-7-5p  ↑  SNCA 
 miR-483-5p  ↑  SRF, MAPK3 
 miR-3529-3p  ↓ 
 miR-7974  ↓ 
 miR-3065-5p  ↓  RPL7L1 
 miR-214-3p  ↓  EZH2, PTEN, DAPK1, MAP2K3, MAPK8, 

POU4F2, PLXNB1, SRGAP1, GALNT7 
 miR-200a-3p  ↓  DLX5, BAP1, G3BP2, PCDH8, RAB30, 

ZEB2, CTNNB1, ZEB1, SIP1, ZFPM2 
 miR-203a  ↓  UVRAG, ABL1, TP63, ABCE1, CDK6, 

SOCS3, BCL2L2, BMI1, ZEB2,EYA4, 
EDNRA 

 miR-4732-5p  ↓ 
 miR-423-5p  ↓  RABAC1, NMD3, YWHAZ, RGPD2, 

TSPYL6, HIST2H2BE, USP6, PGAM4, 
IGDCC4 

 let-7a-3p  ↓  ARMC8, SETD4, BTF3, MIPOL1, TRIM33 
 miR-3184-5p  ↓ 
 miR-548n  ↓ 
 miR-221-3p  ↓  CDKN1B, BCL2L11, BMF, FOXO3, KIT, 

CDKN1C, TMED7, DDIT4, BNIP3L, 
TBK1 

 miR-149-5p  ↓  SP1, FOXM1 
 miR-1298-5p  ↓ 
 miR-193a-3p  ↓  MCL1, E2F6, PTK2, PRAP1, 
 miR-365a-3p  ↓  CCND1, BCL2, IL6 
 miR-219a- 1-3p  ↓ 

   a Reference [ 65 ]. Only miRNAs with expression change >3 are listed 
  b Validated target records are based on the miRTarBase  
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      Table 18.2    Dysregulated miRNAs in follicular fl uid or serum from anovulatory women with PCOS   

 miRNA  Tissue/Cells  Expression  Platform  Reference 

 miR-21  Serum  ↑  TaqMan  [ 212 ] a  
 miR-27b  Serum  ↑  TaqMan  [ 212 ] 
 miR-103  Serum  ↑  TaqMan  [ 212 ] 
 miR-155  Serum  ↑  TaqMan  [ 212 ] 
 miR-222  Serum  ↑  TLDA  [ 94 ] b  
 miR-146a  Serum  ↑  TLDA  [ 94 ] 
 miR-30c  Serum  ↑  TLDA  [ 94 ] 
 let-7i-3pm  Serum  ↑  LNA array  [ 213 ] c  
 miR-5706  Serum  ↑  LNA array  [ 213 ] 
 miR-4463  Serum  ↑  LNA array  [ 213 ] 
 miR-3665  Serum  ↑  LNA array  [ 213 ] 
 miR-638  Serum  ↑  LNA array  [ 213 ] 
 miR-124-3p  Serum  ↓  LNA array  [ 213 ] 
 miR-128  Serum  ↓  LNA array  [ 213 ] 
 miR-29a-3p  Serum  ↓  LNA array  [ 213 ] 
 let -7c  Serum  ↓  LNA array  [ 213 ] 
 miR-132  Follicular fl uid  ↓  TLDA  [ 64 ] 
 miR-320  Follicular fl uid  ↓  TLDA  [ 64 ] 
 miR-32  Follicular fl uid  ↑  TLDA  [ 63 ] 
 miR-34c  Follicular fl uid  ↑  TLDA  [ 63 ] 
 miR-135a  Follicular fl uid  ↑  TLDA  [ 63 ] 
 miR-18b  Follicular fl uid  ↑  TLDA  [ 63 ] 
 miR-9  Follicular fl uid  ↑  TLDA  [ 63 ] 

   a Obese PCOS patients 
  b  TLDA  TaqMan low density expression array 
  c  LNA array  miRCURY locked nucleic acid expression array  

pathway through alteration in the Smad3 (SMAD family member 3) and Smad4 
(SMAD family member 4) expression. Previous reports demonstrated that miRNA-
24 decreases TGFβ signaling by repressing the expression of Smad proteins [ 70 ]. 
TGFβ signaling is known to promote estradiol release [ 71 ]. Therefore, miRNA-24 
regulation of estradiol concentration could be explained by a mechanism in which 
overexpression of miRNA-24 will decrease TGFβ signaling, which in turn will 
inhibit estradiol secretion. 

 An abundance of scientifi c research has demonstrated that the TGF-β family of 
growth factors has wide-ranging roles in female reproduction. Although various 
family members are expressed by the major ovarian cell types, many of their func-
tional effects center at the control of granulosa cell growth and differentiation, both 
of which affect folliculogenesis and oocyte development. Disruption in the TGF-β 
family in mouse models had disrupted the ovarian function and resulted in a pheno-
type that mimics premature ovarian failure (POF) [ 72 ]. 
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 POF  is   defi ned as the lost ovarian functions before 40 years of age [ 73 ]. POF 
results in amenorrhea, hypoestrogenism and elevated gonadotropins, and is a defi -
nite cause of infertility [ 74 ]. There is some data relating to altered miRNA expres-
sion in POF patients usually through miRNA microarray analysis [ 75 ]. Profi ling of 
differentially expressed miRNAs in POF provided a novel insight into the molecular 
events involving the role of miRNAs in POF development. Ten miRNAs showed 
increased expression in POF: miR-202, miR-146a, miR-125b-2*, miR-139-3p, 
miR-654-5p, miR-27a, miR-765, miR-23a, miR-342-3p, miR-126 and two showed 
decreased expression (let-7c and miR-144). None of the miRNAs associated with 
POF were also displayed differential expression in the studies of miRNAs expres-
sion in PCOS patients. 

 To understand the molecular mechanism responsible  for   POF development sev-
eral studies analyzed individual miRNA and candidate targets using animal models 
[ 75 ,  76 ]. A total of 63 miRNAs were up-regulated and 20 miRNAs were down- 
regulated in the rat POF model. miRNA-29a and miRNA-144 may target expres-
sion of PLA2G4A (phospholipase A2 gene) that is involved in prostaglandin 
biosynthesis and is signifi cantly up-regulated the ovaries from POF mice. 
Previously, it was shown that miR-133b is involved in FSH induced estrogen secre-
tion [ 40 ]. The  forkhead box L2 gene (Foxl2) transcribes   to a nuclear transcription 
factor which is a key modulator of steroidogenesis and was showed to be involved 
in POF [ 77 ]. This transcription factor expression is inhibited by miR-133b [ 78 ]. 
miR-133b inhibits Foxl2 expression in human and mouse granulosa cells by bind-
ing to the Foxl2 mRNA. The inhibition of Foxl2 transcription impairs the negative 
Foxl2 mediated transcriptional regulation of StAR (steroidogenic acute regulatory 
protein) and CYP19A1 genes, thus stimulating estrogen production. 

 This study reveals the crosstalk between miR-133b, Foxl2 and estrogen synthe-
sis, and improves our understanding of the signifi cant roles played by miRNAs in 
follicular growth and ovarian function. Different study found miR-23a, also signifi -
cantly upregulated in the plasma of POF patients, to be essential for apoptosis 
induction in hGC by targeting XIAP (X-linked inhibitor of apoptosis) and the cas-
pase signaling cascade [ 75 ]. These results provide clear evidence, for the fi rst time, 
that miR-23a promotes apoptosis of granulosa cells via decreasing XIAP expres-
sion, which may contribute to the etiology of POF. 

  Newborn ovary homeobox gene (NOBOX) transcribes   to another distinct tran-
scription factor. This gene is expressed in oocytes throughout folliculogenesis [ 79 ]. 
The importance of this gene is evident as NOBOX knockout mice are infertile, and 
mutations in the NOBOX gene have been associated with POF phenotype, suggest-
ing the essential role of NOBOX in folliculogenesis [ 80 ]. Recently, a predicted 
miRNA recognition element (MRE) for miR-196a which is critical for the specifi c 
binding of miR-196a to the NOBOX mRNA has been found [ 81 ]. 

 All of these identifi ed miRNAs targets involved in ovarian dysfunction carry the 
potential to provide new mechanistic and therapeutic targets for clinical trials in 
female infertility disorders such as anovulation and POF.     
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    miRNA Signatures as Biomarkers of Reproductive Disorders 

   Recent identifi cation of  miRNAs   molecules  as   stable in body fl uids [ 82 – 84 ] paved 
the way for their use as novel biomarkers amenable to clinical diagnosis in transla-
tional medicine. miRNAs represent a new class of biomarkers that can complement 
existing conventional markers, including metabolites, antigens and mRNA 
 transcripts. The unique feature of miRNAs, to remain largely intact in clinical sam-
ples, highlights their potential in molecular phenotyping of reproductive disorders 
as well as to assess and monitor the physiological state of the ovulation process. 
miRNAs in serum/plasma hold great promise as minimally invasive diagnostic bio-
markers offering more sensitive and specifi c tests than those currently available. 
miRNAs detected in biofl uids may have a cellular or an extracellular origin. 

 Circulating or extracellular miRNAs have been shown to be stable and protected 
from RNase degradation by inclusion in various protein complexes or membranous 
particles such as exosomes and microvesicles [ 82 – 84 ]. It has also been shown that 
miRNA containing subcellular vesicles can be taken up by cells and cause changes 
in cellular gene expression during pathological conditions [ 85 ]. These fi ndings sug-
gest that extracellular miRNA may have biological functions akin to that of signal-
ing molecules and hormones. 

 Since the discovery of extracellular miRNA and their stability in different biofl u-
ids, including serum and follicular fl uid [ 64 ,  86 ], it is becoming evident that these 
small regulating RNAs can be used as informative biomarkers for the ovulation 
process. Attention should be focused in the clinical use of plasma/serum miRNAs. 

 It has been only a few years since the fi rst studies of miRNAs as blood-based 
biomarkers for cancer were published [ 87 ,  88 ]. Since then, plasma/serum miRNA 
expression profi ling had been found to vary signifi cantly with changed physiologi-
cal or pathological condition, such as pregnancy, heart failure and sepsis [ 89 – 91 ]. In 
the ovary, recent study is showing the use of plasma/serum miRNAs as a non- 
invasive marker of ovarian cancer [ 92 ]. 

 miRNAs were identifi ed as circulating miRNAs in the follicular fl uid and in the 
serum of women with anovulation. The expression of miRNAs in serum of patients 
with PCOS had been evaluated using miRNA arrays [ 93 ,  94 ]. Five circulating miR-
NAs were found as signifi cantly expressed in PCOS patients (let 7i-3pm; miR-5706; 
Mir-4463; miR 3665; Mir-638) and four (miR-124-3p; miR-128; miR-29a-3p; let- 7c) 
had decreased expression (Table  18.2 ). The array study showed a different set of miR-
NAs: miR-222, miR-146a and miR-30c to be signifi cantly increased in the PCOS 
patients. Sensitivity and specifi city analysis, using receiver operating characteristic 
(ROC) curves and area under the curve (AUC), revealed that a combination of the three 
miRNAs was able to distinguish between the PCOS and controls [ 94 ]. Interestingly, 
elevated circulating miR-222 levels were also associated with type 2 diabetes [ 95 ]. 

 Decreased miR-146 has been linked to infl ammation and insulin resistance in 
Type II Diabetes patients [ 96 ]. This microRNA was negatively correlated with 
serum testosterone levels in PCOS women [ 94 ]. The authors conclude that 
although serum miRNAs are a promising biomarkers for ovarian function, most of 
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the miRNAs present and differentially expressed in ovarian tissue from PCOS 
women are not released into the blood, therefore, were not detected in the serum. 

 Ovarian specifi c miRNAs detected in the serum are expected to increase the 
yield of early diagnosis and have a great potential in individualized treatment. This 
new approach has the potential to revolutionize present clinical management, 
including determining ovarian reserve, ovarian endocrine function and evaluate the 
effi cacy of ovulation inducing drugs.    

    microRNAs and Spermatogenesis 

    Spermatogenesis 

  Male germ  cell   differentiation,  spermatogenesis  , takes place in the epithelium  of 
  highly convoluted seminiferous tubules inside the testis [ 97 ]. Spermatogenesis is a 
complex differentiation program that includes three phases: (1) mitotic proliferation, 
(2) meiosis and (3) haploid differentiation (spermiogenesis).  Spermatogonial stem 
cells (SSCs)   located at the basal compartment of the seminiferous epithelium are 
able to self-renew and therefore, provide a constant pool of undifferentiated germ 
cells for the production of spermatozoa throughout the whole sexual maturity [ 98 ]. 

 Spermatogenesis is initiated when SSCs enter the differentiation pathway. 
Differentiating spermatogonia proliferate mitotically to give rise to different types of 
spermatogonia (A-single, A-paired, A-aligned, A1, A2, A3, A4, B and Intermediate 
spermatogonia), and expand the colony of differentiating germ cells. After the pro-
liferation phase, type B spermatogonia divide to form preleptotene spermatocytes 
and the long-lasting meiotic prophase I begins. During the meiotic prophase I that 
includes preleptotene, leptotene, zygotene, pachytene and diplotene phases, the 
homologous chromosomes pair to from the synaptonemal complex, chromosomes 
undergo crossing-over and homologous recombination to shuffl e genetic material 
and fi nally, spermatocytes undergo a reduction division to split the sister chromo-
somes into two cells. Generated secondary spermatocytes divide again very quickly, 
and the resulting haploid round spermatids commence the dramatic cellular morpho-
genesis to construct sperm-specifi c structures, such as a fl agellum and an acrosome, 
and to reshape the nucleus and compact the chromatin with the help of sperm-spe-
cifi c protamines that replace most of the histones. Spermatozoa that are released into 
the tubular lumen in a process called spermiation and continue their journey to the 
epididymis for fi nal maturation and storage. 

 The  seminiferous epithelium   is organized into cyclic stages so that each cross 
section of the tubule contains a defi ned grouping of germ cell types at particular 
phases of development [ 99 ]. This organization enables the coordinated regulation of 
germ cells at different phases of differentiation by the surrounding Sertoli cells that 
embed germ cells in the cytoplasmic pockets and provide them with physical and 
nutritional support [ 100 ]. Spermatogenesis is dependent on the synchronized action 
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of the hypothalamic-pituitary-gonadal (HPG) hormonal axis. GnRH from the hypo-
thalamus regulates the release of follicle-stimulating hormone (FSH) and luteiniz-
ing hormone (LH) from the anterior pituitary gland [ 101 ] that target somatic 
testicular cell types to stimulate testosterone production by interstitial Leydig cells 
or to regulate Sertoli cells. 

 The progress of spermatogenesis is accompanied by orchestrated transcriptional 
waves that generate specifi c transcriptome profi les for SSCs, differentiating mitotic 
spermatogonia, meiotic spermatocytes and haploid spermatids [ 102 ,  103 ]. In addi-
tion to protein-coding mRNAs, ncRNAs are expressed during spermatogenesis in a 
phase-specifi c manner [ 103 – 106 ]. In elongating spermatids, transcription ceases 
because of the histone-protamine transition and tight chromatin compaction. 
Therefore, mRNAs for many spermiogenic proteins are synthesized already in ear-
lier stages and are temporarily stored until needed during later steps [ 107 ,  108 ]. 

  Male germ cells   are transcriptionally highly active and the testis has been shown 
to have the most complex transcriptome of all tissues, which originates mainly from 
spermatocytes and round spermatids. These cells express not only a diverse set of 
protein-coding mRNAs and isoforms but also an exceptional amount of different 
ncRNAs that are largely derived from uncharacterized intergenic regions [ 109 ]. 
Therefore, it is clear that the accurate and effi cient posttranscriptional gene control 
is of fundamental importance for normal progression of spermatogenesis. There is a 
wide range of different RNA-binding proteins, including testis-specifi c ones, that 
are expressed in meiotic and post-meiotic cells to participate in mRNA regulation by 
recognizing target mRNAs and forming ribonucleoprotein (RNP) complexes [ 110 , 
 111 ]. Germ cell-specifi c RNP granules, commonly called germ granules, accumu-
late RNA and RNA regulatory proteins and coordinate RNA regulation in the male 
germ line [ 112 – 114 ]. Among other posttranscriptional mechanism, miRNAs have 
turned out to be important regulators of gene expression in male germ cells.   

    Expressions of miRNAs During Spermatogenesis 

  Presently, 20 years  after   their discovery [ 115 ], miRNAs are recognized as vital reg-
ulatory factors that control the expression of a broad range of protein-coding genes 
[ 116 ,  117 ]. 

 Several miRNAs are highly, exclusively or preferentially expressed in the testis 
and in specifi c testicular cell types as revealed by miRNA microarrays, RT-PCR or 
small RNA sequencing studies [ 118 ,  119 ]. Differentially expressed miRNAs in 
embryonic germ cells or SSCs have been assessed by comparing the miRNA pro-
fi les of immature and mature mouse and primate testes [ 120 ,  121 ], enriched popula-
tions of gonocytes and spermatogonia in the mouse [ 122 ], the Thy1(+) SSC-enriched 
testis cell population and the Thy1(−) cell population, composed primarily of testis 
somatic cells [ 123 ], and GFRa-positive spermatogonia and GFRa-negative non- 
stem cell spermatogonia [ 124 ]. Differential miRNA expression during post-natal 
spermatogenesis has been identifi ed from mouse testis samples collected during the 
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fi rst wave of spermatogenesis [ 125 ,  126 ] and from enriched populations of stem 
cells, pre-meiotic, meiotic and post-meiotic cells [ 127 – 129 ]. It is important to cor-
relate the miRNA expression changes during spermatogenesis to the global expres-
sion changes of protein-coding mRNAs to build a better understanding of the role 
of miRNA mediated gene regulation in the testis. This kind of approach has already 
been initiated by a study that integrated the miRNA and mRNA profi les during the 
fi rst wave of spermatogenesis into miRNA-dependent regulatory networks [ 130 ]. 

 In addition to the germ cells, the miRNA profi les of the somatic compartment of 
the testis, particularly immature Sertoli cells have been assessed [ 131 – 133 ]. 
Interestingly, the expression of several miRNAs in Sertoli cells was demonstrated to 
be regulated by androgens [ 134 ,  135 ]. Many of these miRNAs are preferentially 
expressed in the testis and regulate genes that are highly expressed in Sertoli cells. 
Therefore, androgens appear to control spermatogenic events through miRNA- 
dependent mechanisms. 

 While some miRNAs are ubiquitously expressed in different cell types, a high 
number of miRNAs follow phase-specifi c expression patterns, being predominantly 
or specifi cally expressed in different somatic cell types or in germ cells at distinct 
phases of differentiation. 

 The densities of miRNA genes are higher on the mammalian X chromosome 
than on autosomes; this is a consequence of the organization of X-chromosomal 
miRNA genes in clusters that consist of paralogous copies resulting from miRNA 
gene duplication [ 136 ]. Comparison of miRNA levels in spermatocytes and sperma-
tids to those in somatic cells revealed that the multimember family of miRNAs on 
the X chromosome have higher expression levels than all other miRNA categories 
in male germ cells [ 136 ]. Sex chromosomal genes undergo epigenetic silencing in 
spermatocytes during meiotic prophase I by meiotic sex chromosome inactivation 
(MSCI). However, it appears that miRNAs, particularly the miRNA families that 
expanded by gene duplication, escape silencing by MSCI [ 137 ]. This suggests that 
the miRNA gene duplications on the X chromosome were selectively favored dur-
ing evolution to allow their expression in spermatocytes and spermatids despite sex 
chromosome inactivation. 

  Male germ cells   express also endogenous small interfering RNAs (endo- siRNAs) 
that are processed from long dsRNA precursors by Dicer in a microprocessor com-
plex (Drosha-DGCR8)-independent manner [ 138 ]. Interestingly, the majority of 
identifi ed endo-siRNAs mapped to several (even hundreds of) different sites on 
multiple chromosomes, in contrast to miRNAs that are usually derived from a 
unique locus or very few loci. Target prediction suggested that the testicular endo- 
siRNAs mainly target mRNAs (~92 %) but also transcripts of pseudogenes (~3 %), 
retrotransposons (~1 %), and ncRNAs (~4 %). The function of testicular endo- 
siRNAs remains obscure. They can effectively induce target mRNA degradation  in 
vitro , suggesting possible involvement in posttranscriptional regulation. 
Alternatively, endo-siRNAs could also have nuclear effects on chromatin 
 modifi cations similar to what has been shown for endo-siRNAs in other organisms, 
as supported by their origin from multiple chromosomal loci [ 138 ].   
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    Regulation of Spermatogonial Stem Cell Self-Renewal 
and Differentiation 

  The development of the testis  begins   when the Y-chromosomal testis-determining 
gene Sry is transiently expressed in the supporting cell precursors of the genital ridge 
from 10.5 to 12.5 days post coitum (dpc) in mice and triggers the chain of events 
leading to the differentiation of testis-specifi c cell types [ 139 ]. Recent studies have 
revealed the expression of miRNAs during the embryonic development of the testis 
and have demonstrated that miRNA-mediated gene control is involved in the regula-
tion of this developmental process [ 140 ,  141 ]. The testis cords are formed by Sertoli 
cells that assemble around clusters of primordial germ cells (PGCs) that become 
gonocytes and peritubular cells that surround the cords [ 142 ]. Gonocytes show a 
burst of mitotic activity and then arrest in the G 0  phase of the cell cycle, remaining 
mitotically quiescent until after birth, when they become spermatogonia [ 143 ]. 

 SSCs in the basal compartment of the seminiferous epithelium undergo self- 
renewal divisions to maintain the stem cell pool. Specifi c signals trigger the differ-
entiation program to produce spermatozoa from spermatogonia. The stem cell status 
of SSCs is strictly regulated; however, little is known about the mechanisms of the 
acquirement and maintenance of the self-renewal activity [ 98 ]. miRNAs contribute 
to the regulation of SSCs. High-throughput sequencing identifi ed that miR-21, 
along with miR-34c, -182, -183, and -146a, are preferentially expressed in SSC- 
enriched population. The downregulation of miR-21 in SSC-enriched germ cell cul-
tures increased apoptosis and reduced the SSC potency, suggesting that miR-21 has 
a role in maintaining the SSC population [ 123 ]. miRNA-20 and miRNA-106a are 
also preferentially expressed in mouse SSCs, and they were shown to regulate the 
renewal of SSCs by targeting STAT3 and Ccnd1 [ 124 ]. 

 Several studies have addressed the function of miRNAs in the regulation of the 
SSC’s decision to initiate differentiation. For example, miR-146 is highly expressed 
in undifferentiated spermatogonia, and its expression is downregulated nearly 
180- fold in differentiating spermatogonia [ 144 ]. miR-146 levels were dropped 
upon induction of differentiation by retinoic acid, and it was suggested that miR-
146 is involved in the control of retinoid acid-induced spermatogonial differentia-
tion in the mouse. Other miRNAs that are highly expressed in undifferentiated 
cells and downregulated upon retinoic acid treatment are the X chromosome-clus-
tered miR- 221 and miR-222 [ 145 ]. The impaired function of miR-221/miR-222 in 
mice induced differentiation and loss of stem cell capacity. The deletion of the 
Mir-17-92 cluster that is also preferentially expressed in undifferentiated sper-
matogonia results in small testes and a lowered epididymal sperm counts in mice 
[ 146 ]. Interestingly, the inactivation of Mir-17-92 cluster increased the transcript 
levels of another cluster, miR-106b-25, suggesting a functional co-operation of 
these two clusters. 

 Some miRNAs, such as let-7 family miRNAs, have an opposite expression pat-
tern, being induced upon retinoic acid stimulated differentiation. The induction of 
let-7 family miRNAs was shown to be accompanied by downregulation of let-7 
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family targets Mycn, Ccnd1 and Colla2 [ 147 ]. The increase in let-7 family member 
expression in differentiating spermatogonia was suggested to be mediated by the 
simultaneous decrease in the levels of an RNA-binding protein, LIN28, which has a 
well-characterized role in inhibiting let-7 miRNA biogenesis [ 148 ]. Expression of 
LIN28 in undifferentiated spermatogonia has been confi rmed by several studies 
[ 149 – 151 ], and LIN28 was shown to regulate the cyclic expansion of spermatogo-
nial progenitor population using a knockout mouse model [ 152 ].   

    Regulation of Meiotic and Post-meiotic Events 

 P achytene spermatocytes and  round   spermatids are transcriptionally active and they 
have exceptionally diverse transcriptomes [ 109 ]. It is therefore clear that these cells 
need to maintain effective posttranscriptional control. Late meiotic and haploid 
germ cells have also been suggested to be the main source of miRNA production 
during spermatogenesis [ 125 ]. The important role of miRNA-mediated regulation 
during meiotic and post-meiotic development is supported by the phenotypes of the 
male germ cell-specifi c  Dicer1  knockout mice that show the most dramatic sper-
matogenic defects during these specifi c phases. 

  miR-34c   that has been shown to be involved in the regulation of stem cell status 
[ 123 ,  153 ,  154 ], is also an important regulator of the later steps of spermatogenesis. 
Several studies have revealed that miR-34c expression is highly upregulated in sper-
matocytes and round spermatids [ 155 – 157 ]. Downregulation of miR-34c expres-
sion in primary spermatocytes seems to prevent germ cells from testosterone 
deprivation-induced apoptosis; in line with this, overexpression of miR-34c in cul-
tured germ cells triggers apoptosis, a process that is at least partially mediated by 
targeting ATF1 via direct binding to the ATF1 3′UTR. Ectopically expressed miR- 
34c in HeLa cells induced a shift in the transcriptome toward the germ lineage 
transcriptome [ 155 ]. Therefore, miR-34c was suggested to play a role in enhancing 
the germinal phenotype of cells already committed to this lineage. miR-449 cluster 
miRNAs function also in the regulation of meiotic and post-meiotic gene expres-
sion; they are drastically up-regulated at meiotic initiation and their expression is 
under the regulation of the transcription factors CREMtau and SOX5 [ 158 ]. 

 Despite a high expression level in male germ cells, miR-449-null male mice exhibit 
normal spermatogenesis. Interestingly, miR-34b/c levels were upregulated in miR-
449 knockout testis, and miR-449 cluster and miR-34b/c were shown to share some 
target genes that belong to the E2F transcription factor-retinoblastoma regulatory net-
work, indicating functional redundancy [ 158 ]. The deletion of both miR-34b/c and 
miR-499a/b/c clusters in the mouse genome resulted in  oligoasthenoteratozoospermia 
(OTA) and infertility, which further supports their functional redundancy, and also 
signifi es their importance for normal spermatogenesis [ 159 – 161 ]. 

 During the late steps of spermatid differentiation, the chromatin is compacted by 
the replacement of histones with protamines, and the process is dependent on the 
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correct timing of the expression of transition proteins (TP) and protamines (Prm) 
[ 162 ]. miRNAs are also participating in this accurately timed expression of TPs and 
Prms. miR-469 can target TP2 and Prm2 mRNAs and repress TP2 and Prm2 protein 
expression in pachytene spermatocytes and round spermatids at the translational 
level with a minor effect on mRNA degradation [ 163 ]. Another miRNA that con-
trols TP2 expression is miR-122a that is enriched in late-stage male germ cells; 
miR-122a can induce TP2 mRNA cleavage [ 164 ]. The Oncomir-1 (miR-17-92) 
cluster miRNA miR-18 can directly target heat shock factor 2 (HSF2) during sper-
matogenesis [ 165 ]. HSF2 is a transcription factor that infl uences a wide range of 
developmental processes, including spermatogenesis [ 166 ]. The expression of 
HSF2 and miR-18 exhibits an inverse correlation during spermatogenesis, and 
downregulation of miR-18 expression in seminiferous tubules leads to increased 
HSF2 protein levels and altered expression of HSF2 target genes [ 165 ].   

    miRNA-Processing Enzymes in Spermatogenesis 

  miRNA and siRNA processing  is   dependent on two endonucleases, the micropro-
cessor complex (Drosha/DGCR8) and Dicer, which are both essential genes for 
mouse development [ 5 ,  167 ]. The tissue and cell type-specifi c knockout mouse 
models have been helpful in understanding the role of these pathways in certain tis-
sues and in the adult organism. The same approach has been used to study the 
importance of miRNA/siRNA pathways in spermatogenesis. Based on these stud-
ies, Dicer is required for male fertility, and the functions of both testicular somatic 
cells and germ cells are dependent on Dicer. 

 The deletion of  Dicer1  in the somatic cells of fetal testes with  Sf1  promoter- 
driven Cre showed no abnormality during fetal life, although  Dicer1  deletion was 
induced already in the adrenogonadal primordium [ 168 ]. However, the testis was 
degenerated shortly after birth; at PND5, most of the testis cords were degenerated 
and the number of proliferating Sertoli cells and HSD3b-postitive Leydig cells in 
the interstitium were decreased. The ablation of Dicer in Sertoli cells led to dis-
rupted spermatogenesis and progressive testicular degeneration [ 131 ,  169 ]. The 
defects appeared already in the prepubertal testis due to defective Sertoli cell matu-
ration and function, with major alterations in both the transcriptome and proteome 
in the neonatal testis of Sertoli cell-specifi c  Dicer1  knockout mice [ 131 ]. 

 The consequences of  Dicer1  deletion in embryonic or differentiating male germ 
cells have been studied using conditional knockout mouse models with distinct cell 
type-specifi c promoters to induce Cre expression. Removal of  Dicer1  in (PGCs) 
after embryonic day 10 (E10) using tissue-nonspecifi c alkaline phosphatase ( Tnap ) 
promoter-driven Cre expression caused defects in PGC proliferation as well as post- 
natal spermatogenesis and fertility [ 170 ,  171 ]. The low penetrance of the  TnapCre  
transgene hindered the exact analysis of the defects using this mouse model as a 
tool.  Dicer1  ablation in the male germ line just before birth using  Ddx4  promoter- 
driven Cre expression resulted in accumulating defects in meiotic and post-meiotic 
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germ cells and male infertility [ 156 ,  172 ]. The progression of meiotic prophase I 
was delayed, and the number of apoptotic spermatocytes was increased, leading to 
a decreased number of haploid post-meiotic round spermatids. Furthermore, the 
differentiation of the remaining round spermatids failed and only very few morpho-
logically abnormal non-functional spermatozoa were produced [ 156 ]. 

 The deletion of  Dicer1  in post-natal spermatogonia by Neurogenin3 ( Ngn3 )- Cre  
and  Stra8Cre  transgenes resulted in male infertility but the spermatogenic pheno-
type was somewhat less severe than the  Ddx4Cre -driven phenotype [ 173 – 175 ]. 
Selective removal of  Dicer1  in type A spermatogonia by  Ngn3Cre  did not cause 
obvious problems in meiosis, and the fi rst clear defects were manifested in haploid 
male germ cells. The elongation phase of spermiogenesis was severely compro-
mised with problems in chromatin organization and sperm head shaping and com-
paction. Similar to the  Ddx4Cre - Dicer1  knockout model, the morphology of 
epididymal spermatozoa was abnormal with small misshapen heads and defective 
tail structures, and the number of produced spermatozoa was greatly reduced [ 173 ]. 
The  Stra8Cre  transgene inducing  Dicer1  deletion in differentiating spermatogonia 
resulted in the comparable phenotype to  Ngn3Cre -driven  Dicer1  deletion with 
affected haploid differentiation [ 174 ,  175 ]; meiotic progression was also somewhat 
delayed in  Stra8Cre - Dicer1  knockout spermatocytes. Even later deletion of  Dicer1  
in haploid cells using the  Protamine 1  ( Prm1 )- Cre  transgene caused less problems 
in spermatogenesis, suggesting that the spermatogenic phenotype of the  Ngn3Cre  
and  Sra8Cre  models originate already in the earlier pre-meiotic/meiotic cell types 
[ 176 ]. The  Prm1Cre - Dicer1  knockout testis had elongating spermatids with abnor-
mal head morphology and compromised chromatin integrity. This study revealed 
that  Dicer1  inactivation in round spermatids impaired translational activation of 
germ cell transcripts, including Prm1, possibly resulting from the transcript seques-
tration into translationally inert RNP complexes [ 176 ]. 

 Altogether the male germ cell-specifi c  Dicer1  knockout models suggest that 
Dicer activities are required throughout male germ cell differentiation, and earlier 
deletion results in the accumulation of defects and more compromised spermato-
genesis. In addition, Dicer activity during the time of birth seems to be important for 
normal meiotic progression because this phase is dramatically impaired in the 
 Ddx4Cre  model compared with the less affected meiotic progression in  Ngn3Cre  or 
 Sra8Cre  models. 

 The importance of miRNA-dependent pathways in spermatogenesis has also 
been dissected by using knockout mouse models with defective microprocessor 
components (Drosha and DGRC8).  Drosha  knockout mouse model was generated 
using the  Stra8Cre  transgene, and the phenotype was compared with the  Stra8Cre - 
Dicer1     knockout [ 175 ]. Drosha has been reported to have some miRNA- independent 
roles, for example, in mRNA cleavage and ribosomal RNA biogenesis [ 177 ]; 
 however, in small RNA processing, the function of Drosha is limited to the process-
ing of miRNAs, whereas Dicer processes both miRNAs and endo-siRNAs. The 
comparison of  Drosha  and  Dicer1  knockout testes revealed that  Drosha  deletion 
caused more severe spermatogenic disruptions [ 175 ]. An opposite observation was 
done using  Ddx4Cre  transgene to delete  Dicer1  or  Dgcr8  gene in male germ cells. 
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 Dgcr8  knockout male mice were infertile and displayed similar defects to  Dicer1  
knockout, however the defects were less severe [ 178 ]. Therefore, the deletion of 
different components of the microprocessor complex (Drosha vs. DGCR8) results 
in somewhat different phenotypes. Because of the contradictions, no clear conclu-
sion can be made about the relative roles of miRNA and endo-siRNA pathways in 
spermatogenesis. However, if the function of DGCR8 is mostly associated with 
microprocessor complex whereas Drosha has miRNA-independent functions, the 
more severe phenotype caused by the Drosha ablation could be explained by the 
more diverse functions of Drosha. If this is the case, the comparison of the testicular 
phenotypes of  Ddx4Cre -driven  Dicer1  and  Dgcr8  knockout mice suggest that all 
the defects in the  Dicer1  knockout spermatogenesis cannot be explained because of 
the defective miRNA pathway, but other pathways (e.g. endo-siRNA pathways and 
small RNA- independent functions of Dicer) are also affected. 

 miRNAs are known to affect various cellular transcripts and therefore, several 
studies have been designed to understand the changes in the transcriptome in the 
absence of miRNA processing enzymes. The microarray analysis of the  Stra8Cre - 
Dicer1     knockout testis (PND18) [ 174 ] or pachytene spermatocytes and round sper-
matids [ 175 ] demonstrated that a high number of genes were differentially expressed 
in the absence of Dicer. Disproportionately higher percentage of X- and Y-linked 
genes was overexpressed in the PND18  Stra8Cre - Dicer1  knockout testis, which 
suggests that these sex chromosomal genes could escape MSCI in  Dicer1  knockout 
spermatocytes. However, it remains unclear whether overexpression of the genes 
that should be silenced during MSCI is induced by direct defects in MSCI or 
whether it originates from the increased transcript stability or from the enrichment 
of pre-MSCI spermatocytes in the analyzed knockout testis samples. It has to be 
also noted that the ablation of Dicer or Drosha in spermatogonia did not signifi -
cantly affect the sex body formation in pachytene spermatocytes at microscopical 
level. RNA sequencing of spermatocytes of  Ddx4Cre - Dicer1  mice revealed a gen-
eral upregulation of gene expression [ 178 ]. Interestingly, genes related to spermato-
genesis or meiosis were not found to be affected but instead, the expression of 
numerous lowly expressed genes were upregulated. Therefore, Dicer inactivation 
appears to affect the fi ne-tuning of protein-coding gene expression by increasing 
low level gene expression. 

 It is clear that the disruption of miRNA/endo-siRNA pathways has dramatic con-
sequences on spermatogenesis and it is diffi cult to tell which ones of the affected 
mRNAs are direct targets of small RNAs and which mRNA expression changes are 
secondary effects due to the disrupted cellular processes. Furthermore, miRNA- 
independent functions of Dicer and Drosha further complicate the analysis of the 
knockout phenotypes at transcriptome level. Not only protein-coding mRNAs but 
also other cellular transcripts are affected in the absence of Dicer. For example, in 
 Ddx4Cre - Dicer1  knockout spermatocytes, the expression of transposable elements 
of the SINE (short interspersed nuclear element) family was up-regulated [ 156 ]. 
Similar up-regulation of transposon expression (MT and SINE families) was observed 
in  Dicer1 -defi cient mouse oocytes [ 26 ]. Dicer also functions in the processing and 
detoxifi cation of transposon-derived RNAs in retinal pigmented epithelium, where it 
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is involved in retrotransposon transcript degradation by a miRNA-independent 
mechanism [ 179 ]. Interestingly, transposon expression was unaffected in the 
 Ngn3Cre - Dicer1  knockout testis, suggesting that Dicer may be involved in transpo-
son control in embryonic and/or very early post-natal phases before the onset of 
Ngn3 expression. On the other hand, major satellite expression was induced in the 
testis of  Ngn3Cre - Dicer1  knockout mice, similar to what is observed in mouse 
embryonic stem cells lacking functional Dicer [ 173 ,  180 ,  181 ]. The diverse function 
of Dicer in both miRNA-dependent gene regulation and miRNA-independent pro-
cesses highlight the need for different mouse models that target specifi c pathways to 
understand the exact roles of miRNAs during spermatogenesis.    

    miRNAs and Human Male Fertility 

     Spermatogenesis   is  a   complex process that is  also   error-prone. Indeed, human semen 
samples are considered  normal   with only 4 % of morphologically normal spermato-
zoa [ 182 ]. Moreover, alarming adverse trends in semen quality and the incidence of 
testicular germ cell tumors and congenital malformations of the reproductive organs 
in western countries have been reported [ 183 ], raising concern about environmental 
and genetic factors that negatively affect male reproductive health. Increasing infer-
tility is refl ected by an increased use of assisted reproductive technologies (ART). 
Paternal factors are involved in the etiology of infertility or subfertility in approxi-
mately half of the cases undergoing ART [ 184 ]. Reliable diagnosis tools are available 
for some obvious forms of male infertility with clear changes in observable semen 
parameters; however, sometimes the external characteristics of the sample may 
appear normal but still the fertility of sperm is compromised. Therefore, additional 
biomarkers to evaluate the quality of the sperm sample and sperm fertility status are 
needed. Furthermore, there has been speculation concerning the phenotype and 
health of the offspring produced from IVF and ICSI [ 185 ,  186 ], further highlighting 
the requirement to better understand the etiology of male infertility prior to ART. 

 It is important to understand the gene expression changes during spermatogenesis 
to correlate the possible changes in the transcriptome with specifi c types of male 
infertility. The human testicular transcriptome has been analyzed using testis biop-
sies from prepubertal children and adult patients with arrested spermatogenesis at 
different stages to gain insight into the transcriptome of different populations of tes-
ticular cells in humans [ 187 ]. Considering the crucial role of miRNAs for the normal 
progress of mouse spermatogenesis, it is reasonable to assume that miRNAs may 
play a role in the etiology of human male subfertility and infertility. miRNA profi les 
of human spermatogonia, pachytene spermatocytes and rounds spermatids were 
recently identifi ed by miRNA microarrays, and several differentially expressed miR-
NAs were identifi ed [ 188 ]. To understand the role of miRNAs in the human sper-
matogenic failure, miRNA expression profi les have been studied in normal testicular 
tissues or in the testes of men with Sertoli cell only (SCO), mixed atrophy (MA) and 
germ cell arrest (GA) histopathologic patterns. 
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 Defi nite analysis of testicular samples is challenging due to the complex organiza-
tion of spermatogenic cells in the seminiferous epithelium and the heterogeneity of the 
testicular samples. Therefore, spermatozoal RNA isolated from semen samples 
appears to be a more feasible for diagnostic purpose than invasive testicular biopsies. 
Despite the transcriptionally inactive state of mature spermatozoa, RNA profi ling 
experiments have identifi ed a complex population of RNAs in mature spermatozoa 
both in human and other species [ 189 – 191 ]. Spermatozoal RNAs include rRNA, 
mRNA and both long and small ncRNAs. Among other small ncRNAs, such as piR-
NAs and small RNAs originating from repetitive elements or transcription start sites/
promoters, miRNAs have also been identifi ed in human spermatozoa [ 192 ,  193 ]. The 
functional importance of spermatozoal RNAs has remained unclear. Many transcripts 
in spermatozoa appear compromised, and it is possible that some of them are remnants 
of functional RNAs from earlier developmental stages [ 109 ,  191 ]. However, at least 
some of the sperm-specifi c transcripts are transmitted to the oocyte upon fertilization 
and potentially provide a post-fertilization function in early embryonic development 
[ 194 ] or epigenetic inheritance [ 195 ]. 

 Spermatozoal miRNAs have been suggested to act during early embryogenesis 
by controlling the early embryonic gene expression [ 196 ]. miR-34c, which is the 
most abundant sperm miRNA in humans [ 192 ], is also found in mature sperm and 
zygotes in mice, and the injection of the miR-34c inhibitor into zygotes was reported 
to attenuate the fi rst cleavage division after fertilization [ 197 ]. However, a recent 
study demonstrated that the presence of miR-34b/c and miR-449a/b/c cluster miR-
NAs in sperm is dispensable for fertilization and preimplantation development  in 
vivo  [ 161 ]. Therefore, direct evidence on the function of sperm-borne miRNAs in 
the regulation of post-fertilization events is still missing. 

 Many studies have been conducted to search for differentially expressed sperma-
tozoal protein-coding mRNAs in cases of asthenozoospermia, teratozoospermia, 
oligozoospermia and idiopathic infertility [ 190 ,  196 ,  198 ,  199 ]. Similar experiments 
have been carried out to identify the miRNA expression profi les from spermatozoa 
of patients with different spermatogenic impairments (e.g., asthenozoospermic and 
oligoasthenozoospermic males) [ 200 ,  201 ]. In addition to the spermatozoal miR-
NAs, cell-free seminal miRNAs that are predominately derived from the testis and 
epididymis have been identifi ed [ 202 – 204 ]. For example, three miRNAs, miR-141, 
miR-429 and miR-7-1-3p, were shown to be signifi cantly increased in the seminal 
plasma of patients with non-obstructive azoospermia compared with fertile controls 
[ 205 ]. Because the expression of profi les of spermatozoal and seminal plasma miR-
NAs appear to be altered in patients with spermatogenic defects, they may emerge 
as potential biomarkers for the diagnosis and classifi cation of male infertility.     

    microRNAs and the Placenta 

    Following  implantation   of the nascent embryo via coordinated/directed 
trophectoderm- endometrial    interaction, success of the  pregnancy   as well as health 
of the fetus and mother are largely dependent on appropriate differentiation of the 
placental trophoblast cell lineages [ 206 ]. 
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 For the placenta will play an essential role in conversion of the spiral arteries and 
establishment and maintenance of the placental bed. It is the placenta that will nour-
ish the fetus during pregnancy, perform gas exchange and act as an endocrine organ. 
Furthermore, the unique environment of the maternal fetal interface protects the 
fetus from infection while allowing the hemi-allogenic placental cells to invade the 
maternal spiral arteries and the uterus. With an essential role in health and mainte-
nance of pregnancy it is not surprising that the study of miRNAs in the placenta and 
also in the sera of pregnant women is an area of active investigation in both normal 
and pathological pregnancies. The subject of miRNA expression and function dur-
ing pregnancy could be a chapter topic in and of itself and is beyond the scope of 
this chapter. Therefore we will mention three areas of active miRNA investigation 
in the placenta, including: trophoblast development, protection from viral infection 
and a role in pregnancy disorders. 

 Firstly, the placenta in the human is an organ with a 9-month lifespan where tis-
sue is available for study at many of the critical stages in its development. Progenitor 
cytotrophoblasts maintained throughout pregnancy, differentiate into the syncytio-
trophoblast or invasive trophoblast cell lineages. Consequently, specifi c trophoblast 
lineage and temporally regulated miRNAs have been studied in the human placenta 
and in trophoblast cell lines. As reviewed by Morales-Prieto and colleagues differ-
ences in over 100-fold expression levels were found in miRNAs up or down regu-
lated when comparing hundreds of miRNAs expressed in fi rst and third trimester 
trophoblast cells [ 207 ]. Several of these miRNAs appear to be clustered in defi ned 
chromosomal regions with implications to imprinting as well as evolutionary pla-
cental development. Some of these miRNAs can be found to be differentially regu-
lated, have the potential to be used as biomarkers from the sera of women with 
pregnancy disorders as compared to normal pregnancies. 

 The placenta and the maternal fetal interface as a whole play an important role in 
preventing infection of the fetus. A recent landmark study showed that cultured 
human trophoblasts are highly resistant to viral infection [ 208 ]. Furthermore, tro-
phoblasts can confer this resistance to non-placental cells via exsosome mediated 
transfer of specifi c miRNAs. Placental exosomes are thought to be extracellular 
vesicles of trophoblasts that can circulate in the maternal blood stream and may act 
to transfer trophoblast protein and RNA. Interestingly, these exsosomes transferring 
viral resistance properties contained miRNAs from one of the chromosomal regions 
(the chromosome 19 miRNA cluster) that are expressed in a trophoblast specifi c 
lineage pattern. These exosomes induced autophagy in the recipient cells and via 
this mechanism inhibited replication of the virus. 

 miRNAs have also been implicated in pregnancy disorders, including preeclamp-
sia [ 209 ]. Preeclampsia is a hypertensive disease of pregnancy with signifi cant 
maternal and fetal morbidity and mortality worldwide. It is thought to be a two stage 
disease with incomplete conversion of the spiral arteries leading to defective utero-
placental perfusion and placental oxidative stress. Betoni and colleagues performed 
a meta-analysis of several microarrays—placenta based studies, and found that 
there was a discrepancy for more than 75 % of the miRNAs implicated in the patho-
biology of preeclampsia [ 210 ]. Much effort has been placed in identifying biomark-
ers in both the sera and placenta of women for the detection of preeclampsia before 
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the appearance of clinical signs. Most recently high throughput analysis has been 
used to identify gene regulatory networks incorporating miRNA expression data to 
study expression of specifi c proteins in trophoblast cells cultured in vitro under 
hypoxic conditions [ 211 ]. 

 In summary, the placenta provides an opportunity to reveal the role of miRNAs 
in such diverse processes as cell differentiation and development, cell invasion, oxi-
dative stress, angiogenesis, immune regulation, protection from infection and dis-
ease prediction. The fi eld of miRNA in the placenta is still in its infancy and awaits 
further investigation and study.     

    Conclusion 

 This chapter took a broad look at miRNAs expression through different parts of the 
reproductive system. Many studies in ovarian cells succeed in uncovering miRNAs 
infl uence on fundamental ovarian features like steroidogenesis, ovulation, and cor-
pus luteum development and function. We emphasized the central role of miRNAs 
in the regulation of spermatogenesis and male fertility. A central role for these mol-
ecules is also being depicted in the formation and function of the placenta as early 
from the implantation of a blastocyst in the receptive endometrium and till later 
stages of pregnancy. 

 A focus on their function in pathologic processes, such as anovulation and POF 
is believed to lead to potential applications in ovulation induction, sperm matura-
tion, ART and pregnancy complications. 

 The intensive research and the above mentioned fi ndings suggest potential 
important translational implications that may lead to clinical development of 
miRNA based diagnostics and therapeutic tools in human fertility and reproduction. 
As technologies continue to improve, miRNA profi ling is getting easier, faster and 
cheaper. At the time of this chapter publication, there were more then 200 clinical 
trials enlisted in the NIH clinical trials web site involving miRNAs. Personalized 
miRNAs based therapy is already into phase I/II trials in cancer and cardiac patients. 
We believe that the near future will bring translational implications of this extensive 
miRNAs research also into the fi eld of human reproduction.     
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    Chapter 19   
 microRNAs and Hepatitis B       

       Yutaka     Naito    ,     Yasuhito     Tanaka    , and     Takahiro     Ochiya    

    Abstract     The hepatitis B virus (HBV) infection is the leading cause of persistent 
liver diseases, cirrhosis, and hepatocellular carcinoma (HCC). However, the precise 
mechanism underlying the development of HBV-related diseases is not fully under-
stood. In addition, the therapeutic strategies for the diseases are less than optimum. 
microRNAs (miRNAs) are small noncoding RNAs that have been described as a 
“fi ne-tuner” in various cellular events. The dysregulation of miRNAs play a role in 
the development of the cancer as well as viral interference. Recent articles have 
demonstrated that several miRNAs are deregulated by HBV infection and contrib-
ute to viral replication and pathogenesis. Thus, it suggests that the precise mecha-
nism between miRNA and HBV biology will be leading to the development of the 
novel diagnosis and therapy. This chapter aims to provide the basic principals of 
miRNAs in development of the HBV-related diseases. We also discuss about the 
possibility of miRNAs on the clinical application for diagnosis and therapy of HBV- 
related diseases.  

  Keywords     microRNA   •   Hepatitis B virus   •   Hepatocellular carcinoma  

        Introduction 

    Basic Knowledge of Hepatitis B Virus Infection 

  The  hepatitis B virus (HBV)   is a small enveloped DNA virus belonging to the 
 Hepadnaviridae  family. It has a strong preference for hepatocyte and causes acute 
or chronic liver diseases. According to World Health Organization (WHO), 
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approximately 2000 million people infected with HBV, more than 240 million 
people are chronic carriers and about 600,000 patients died each year [ 1 ]. In most 
of HBV infection in adults, it is spontaneously eradicated from their liver. However, 
about 5 % of adults who aquire HBV and also more than 90 % of neonatants who 
were transmitted HBV from their mothers become chronic carrier [ 2 ]. Several lines 
of evidences reported that chronic HBV infection causes immune-mediated liver 
damages [ 3 ] and oncogenic changes that result in hepatocellular carcinoma (HCC) 
[ 2 ]. Indeed, more than 50 % of all HCC patients are HBV carriers [ 4 ]. There are 
effi cient vaccines and treatment strategies of HBV infection including interferon 
based therapy and nucleotide analogues [ 5 ], however persistent HBV infection is 
still global health problem. Therefore, better knowledge of the pathological and 
biological basis of HBV infection is necessary for improved control and treatment. 

 The HBV genome consists of partially double strand DNA of 3.2 kb including 
seven open-reading frames [ 6 ,  7 ]. The pre-S/S gene encodes three hepatitis B sur-
face antigens (LHBsAg, MHBsAg, and SHBsAg). The pre-core gene encodes hepa-
titis B core antigen (HBcAg) and hepatitis B e antigen (HBeAg). The P and X 
coding frame encode the viral specifi c polymerase and the hepatitis B x protein 
(HBx), respectively. As the fi rst step of viral life cycle in hepatocyte, the entry of 
HBV particles into the hepatocyte is likely regulated by glycosaminoglycan and 
sodium taurocholate cotransporting polypeptide (NTCP) [ 7 – 9 ]. After viral entry, 
HBV core is delivered into nucleolus and the partially circular DNA genome is 
converted to a covalently closed circular DNA (cccDNA) molecule. 

 From a cccDNA, all the viral RNAs are transcribed to maintenance HBV infec-
tion. Among these transcripts, the pregenomic RNA (pgRNA) serves as template for 
reverse transcription and generates the viral DNA. The pgRNA are incorporated 
into the new assembling nucleocapsids in the cytosol. Reverse transcription of 
pgRNA are initiated after this process. 

 The assembled viral core acquires envelope proteins into endoplasmic reticulum 
and form mature virion that will be secreted from host cell, or back to the nucleus 
to maintain the cccDNA amplifi cation. If the immune system fails to eradicate the 
virus, the HBV infection becomes chronic. Eventually, in nucleus, cccDNA is inte-
grated into the host cell chromatin and exist as a minichromosome [ 7 ,  10 ,  11 ].   

    microRNAs Expression and Hepatitis B Virus Infection 

   microRNAs (miRNAs) are small    noncoding RNAs of 19–25 nucleotides and play 
important    roles in posttranscriptional repression, deadenylation, and degradation 
[ 12 ]. Through inhibiting target gene translation, miRNAs participate in many cel-
lular processes including development, differentiation, stress response, apoptosis, 
and proliferation. Recent advances in HBV biology uncovered that several miRNA 
expressions in host cell are deregulated by HBV infection. For instance, HBx that is 
a key regulator of HBV infection and viral DNA replication has the ability to dereg-
ulate the cellular miRNAs expression. As shown in Table  19.1 , we summarized 
miRNAs that was reported as a dysregulated miRNA by HBV infection.
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   Table 19.1    Dysregulated cellular miRNAs by HBV infection and their effect on HBV biology, 
pathogenesis, and carcinogenesis   

 miRNAs  Target gene 
 miRNA 
expressions 

 Correlation with HBx 
protein  Ref. 

  Positive regulator of HBV replication  
 miR-1  HDAC4  –  Zhang et al. 

[ 14 ] 
 miR-15b  HNF1α  Down (in early 

stage of infection) 
 Downregulated by 
HBx 

 Dai et al. [ 22 ] 

 Up (in late stage of 
infection) 

 miR-122  Cyclin G1  –  Downregulated by 
HBx 

 Wang et al. 
[ 28 ] 

 HO-1  –  Qiu et al. [ 49 ] 
 miR-155  C/EBP  Up  Wang et al. 

[ 37 ] 
 SOCS1  Up  Su et al. [ 38 ] 

 miR-181a  HLA-A  Up  Liu et al. [ 39 ] 
 miR- 
372/373 

 NFIB  Up  Guo et al. [ 17 ] 

 miR-501  HBXIP  Up  Support HBx 
function 

 Jin et al. [ 20 ] 

 miR-548ah  INFγR1  Up  Xing et al. 
[ 45 ] 

 miR-581  Dicer, EDEM1  Down  Wang et al. 
[ 50 ] 

  Negative regulator of HBV replication  
 miR-15a  HBp and HBx  Down  Downregulated by 

HBx 
 Wang et al. 
[ 51 ] 

 miR-17-92 
cluster 

 HBV transcripts  Up  Jung et al. 
[ 52 ] 

 miR-122  HBV DNA 
polymerase 

 Down  Chen et al. 
[ 27 ] 

 miR- 
125a- 5p 

 HBsAg  Up  Potenza et al. 
[ 29 ] 

 Up  Upregulated by HBx  Mosca et al. 
[ 30 ] 

 miR-141  PPARα  –  Hu et al. [ 53 ] 
 miR-146a  STAT1  Up  Wang et al. 

[ 54 ] 
 miR-152  DNMT1  Down  Downregulated by 

HBx 
 Huang et al. 
[ 32 ] 

 miR-199a  HBsAg  Up  Upregulated by HBx  Zhang et al. 
[ 55 ] 

 miR-205  HBx  Down  Downregulated by 
HBx 

 Zhang et al. 
[ 7 ] 

(continued)
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   In this chapter, we will fi rst outline the functional role of miRNAs in the HBV 
biology and related pathogenesis. Subsequently we will describe the miRNA-based 
strategies for diagnosis and treatment of the HBV-related diseases.     

    The Biological Role of microRNA in Life Cycle of Hepatitis B 
Virus and Effects on the Carcinogenesis 

 The viruses should take several steps to    complete their replication and expansion. 
Among these period, host cellular defensive mechanisms could be developed, 
including as cell cycle arrest and viral clearance. Thus, the viruses modulate host 
cellular environments to promote viral replication and achievement life cycle by 
taking advantages of the miRNA machinery. 

 Although HBV is a DNA virus, it has not been verifi ed the HBV encoded miR-
NAs. Only one viral miRNA were identifi ed by in silico approach [ 13 ], but its func-
tion was not elucidated. As mentioned above, HBV infection induces the 
dysregulation of several cellular miRNAs. HBV can utilize such dysregulated miR-
NAs in host cell to modulate host gene expression and cellular condition to promote 
viral infection and replication. 

    miRNAs That Promote HBV Replication 

  Zhang and their colleagues demonstrate    that miR-1 enhances HBV replication and 
transcription in HCC cell line with integrated HBV genome [ 14 ]. They also show 
that miR-1 represses histone deacetylase 4 (HDAC4) and upregulates FXRα, known 
as transcriptional factor of HBV gene [ 15 ]. Epigenetic modifi cation of HBV 
cccDNA, such as histone acetylation, involves in HBV gene transcription [ 16 ]. 
Thus, they suggested that miR-1 activated the HBV core promoter transcriptional 
activity to enhance HBV replication. However, they also showed that miR-1 inhib-
ited cell proliferation activity and induced reverse phenotype of cancer cell. 

 Because HBV-encoded proteins trigger the changes of host cellular phenotype 
that confer the hallmarks of cancer [ 2 ], the functions of miR-1 in HBV infection 
seem to be contradicted with hepatocellular carcinogenesis. Guo et al. reported that 

Table 19.1 (continued)

 miRNAs  Target gene 
 miRNA 
expressions 

 Correlation with HBx 
protein  Ref. 

 miR-210  HBV pre-S1  Up  Upregulated by HBx  Zhang et al. 
[ 55 ] 

 miR-1231  HBcAg  Up  Kohno et al. 
[ 31 ] 
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miR-372/373 are upregulated in HBV infected liver tissue [ 17 ]. They also showed 
that miR-372/373 directly targeted nuclear factor I/B (NFIB) that plays a crucial 
role in HBV infection and replication. Importantly, these miRNAs expression was 
signifi cantly elevated in liver cirrhosis and HBV-related HCC [ 18 ,  19 ]. Although 
further study must be required, it suggests that these miRNAs might have an impor-
tant role in pathogenesis of HBV-related diseases. 

 There are also some miRNAs that suggested to work together with HBV protein 
for promoting viral replication. Jin et al. reported the miRNA that support to the 
function of HBx protein in host cell. They demonstrated that miR-501 directly tar-
geted Hepatitis B X-interacting protein (HBXIP) [ 20 ]. HBXIP was originally iden-
tifi ed for its interaction with HBx protein to repress HBV replication [ 21 ]. Thus, 
they suggested that miR-501 regulates the function of HBx and promote HBV rep-
lication through inhibiting HBXIP. 

 Dai and their colleagues reported that the function of miR-15b in HBV replica-
tion and its expression kinetics in mouse model from early infection stage to late 
infection stage [ 22 ]. miR-15b directly inhibited hepatocellular nucleic factor 1 
alpha (HNF1α) expression to activate HBV Enhancer I which is enhancer sequence 
of HBV genes. Consequently, miR-15b can promote HBV replication. However, 
interestingly, in mouse model of HBV infection, miR-15b expression was sus-
tained at low level by HBx protein in the early stage. On the other hands, in late 
stage of this mouse model that developed HCC, miR-15 expression was increased. 
Consistent with these points, it was reported that miR-15b expression was ele-
vated at HCC stage [ 23 ,  24 ]. Although precise mechanisms of miR-15b up-regula-
tion in late stage are not still unclear, it may contribute to persistent infection and 
pathogenesis of HBV.   

    miRNAs That Repress HBV Replication 

   Several miRNAs that negatively    regulate HBV replication in host cells are also 
identifi ed.    miR-122 is the well studied miRNA in HBV infection as well as several 
kinds of liver diseases. miR-122 is highly expressed in normal adult liver and has an 
essential role in various aspects of the liver function, including hepatocellular 
growth, differentiation, lipid metabolism, and neoplastic transformation [ 25 ]. 
Interestingly, although miR-122 is essential for HCV infection that is also major 
etiologic factor of chronic liver diseases and HCC [ 26 ], it has a contrary effect on 
the HBV infection. Chen and colleagues showed that miR-122 might directly target 
the HBV polymerase expression to repress HBV replication [ 27 ]. These opposite 
function of miR-122 between two viruses may be explained by the fact that miR- 
122 was negatively regulated by HBx protein. Indeed, Wang et al. demonstrated that 
miR-122 expression was downregulated in HBV infected patients [ 28 ]. Thus, it 
suggests that miR-122 contribute to viral infection and carcinogenesis and has a 
potential for clinical application. 
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 On the other hand, Potenza et al. identifi ed miR-125a-5p as a directly regulator 
of HBV gene expression by using computational approach [ 29 ]. In addition, they 
confi rmed that miR-125a-5p directly suppressed the HBsAg expression using HCC 
cell lines. However, their further study showed that miR-125a-5p expression was 
enhanced by HBx protein [ 30 ].  Zhang and their colleagues identifi ed miR-199a and 
miR-210 a negative regulator of HBV replication through targeting HBsAg.  
However, also in this case, these miRNA expressions were increased in HBV trans-
fected cell line. 

 Kohno et al. reported that miR-1231 upregulated in HBV transfected cell lines 
and HBV mouse model suppressed HBV replication by targeting HBcAg [ 31 ]. 
These examples are certainly complicated because HBV infection induces the 
expression of miRNAs inhibiting viral replication. However, these miRNAs behav-
ior on virus replication can be understood by focusing on the evasion of HBV from 
host defense system. The transition from acute to chronic infection of HBV corre-
sponds to a failure of HBV clearance by host immune systems. 

 Thus, it is conceivable that these miRNAs may contribute to escape from the HBV 
eradication of host immune systems by suppressing viral replication. Consequently, 
they reach a dormant state in the infected hepatocyte and the virus can survive until 
reactivating the HBV life cycle. Corresponding to this point, several researchers sug-
gest that the cccDNA epigenetic status is closely associated with the evasion of HBV 
from host immune response. In addition to this point, Huang and colleagues demon-
strated that the miR-152 regulates CpG islands methylation status of the cccDNA by 
targeting the DNA methyltransferase 1 (DNMT1). They also showed the downregu-
lation of miR-152 expression was induced by HBx protein [ 32 ].     

    The Biological Role of microRNA in Host Immune Response 
and Effect on the Carcinogenesis 

   To survive and acquire the persistent    infection in host organism, the virus    should 
escape from several defence systems of host organism, including the modifi cation 
of homeostasis, the cell cycle arrest, apoptosis and the destruction of the host cell by 
immune system. Several reports clarifi ed the important role of miRNAs in the 
development and function of immune system [ 33 ]. miR-155 is an immune-related 
miRNA and participates in the acute infl ammatory response after recognition of 
pathogens by the toll-like receptors [ 34 ,  35 ]. The upregulation of miR-155 can 
cause the prolong exposure to infl ammation which is causal agent to cancers like 
HCC [ 36 ]. Two recent studies reported the function of miR-155 in carcinogenesis 
and HBV infection. Using HCC-induced mouse model, Wang and collaborators 
have demonstrated an oncogenic role of miR-155 at the early stages of the tumori-
genesis [ 37 ]. While, Su et al. demonstrated that miR-155 suppressed suppressor of 
cytokine signaling 1 (SOCS1) and promotes the JAK/STAT pathway [ 38 ]. They 
also showed that miR-155 expression downregulates HBx expression [ 38 ]. 
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 Liu et al. reported the upregulation of several miRNAs including miR-181a in 
HCC cell line with integrated HBV genome [ 39 ]. They also showed that dysregula-
tion of miR-181a might contribute to HBV replication by inhibiting the human leu-
kocyte antigen A (HLA-A). However, it is still unclear whether these miRNAs 
altered in HBV infected cells can regulate cell-specifi c regulatory functions and 
affect directly on the immune cells. Several reports show that the presence of circu-
lating miRNAs and the existence of intercellular nanovesicle-mediated miRNA 
transfer and its impact on the environmental modulates [ 40 – 44 ]. Therefore, it is 
conceivable that such secretion machinery of miRNA may have specifi c regulatory 
function in immune cells to support viral evasion. 

 Finally, Xing et al. reported the upregulation of miR-548ah in peripheral blood 
mononuclear cells (PBMCs) at immune activation phase of chronic Hepatitis B 
compared with PBMC at immune tolerance phase of chronic Hepatitis B [ 45 ]. They 
also showed that miR-548ah may modulate the function of INF-γ through targeting 
INF-γ receptor 1 (INF-γR1), thereby promoting viral replication. INF-γ, secreted by 
active Th1 macrophages and natural killer T cell, is important cytokine to increase 
immune system activity. Thus, it suggests that miR-548ah may contribute to pro-
mote viral infection and evasion from host cell immunity.    

    microRNA as a Biomarker and Therapeutic Target for HBV 
Infection 

   Understanding the precise mechanism    of viral infection,    antiviral immunity, and 
carcinogenesis is important to development of the diagnosis and powerful targeted 
therapeutical strategies. Thus, the functional miRNAs are great advantages as ther-
apy for HBV infection and HBV-related HCC. 

 There are two miRNAs particularly interested for diagnostic or prognostic appli-
cations. Waidmann et al. reported the utility of miR-122 for diagnostic application 
[ 43 ]. They confi rmed the difference of nine candidate miRNAs expression level in 
the different group of HBV infected patient serums by using qRT-PCR methods. As 
a result, they found that miR-122 expression was higher in HBV infected patients 
than in healthy donors and could distinguish the different patient groups with or 
without HBV infection, and inactive carrier patients with high or low HBsAg. 

 As another miRNA, miR-18a was identifi ed as a potential marker for HBV- 
related HCC screening [ 46 ]. When compared with serum expression level of miR- 
18a in healthy donor and HBV-related chronic hepatitis or cirrhosis, the signifi cant 
upregulation of miR-18a expression in HBV-related HCC patient serum was identi-
fi ed. Several reports also suggested using a miRNA panel to improve the specifi city 
of the test [ 40 ,  42 ]. Thus, in addition with the current routinely used markers such 
as HBsAg, HBeAg, and alanine aminotransferase (ALT), the circulating miRNAs in 
the patient serum have a signifi cant clinical value for better evaluation of the HBV- 
infection status, liver injury, and early diagnosis of HCC. 
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 As the therapeutic application of miRNA, the work of Ura’s group is valuable for 
fi nding therapeutic targets involved in HBV-related HCC [ 47 ]. First, they analyzed 
the difference of miRNA expression between the livers of HBV and HCV-positive 
patients with HCC. As the results, they could indentify 19 miRNAs that were clearly 
differentiated between HBV and HCV groups. Among these miRNAs, six miRNAs 
are specifi c for HBV and 13 miRNAs are specifi c for HCV. Moreover, they also 
performed a pathway analysis of candidate targeted genes using identifi ed miRNAs 
and revealed that these miRNAs targeted pathways were also able to distinguish the 
cellular mechanisms altered in HBV or HCV-infected livers [ 47 ]. The modifi cation 
of the cellular pathways related to signal transduction, infl ammation and natural 
killer toxicity, DNA damage, recombination, and cell death was observed. While 
HCV infection modifi es those involved in immune response, antigen presentation, 
cell cycle, and cell adhesion [ 47 ]. 

 Finally, Kota and collaborators reported the therapeutic approach of HCC by 
using viral delivery of miRNA [ 48 ]. By using an adeno-associated virus to deliver 
miR-26a in a mouse model of HCC, they confi rmed whether the administration of 
miR-26a enables safe and effi cient in vivo miRNA gene therapy. This resulted in the 
successful inhibition of the cancer cell proliferation, induction of the tumor-specifi c 
apoptosis, and dramatic protection from disease progression without toxicity.    

    Conclusion 

 miRNAs have emerged as novel regulator of cellular gene expression. Several lines 
of evidences revealed that the specifi c cellular pathways were dysregulated by HBV 
infection and might be closely associated with HBV-related pathogenesis. However, 
despite these great efforts to elucidate the underlying mechanisms of HBV infection 
and related diseases, the precise mechanisms about them still are largely unknown. 

 HBV utilizes the specifi c cellular molecules for their replication and evasion 
from host immune systems. On the contrary, by a cellular point of view, it is also 
conceivable that dysregulated pathways induced by HBV infection act as a host 
defensive system to prevent from invader. HBV is one of the most common infec-
tious causes of liver disease worldwide and is implicated in HCC development. 

 The present and further investigation will clarify the functional role of miRNA in 
HBV biology and accumulate the knowledge that will be leading to the develop-
ment of powerful-targeted therapeutical strategies.     
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    Chapter 20   
 Circulating microRNAs: The Future 
of Biomarkers in Anti-doping Field       

       Nicolas     Leuenberger      and     Martial     Saugy   

    Abstract     microRNAs (miRNAs) are small non-coding RNAs that regulate various 
biological processes. Cell-free miRNAs have been proposed as biomarkers of dis-
ease, including diagnosis, prognosis, and monitoring of treatment responses. These 
circulating miRNAs are highly stable in several body fl uids, including plasma and 
serum; hence, in view of their potential use as novel, non-invasive biomarkers, the 
profi les of circulating miRNAs have been explored in the fi eld of anti-doping. This 
chapter describes the enormous potential of circulating miRNAs as a new class of 
biomarkers for the detection of doping substances, and highlights the advantages of 
measuring these stable species over other methods that have already been imple-
mented in anti-doping regimes. Incorporating longitudinal measurements of circu-
lating miRNAs into the Athlete Biological Passport is proposed as an effi cient 
strategy for the implementation of these new biomarkers. Furthermore, potential 
challenges related to the transition of measurements of circulating miRNAs from 
research settings to practical anti-doping applications are presented.  

  Keywords     Doping   •   Circulating microRNAs   •   Biomarkers   •   Athlete biological 
passport  

        Introduction 

 One of the major challenges in the  anti-doping fi eld   is the identifi cation of specifi c 
and sensitive non-invasive biomarkers that can be routinely measured in easily 
accessible samples. microRNAs (miRNAs) are a particularly promising class of 
biomarkers; these small (22 nucleotide), non-protein-encoding RNAs post- 
transcriptionally regulate gene expression via suppression of specifi c target mRNA 
[ 1 ]. Since their discovery in the early 1990s, miRNAs have been shown to play 
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 important regulatory roles in a wide range of biological and pathological processes. 
Over 500 miRNAs have been identifi ed in humans to date [ 2 ]; this number seems 
limited compared with the estimated 30,000 conventional messenger RNAs in 
humans [ 3 ]. 

 In 2008,  miRNAs   were  identifi ed   in serum, plasma, urine, saliva, and other body 
fl uids. Although RNA molecules are generally unstable, circulating miRNAs are 
highly stable and readily detectable. The mechanism underlying the remarkable 
stability of circulating miRNAs in blood has been investigated and discussed inten-
sively [ 4 ]. Emerging evidence has demonstrated that miRNAs in the serum remain 
stable after being subjected to severe conditions that would degrade most other 
miRNAs. Despite the presence of RNase activity in plasma, subjecting plasma sam-
ples to up to eight freeze-thaw cycles or incubating them at room temperature for up 
to 24 h has only a minimal effect on circulating miRNA levels [ 4 ]. By contrast, 
synthetic miRNAs added directly to plasma are degraded rapidly, suggesting that 
endogenous circulating miRNAs exist in a form that is resistant to plasma RNase 
activity [ 4 ]. Differential centrifugation and size-exclusion chromatography experi-
ments identifi ed two populations of miRNAs in blood; most circulating miRNAs 
co-fractionate with complexes of the argonaute 2 protein, whereas a specifi c minor-
ity are predominantly associated with vesicles [ 5 ,  6 ]. Both types of circulating miR-
NAs are sensitive to protease treatment of plasma, but are protected against digestion 
by plasma RNase [ 5 ]. The identifi cation of extracellular argonaute 2-miRNA com-
plexes in plasma raises the possibility that cells release a functional miRNA-induced 
silencing complex into the blood.  

    Circulating miRNAs in the Anti-doping Field 

   In the same way that  certain   biomarkers are used to detect the biological fi ngerprint 
of disease,  other   biomarkers can be used to detect the biological fi ngerprint of dop-
ing. The potential use of circulating miRNAs as specifi c biomarkers in the anti- 
doping fi eld has been demonstrated by several groups. Leuenberger et al. found that 
a single injection of continuous erythropoietin receptor activator induces an increase 
in the plasma level of miR-144, a miRNA that plays an essential role in erythropoi-
esis in a number of organisms [ 7 ]. This fi nding emphasised the potential use of 
miRNAs as circulating biomarkers for the detection of erythropoiesis-stimulating 
agents. In addition, Kelly and colleagues found that four miRNAs are differentially 
expressed in individuals using therapeutic replacement doses of recombinant human 
growth hormone compared with normal controls or individuals with naturally high 
levels of growth hormone, suggesting that circulating miRNAs may be used as bio-
markers for the detection of recombinant human growth hormone abuse [ 8 ]. 

 In a recent study, we demonstrated that circulating miRNAs can also be used to 
detect autologous blood transfusion [ 9 ]. In this study, transfusion of autologous 
blood triggered increases in the levels of several miRNAs in plasma. Because the 
blood transfusion caused large increases in the levels of miRNAs in the lungs, the 
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origin of these circulating miRNAs was likely pulmonary tissues. In addition, a 
partial suppression of erythropoietin was observed after the transfusion; hence, a 
mathematical model that used a combination of miRNA and erythropoietin levels 
enhanced the effi ciency of autologous transfusion detection. 

 The use of circulating miRNAs to detect performance-enhancing agents could 
also be extrapolated to other doping trends, such as testosterone abuse. Currently, 
the gold standard method of detecting exogenous testosterone administration is gas 
chromatography–mass spectrometry analyses of urine samples. However, measure-
ments of circulating miRNAs in plasma and serum are used to detect testosterone 
abuse in our laboratory, and preliminary results show that longitudinal measure-
ments of miRNA levels in plasma could be a promising approach.    

    Methods for the Detection of Circulating miRNAs 

   Serum, plasma, and whole blood  have   been assessed as matrices for miRNA profi l-
ing  in   blood. The choice of matrix has a signifi cant effect on miRNA concentra-
tions; for example, serum has lower amounts of circulating miRNAs than plasma 
[ 10 ]. Because of the high number of blood analyses required for the Athlete 
Biological Passport (ABP), EDTA-plasma is the most widely used matrix in the 
anti-doping fi eld [ 11 ]. Because blood parameters and miRNAs can be measured in 
the same matrix, a single plasma-EDTA sample would be suffi cient to perform the 
tests. Thus plasma seems to be the material of choice for miRNA analyses in anti- 
doping laboratories. However, plasma samples containing heparin as an anticoagu-
lant should not be used because this substance can interfere with downstream 
assays, such as reverse transcription (RT) of the RNA prior to PCR analyses. 

 A critical factor that might affect the results of miRNA quantifi cation is the pres-
ence of haemolysis. Several studies demonstrate that mature erythrocytes contain 
abundant and diverse miRNA species. In a recent report, Blondal et al. described a 
number of different protocols and tests to assess haemolysis [ 12 ]. A simple and 
cost-effective method is to measure oxyhaemoglobin absorbance at  λ  = 414 nm 
using a spectrophotometer. Other methods based on a comparison of the levels of 
miR-451, which is expressed at a high level in erythrocytes, and miR-23a, which is 
not affected by haemolysis, have also been proposed [ 12 ]. 

 Because of the small amount of circulating miRNAs and the large amounts of 
proteins and lipids, extraction of miRNAs from blood samples is technically chal-
lenging. Moreover, plasma and serum contain various RT and PCR inhibitors. To 
overcome these challenges, several phenol/chloroform-based protocols for the 
extraction of miRNAs from biological fl uids have been developed [ 13 ]. Most of 
these methods combine phenol/guanidine-based lysis of samples and silica 
membrane- based purifi cation of total RNA. Typically, a monophasic solution of 
phenol and guanidine thiocyanate is used to facilitate lysis, denature protein com-
plexes and RNases, and remove most of the residual DNA and proteins from the 
lysate by organic extraction. After the addition of chloroform, the lysate is separated 
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into the aqueous and organic phases by centrifugation. The aqueous phase is then 
extracted and the sample is applied to a silica membrane-based spin column, to 
which the total RNA binds but phenol and other contaminants are effi ciently washed 
away. In addition, Andreasen et al. demonstrated that the addition of a small carrier 
RNA prior to total RNA extraction improves the yield and reproducibility of phe-
nol/chloroform-based RNA extractions [ 13 ]. 

 Commercially available kits that do not use acid phase separation can also be 
used to isolate miRNAs from body fl uids. The general principle of extraction of 
these kits is similar to that of the phenol/chloroform method, but the non-phenol 
lysis solution contains guanidine thiocyanate and a salt solution to denature and 
precipitate proteins, respectively. The phenol/chloroform procedure typically pro-
duces higher yields of miRNAs than non-phenol-based lysis procedures, displays 
reduced variance between assays, and can be fully automated; therefore, it is likely 
the optimal method for the extraction of miRNAs from biofl uids [ 10 ]. Nevertheless, 
different extraction methods should be tested to fi nd the most suitable procedure for 
each study. 

 One of the main problems associated with circulating miRNA extraction and 
sample comparisons is the accurate quantifi cation of the miRNAs. The low abun-
dance of miRNAs in plasma is barely detectable using spectrophotometry. The effi -
ciency of extraction of circulating miRNAs can be assessed by spiking the sample 
with known quantities of non-human miRNAs (such as those from  Caenorhabditis 
elegans ). The synthetic spike-in miRNAs are added to the denaturation buffer 
(TRIzol or lysis buffer) and subjected to the entire extraction process. The amount 
of spike-in miRNA in the eluate is typically measured by quantitative RT-PCR, 
thereby providing an internal reference to assess the effi ciency of the extraction. 
Furthermore, the addition of synthetic spike-in miRNA can also be used to assess 
the effi ciency of the RT reaction. 

  Quantitative RT-PCR   is the gold standard method of quantifying circulating 
miRNAs. This technique has high sensitivity and specifi city and is suitable for 
quantifi cation across a wide dynamic range (the ratio between the largest and small-
est values of a changeable quantity). Two major strategies enable the specifi c ampli-
fi cation of mature miRNAs via RT-PCR. In the fi rst strategy, a stem-loop-shaped 
primer binds specifi cally to the mature miRNA to generate a unique template for RT 
[ 14 ]. Alternatively, in poly(A)-tailed PCR, a poly(A) tail is added to the 3′ UTR of 
a mature miRNA by a polyadenylating enzyme, and then universal primers contain-
ing 5′ terminal oligo (dT) sequences are used to initiate the RT reaction [ 15 ]. 

 Although the technical variability of circulating miRNA extraction can be nor-
malised by using a non-human spiked-in control, no absolute internal controls exist 
due to the cell-free condition of the sample. Invariant (non-changing) miRNAs are 
sometimes selected as endogenous controls; however, the biological signifi cance of 
specifi c miRNAs can be underestimated using this approach [ 15 ]. For example, 
miR-16 is frequently used as an endogenous control because it is expressed at a high 
level in plasma and is relatively invariant across a large number of samples [ 15 ]. 
However, elevated levels of miR-16 in serum correlate with several pathologies; 
hence, further investigation is required to ensure adequate normalisation in this 
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 scenario [ 16 ]. The low-throughput nature of quantitative PCR is also a key issue for 
miRNA-based studies; however, recently developed PCR array platforms have 
partly solved this problem. For example, Exiqon produce miRNA Ready-to-Use 
PCR arrays, which are 384-well microfl uidics cards containing preloaded 
 miRNA- specifi c PCR primers; hence these arrays can profi le hundreds of miRNAs 
simultaneously. Several other medium-throughput platforms, including customis-
able plates, are also commercially available [ 3 ].    

    Potential Use of Circulating miRNAs as a Component 
of the ABP 

    The fi ght  against   doping is based mainly on the direct detection of a prohibited 
substance in an athlete’s  biological   sample.  In   addition, doping triggers physiologi-
cal changes that provide enhancements in performance; therefore, some methods, 
such as the ABP, use indirect markers of doping [ 11 ]. In 2008, the haematological 
module of the ABP was the fi rst to be implemented by the International Cycling 
Union [ 17 ]. To identify patterns related to blood doping, such as exposure to 
erythropoiesis- stimulating agents or autologous blood transfusion, biomarkers 
related to the haematopoietic system, including the haemoglobin concentration and 
reticulocyte levels, are monitored over time and analysed using mathematical mod-
els that quantify individual variation [ 18 ]. 

 The ABP, a new paradigm with immense potential in the current climate of rapid 
advancements in biomarker discovery [ 11 ], uses information from biological tests 
as indirect evidence to detect doping. Blood is a living tissue that undergoes perma-
nent changes over time, and these changes must be taken into account during evalu-
ation of the data or limited by implementing standardised procedures. For this 
reason, stringent processes for sample collection, transport, and analysis of the data 
have been put into place to guarantee the objective and reliable use of the ABP [ 19 ]. 

 The use of circulating miRNAs to detect blood doping could be incorporated into 
the adaptive model of the ABP [ 20 ]. Among the advantages of miRNAs as biomark-
ers is their high stability in blood. In addition, in contrast to other haematological 
parameters, the levels of circulating miRNAs are not affected by environmental 
factors such as inadequate storage during transport of the blood samples [ 21 ]; there-
fore, the requirement for cumbersome documentation regarding the transport and 
storage of samples could be avoided. In addition, cDNA samples are highly stable 
in different storage conditions [ 22 ]. 

 Blood samples included in the haematological modules of the ABP are analysed 
in laboratories that are accredited by the World Anti-Doping Agency, and strict 
quality control criteria are applied to ensure that analyses are executed at a forensic 
quality level. Blood parameter analyses are performed using automated blood cell 
counters, and the resulting haematologic variables could be correlated with quanti-
tative PCR measurements of circulating miRNA levels. PCR-based detection of 
miRNAs is a well-established, robust, and reproducible method that has a number 
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of key advantages, including its high sensitivity and specifi city, potential for target 
multiplexing, and low RNA input requirement, all of which facilitate expression 
analyses, even in anti-doping samples with limited amounts of material [ 12 ]. In 
addition, this technology has already been implemented in a large number of diag-
nostic laboratories and routine protocols are well established. Quality controls could 
easily be included at every step to monitor sample haemolysis as well as extraction, 
RT, and qPCR effi ciencies, and could be used as normalisation factors [ 12 ]. The 
incorporation of quality controls eliminates the within-subject variation and 
increases the effi ciency and accuracy of evaluation of biological data. 

 Rigorous procedures are required to ensure the proper implementation and vali-
dation of new biomarkers in the ABP. For the haematological module, it was pos-
sible to take advantage of extensive prior experience with biomarkers such as the 
haematocrit and haemoglobin level. For example, Schumacher et al. demonstrated 
that the haemoglobin concentration shows signifi cant diurnal- and exercise-related 
variations [ 23 ]. The same group also reported that the percentage of reticulocytes in 
blood samples is modifi ed by long- and short-term exercise [ 24 ]. These observa-
tions are taken into account during the interpretation of blood profi les of athletes. 
However, little data currently exists regarding external or environmental factors that 
could interfere with miRNA measurements in blood. Nevertheless, different labora-
tories have demonstrated that exercise can infl uence certain types of circulating 
miRNAs, such as miRNAs involved in infl ammation and muscle metabolism [ 25 –
 31 ]. In addition, the impacts of other confounding factors, such as altitude and the 
use of hypoxic chambers, on circulating miRNAs levels should also be studied. In 
contrast to haemoglobin, circulating miRNAs were only discovered fairly recently 
(in 2008); therefore, the results of additional studies in different research areas, such 
as the diagnosis of diseases based on measurements of circulating miRNAs as 
blood-related biomarkers, should be incorporated into the interpretation of longitu-
dinal miRNA measurements in the context of the ABP.     

    Conclusions and Future Perspectives 

 The enormous potential of circulating miRNAs as a class of anti-doping biomarkers 
is based on a number of advantageous features of these species. First, circulating 
miRNAs are remarkably stable molecules, are well preserved in harsh conditions, 
and are resistant to RNase activity. In addition, they are easily accessible, can be 
sampled in a relatively non-invasive manner, and are readily measured by simple 
quantitative PCR approaches. The incorporation of longitudinal measurements of 
circulating miRNAs into the ABP should enable their implementation as new bio-
markers in the anti-doping fi eld. Nonetheless, the fi eld of circulating miRNA 
research is still in its infancy and further work must be done to characterise potential 
confounding factors that may infl uence their use as reliable biomarkers. Because of 
the plethora of data supporting the clinical use of miRNAs as biomarkers of dis-
eases, a number of robust and reproducible tests for use in patient treatment 
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 decisions are currently under development. Thus clinical information related to the 
use of circulating miRNAs as a new generation of biomarkers could be extrapolated 
to anti-doping research.     
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    Chapter 21   
 microRNA Expression Profi ling: Technologies, 
Insights, and Prospects       

       Christine     Roden*    ,     Stephen     Mastriano*    ,     Nayi     Wang*    , and     Jun     Lu    

    Abstract     Since the early days of microRNA (miRNA) research, miRNA expression 
profi ling technologies have provided important tools toward both better under-
standing of the biological functions of miRNAs and using miRNA expression as 
potential diagnostics. Multiple technologies, such as microarrays, next-generation 
sequencing, bead-based detection system, single-molecule measurements, and 
quantitative RT-PCR, have enabled accurate quantifi cation of miRNAs and the sub-
sequent derivation of key insights into diverse biological processes. As a class of 
~22 nt long small noncoding RNAs, miRNAs present unique challenges in expres-
sion profi ling that require careful experimental design and data analyses. We will 
particularly discuss how normalization and the presence of miRNA isoforms can 
impact data interpretation. We will present one example in which the consideration 
in data normalization has provided insights that helped to establish  the global 
miRNA expression as a tumor suppressor. Finally, we discuss two future prospects 
of using miRNA profi ling technologies to understand single cell variability and 
derive new rules for the functions of miRNA isoforms.  
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       miRNA Profi ling Technologies and Considerations on miRNA 
Isoforms 

   After the initial discoveries  of    lin - 4  and  let - 7  miRNAs in  C. elegans  [ 1 – 3 ],  searches 
  for similar functional small RNAs have led to the realization that hundreds to thou-
sands of miRNAs exist in genomes ranging from worms to human, which are now 
well annotated in the online database miRBase [ 4 ]. To quantify the expression of 
many mature miRNAs simultaneously and economically, multiple miRNA expres-
sion profi ling technologies have been developed. Unlike measuring longer RNAs, 
measurements of miRNA expression faces a unique challenge of how to detect ~22 
nucleotide small RNAs specifi cally and accurately, being that the short length of 
mature miRNAs makes it diffi cult to use regular reverse transcription procedures. 

 Two major approaches have been utilized to address the diffi culty of detecting 
mature miRNAs. One approach extends the length of miRNA molecules to permit 
easier reverse transcription, either through adaptor ligation or 3′ tailing of addi-
tional nucleotides. Adaptor ligation is one of the most common methods to prepare 
small RNA libraries for microarray, bead-based detection, or next-generation 
sequencing analyses [ 5 – 7 ]. The most common adaptor ligation protocols require 
ligating both an adaptor on the 3′ end of the miRNA, catalyzed by an RNA ligase, 
and another adaptor on the 5′ end of the miRNA (Fig.  21.1 ). The presence of the 
ligated adaptors on the miRNAs provides molecular handles for successful priming 
of reverse transcription reactions and PCR. Another strategy is to extend the 3′ end 
of miRNA molecules by tailing with additional nucleotides, often catalyzed by a 
terminal nucleotidyl transferase. For example, an artifi cially added poly A tail 
allows the binding of a poly-dT primer for reverse transcription. The second major 
approach utilizes various methods of direct hybridization. Because mature miRNAs 
are of short lengths, conventional hybridization based miRNA-detection protocols 
face the challenge of lower hybridization temperature and hence potential lower 
specifi city. Two examples to solve this challenge involve either chemically modi-
fi ed oligonucleotides with higher annealing temperatures [ 8 ] or hybridization of two 
short oligonucleotides to the same molecule of miRNA, thus creating a stacking 
effect that improves the specifi city [ 9 ,  10 ] The pros and cons of each specifi c tech-
nology have been examined and discussed carefully elsewhere [ 11 ] and will not be 
a major topic in this chapter. 

 A key issue that users of these technologies face is the analysis and interpretation 
of small RNA profi ling data. Many researchers new to the miRNA fi eld mistakenly 
take the face values of the profi ling results as a direct refl ection of mature miRNA 
expression levels within cells. It is thus important to emphasize that the existence of 
mature miRNA isoforms can complicate the interpretation of profi ling results. 
MiRNA isoforms can be classifi ed into two categories: (1) sequence isoforms and 
(2) biochemical-modifi cation isoforms. Deep sequencing data on small RNAs (e.g., 
[ 7 ,  12 ]) and northern blot analyses of specifi c miRNAs (e.g., [ 7 ,  12 ,  13 ]) have 
revealed that multiple sequence isoforms of the same miRNA coexist in the cells. 
These isoforms may differ in length, but may also differ in the start position of the 
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5′ nucleotide and/or the end position of the 3′ nucleotide. For example, miR-222 
isoform expression in the Hodgkin’s lymphoma cell line HDMYZ is shown in Fig. 
 21.2 . Variability during miRNA biogenesis is one of the major sources of variations 
in mature miRNA sequence length and start/end positions. miRNAs are transcribed 
as relatively long hairpin-bearing primary miRNA (pri-miRNA). Such pri-miRNA 
molecules are processed, often co-transcriptionally, by Drosha/DGCR8-containing 
microprocessor complex within nucleus [ 14 ,  15 ] into precursor miRNA (pre- 
miRNA). After transport out of the nucleus, pre-miRNAs are then processed by the 
Dicer/TRBP complex into mature miRNAs. Both DGCR8/Drosha and TRBP/Dicer 
processing steps are known to generate some level of variability in the processing 
position on miRNA hairpin [ 16 ,  17 ]. Another source of mature miRNA variation is 
post-processing modifi cation of mature miRNAs. For example, when miRNAs bind 
to their targets with suffi cient complementarity, both target-template-based tailing 
and trimming may occur [ 18 ], resulting in multiple miRNA isoforms with differing 
3′ ends. In addition, non-templated nucleotide additions at 3′ end of miRNAs have 
also been well documented [ 19 – 22 ].

  Fig. 21.1    Adaptor-ligation-based method for miRNA amplifi cation and quantifi cation. T4 RNA 
ligase catalyzed addition of single-stranded 5′ and 3′ adaptors is a frequently used approach to 
amplify miRNAs and quantify their expression. Among these steps, the 3′ adaptor is blocked on 
the 3′ end to avoid self-ligation. 3′ adaptor is often pre-adenylated on the 5′ end (5′App) which 
allows reaction with miRNAs in the absence of ATP, to avoid circularization of miRNAs       
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   Given that various miRNA expression profi ling technology utilize different 
biochemical principles for miRNA labeling and/or detection, any given technology 
can only detect a specifi c subset of miRNA isoforms, and may produce inaccurate 
measurements for some miRNAs in cell. For example, several miRNA profi ling 
technologies, such as the detection methodology utilized in a specifi c microarray 
platform [ 23 ,  24 ], require precise 3′ ending position of the miRNAs to match those 
of the designed probe sequences. The most common practice is to design such 
miRNA detection platforms with miRNA sequences from miRBase. Although in 
the majority of cases the start and end positions of a given miRBase miRNA refl ect 
what are expressed in cells, there are plenty of instances in which the miRBase 
mature miRNA sequence differ from the most abundant miRNA isoforms in a cell 
type of interest. For example, in HDMYZ cells, the most abundant isoform of miR- 
222- 3p differs 2 bases from the corresponding miRBase (Release 21) sequence at 
the 3′ end (Fig.  21.2 ) [ 25 ]. It is thus conceivable that for some miRNAs, those 
technologies requiring precise 3′ end of miRNAs may end up detecting a minor 
isoform not functionally important in cells. It is also important to note that valida-
tion techniques, such as quantitative RT-PCR, can have similar requirements for the 
3′ end positions of miRNAs, which, again, are usually designed based on miRBase 
sequences. For example, the reverse transcription step of TaqMan qRT-PCR [ 26 ] 
will not allow the detection of miRNA molecules with a 3′ end extending beyond 
those of their designed sequences [ 20 ,  21 ]. 

 Other than isoforms of different lengths and positions, miRNA isoforms with 
the same sequence but different biochemical features also coexist in the same cells. 

   Fig. 21.2     Example of miRNA sequence variations. Small RNA sequencing data in HDMYZ cells 
were analyzed to demonstrate sequence variability of miR-222-5p and miR-222-3p. Sequences for 
miRNA precursor are shown on the  top , with mature miRNAs in miRBase (version 21) in  colored 
fonts . The isoforms and their relative abundance are shown, with the total miR-222 level set to one. 
 Error bars  represent standard deviation ( n  = 3)       
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As a product of RNase III enzymes, newly produced mature miRNAs should bear a 
5′ phosphate group and have a 3′-hydroxyl group. The 5′ phosphate group is impor-
tant for the positioning of the mature miRNA within Argonaute (AGO) proteins 
[ 27 ,  28 ], which is an essential component of the RNA-mediated silencing complex. 
However, dephosphorylation can occur in the presence of phosphatases [ 29 ], lead-
ing to a mixture of both phosphorylated and non-phosphorylated miRNA molecules 
in the same cells. In addition to 5′ biochemical isoforms that differ at the level of 
phosphorylation, 3′ chemical modifi cations have also been reported to occur on 
miRNAs [ 20 ]. 

 A large number of miRNA detection technologies, including most qRT-PCR 
methods and many profi ling techniques, do not require the presence of 5′-phosphate 
for detection, and thus will report the total abundance of miRNA isoforms, regard-
less of their phosphorylation status. Given that the presence of 5′ phosphate on 
miRNA molecules determine its interaction with AGO proteins [ 28 ] and thus may 
impact its interaction with their targets, reporting total miRNA isoform abundance 
without considering miRNA phosphorylation status can lead to key missing infor-
mation for follow-up studies. Among miRNA profi ling methods, most adaptor 
ligation- based library preparation techniques (Fig.  21.1 ) do require the presence of 
5′ phosphate groups for successful 5′ ligation reactions, and can provide expression 
information for miRNAs with 5′ phosphorylation.  

       Considerations on the Normalization of miRNA Expression 
Profi ling Data 

    Data normalization   is a critical  step   that can signifi cantly impact the proper inter-
pretation of miRNA expression profi ling data. Almost every method of data normal-
ization is associated with hidden assumptions that are not always explicitly detailed. 
For genome-wide protein-coding transcriptome analysis, there are a few frequently 
used normalization methods.  These  include the assumption of similar distribution 
of the expression levels in the transcriptome across samples (such as the RMA 
method), the assumption of total or median expression of transcripts being equal 
across samples (such as using RPKM measurements for RNA-seq analyses), and 
the assumption that the expression levels of invariant gene expression are similar 
across samples (such as using “house-keeping” gene expression for qRT-PCR 
normalization). 

 However, these assumptions used for protein-coding transcripts may not be 
applicable to miRNA studies. In most biological samples, the number of detectable 
miRNAs is usually in the low hundreds, with the majority of miRNAs documented 
in miRBase having no detectable expression. Thus, cautions should be applied with 
median-based normalization to ensure that experimental noise will not heavily 
infl uence fi nal normalization results. Similarly, it cannot always be assumed that 
the distribution of miRNA expression is similar across samples, and quantile-based 
normalization methods should be used with careful validation. In addition, 
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 “house- keeping” genes utilized in miRNA expression normalization are of variable 
expression across tissues. Even U6 small RNA, often used as the control gene in 
miRNA qRT-PCR experiments or northern blot, cannot be assumed to be constant. 
Validation should always be performed to ensure that the control gene is of uniform 
expression in all experimental conditions if the invariantly expressed gene normal-
ization approach is taken. One way to perform such validation is to evaluate 
whether the expression of the control gene per cell or per amount of total RNA 
signifi cantly alters under the experimental setting. Finally, it may not be safe to 
assume that total miRNA expression is constant across samples [ 5 ]. This is because 
total miRNA levels can be altered in disease conditions [ 5 ], upon culture confl u-
ency [ 30 ], with the activation of the Hippo pathway [ 31 ], or subjected to RNA 
modifi cation events [ 32 ]. 

 Given the challenges of normalization, our laboratory has used several empirical 
rules to determine which method of normalization should be applied as an initial 
choice. When examining data from a single cell line treated with either genetic 
agents or chemicals, it is often safe to assume that total miRNA expression remain 
constant across samples. Exceptions will include conditions that result in differen-
tial culture confl uency, or the activation of the Hippo pathway, as mentioned above. 
When it is suspected that global miRNA expression within cells may be altered 
under the experimental condition or between samples, spike-in of synthetic RNA 
sequences of miRNA-like chemical structure can be used for normalization [ 5 ]. 
Finally, employing multiple techniques for validating normalization results is 
always an important consideration.  

    From Profi ling Data to Insights into the miRNA Pathway 
as Tumor Suppressor in Cancer 

   miRNA expression  profi ling   has generated specifi c insights into  diverse   biological 
processes, including cancer. To illustrate the importance of data normalization, we 
will focus on one specifi c example of how such technical considerations have 
contributed to the theory that the miRNA pathway functions as a tumor suppressor 
in cancer. 

 In examining the expression profi les of solid cancer tissues from multiple cancer 
types, it has been observed that cancer tissues tend to express globally lower total 
miRNA levels compared to corresponding normal tissues. This observation was 
possible due to the use of spike-in synthetic small RNA, and subsequent normaliza-
tion based on these synthetic RNA signals to refl ect miRNA quantities per amount 
of total RNA. Consistent with this, cancer cell lines express lower amounts of total 
miRNA as compared to tissue samples [ 5 ]. In contrast to these results, a similar 
study on solid cancer tissues with a normalization method assuming median miRNA 
expression across samples could not observe this phenomenon [ 33 ], suggesting that 
the choice of normalization method may lead to differences in data interpretation. 
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 The fi nding of globally lower miRNA expression in cancer can lead to several 
interesting questions. First, does this lowered global miRNA expression refl ect the 
consequence of reaching a cancerous state, or does lowered miRNA pathway activ-
ity play functional roles during tumorigenesis? Second, what are the mechanisms 
that can result in global miRNA expression changes? Third, other than lowering 
global miRNA expression, do cancer cells utilize other approaches to avoid miRNA- 
mediated gene expression control? Seminal studies from multiple laboratories have 
provided key answers to these questions, which are summarized below. 

 How can global decrease in miRNA abundance occur in cancer cells? Although 
miRNAs tend to locate in fragile regions of the genome [ 34 ], it is diffi cult to imag-
ine that genetic loss of specifi c miRNA loci can contribute to this global decrease. 
Instead, changes in the miRNA biogenesis pathway are more likely the source. 
Consistent with this concept, Kumar et al. found that the Dicer1 allele exhibit fre-
quent hemizygous copy number loss in many tumor types [ 35 ]. Using a well-defi ned 
mutant-K-ras-initiated lung cancer model, Kumar et al. observed that genetic Dicer 
ablation cooperates with mutant K-ras to initiate tumorigenesis [ 36 ]. Interestingly, 
on the mutant K-ras background, both Dicer fl /+  mice and Dicer1 fl /fl   gave rise to simi-
lar levels of increased tumorigenesis [ 36 ], and it was later confi rmed that the lung 
tumors formed in both Dicer1 fl /+  and Dicer1 fl /fl   mice had only one allele of Dicer1 
ablation, with the other allele being wild type, leading to a model that a single-copy 
loss of Dicer1 promotes tumorigenesis, whereas losing both copies of Dicer1 is 
incompatible with cancer. 

 As a modifi cation of this theory, Ravi et al. have found that Dicer null status can 
be compatible with a cancerous cell state [ 37 ]. Using mutant K-ras and p53 null 
mouse sarcoma as a model, it was shown that Dicer null cells can exist on this com-
pound genetic background, and the resultant Dicer null cells can form tumors in vivo 
[ 37 ]. While Dicer null cancer cells can be propagated as a cell line in vitro, it has 
also been observed that Dicer null cells show higher levels of apoptosis, suggesting 
that complete loss of Dicer can result in a tumor with reduced fi tness. Similar results 
have been obtained from a study in which 293T cell lines with complete ablation of 
Dicer can be propagated in culture. These cells also show decreased fi tness in com-
parison with cells retaining wild-type Dicer alleles [ 38 ,  39 ]. 

 Interestingly, in both studies, a small amount of miRNAs can still be observed in 
cells with complete loss of Dicer. Even though it is not fully clear whether the 
remaining levels of miRNAs are functional, these observations raise an interesting 
question whether complete loss of miRNA expression can be incompatible with a 
cancerous state. Overall, these studies support that global loss of miRNA expression 
functionally enhances tumorigenesis. Partial loss of miRNA processing activity 
enhances tumorigenesis in the presence of other oncogenic mutations, whereas fur-
ther loss of miRNA processing activity will be detrimental to, although may not 
completely abrogate, tumorigenic potential. 

 In addition to Dicer1 copy number alterations, mutations of TRBP2, a Dicer 
partner protein, have been identifi ed both in human cancer cell lines and in cancer 
specimens [ 40 ]. Recently, high frequency mutations in several miRNA processing 
pathway genes, including Dicer1, Drosha, DGCR8, and Exportin5, have been 
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reported in subsets of Wilms tumor [ 41 ,  42 ]. In addition to genetic mutations or 
copy number alterations, cancer-related signaling pathways can regulate global 
miRNA processing. For example, Hwang et al. initially found that culturing cells to 
confl uency increases global miRNA expression [ 30 ]. 

 Mori et al. further demonstrated that signaling from Hippo pathway, an impor-
tant cancer pathway, can control the processing of many miRNAs through cis- 
elements in pri-miRNAs. Specifi cally, phosphorylated nuclear-localized YAP can 
sequester an important cofactor in the microprocessor complex, DDX17 (p72), 
away from pri-miRNAs. In addition to the Hippo pathway, SRSF3 (also known as 
SRp20) and RNA methylation protein METTL3 have also been linked to pri- 
miRNA processing control for a large number of miRNA genes [ 43 ]. It will be 
interesting to examine whether such factors can contribute to cancer initiation and/
or progression. 

 Besides alterations in miRNA processing, the fact that cancer cells are more 
proliferative than normal cells provides a further link to decreased global miRNA 
expression in cancer. miRNAs are recognized as highly stable in cells [ 25 ,  43 ,  44 ], 
and a recent survey across eight mammalian cell types further demonstrated wide-
spread long half-lives of the vast majority of miRNAs [ 25 ]. Such high stability 
means that cells proliferating faster will have increased probability to passively 
dilute their miRNA pool, and thus leading to further decreased global miRNA levels 
in cancer cells. 

 Other than the downregulation of global miRNA levels, cancer cells have a 
higher tendency to evade miRNA-mediated gene regulation through modulation of 
alternative polyadenylation events. Sandberg et al. observed that alternative utiliza-
tion of polyadenylation sites can occur in proliferating cells, which leads to short-
ened 3′UTRs for many messenger RNAs [ 45 – 50 ]. Mayr et al. specifi cally examined 
this effect in cancer, and shortening of 3′UTR in cancer cells leads to evasion of 
regulation by tumor suppressor miRNAs [ 51 ]. 

 Together, the above studies highlight the importance of proper normalization of 
miRNA expression profi ling data because global miRNA expression may be altered 
in disease or experimental conditions.      

    Conclusions and Future Prospects 

 The past decade or so has seen exciting development of methodologies in quantify-
ing miRNA expression profi les, which has not only led to biological insights about 
miRNA-regulated cellular pathways, but also raised the prospect of miRNA- 
expression- based diagnostics in clinics. At the same time, insights gained from 
miRNA profi ling will push new technology development and raise fundamental 
questions about miRNAs. We discuss here the single-cell-level intercellular miRNA 
expression heterogeneity, and further work to understand the functional impact of 
intracellular miRNA isoform heterogeneity. 
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 The appreciation of cellular heterogeneity in both normal and diseased tissues 
has led to a demand of single cell technologies to quantify gene expression at the 
single cell level. For example, it is increasingly recognized that cancer cells are 
heterogeneous within the same tumor, and in acute myeloid leukemia, rare cancer 
stem cells are capable of initiating leukemia and evading therapeutic treatment [ 52 –
 54 ]. miRNAs profi les, as an important reporter of cellular and diseased states [ 5 ], 
could be very useful in deciphering the heterogeneity within a cell population. Such 
heterogeneity information might further aid disease diagnosis. 

 Compared to messenger RNAs, highly expressed miRNAs have the advantage 
of being more abundant in terms of molecules per cell and with overall longer half- 
lives, and thus may be less susceptible to noise of transcription at the single cell 
level. In addition, the ability of measuring miRNA expression in singles cells, cou-
pled with single cell measurements of messenger RNAs, can be a powerful tool to 
shed light on how miRNAs regulate target genes at the single cell level, which is 
currently only achievable using reporter systems for a single miRNA on a single 
target gene [ 55 ,  56 ]. 

 Several methodologies have been demonstrated to detect miRNA expression in 
single cells (Table  21.1 ). For example, Tang et al. have demonstrated the feasibility 
of using multiplex RT and two rounds of amplifi cation to detect expression from 
~200 miRNAs in a limited number of single cells [ 57 ]. In situ hybridization-based 
methods are capable of examining a large number of cells, but with one or a few 
miRNAs [ 58 ,  59 ].

   More recently, a microfl uidics-based method reported the detection of a few 
miRNAs in ~300 single cell measurements per microfl uidics chip [ 60 ]. However, 
these technologies compromise either on the throughput for the number of miRNAs 
or on the number of cells to be detected. Ideally, an approach for single cell small 
RNA sequencing could be possible to provide both cell and miRNA throughput, 
which also has added benefi ts of quantifying non-miRNA small RNAs in single 
cells. This, however, is not currently feasible. To our knowledge, the lowest amount 
of total RNA reported to generate successful small RNA sequencing [ 61 ] is ~5 ng of 
RNA from serum and body fl uids (which may not have the same composition of 
RNA types as in cells). An additional consideration is that single cells of different 
sources vary signifi cantly in size, and smaller cells with overall less RNA will 
demand more sensitive detection. For example, our laboratory’s estimate is that 
mouse hematopoietic progenitors cells have on average ~1–2 pg of total RNA per 
cell, whereas human embryonic stem cells can have ~10 pg total RNA per cell. 

   Table 21.1    Comparison of existing single-cell miRNA quantifi cation technologies. Features of 
single cell miRNA quantifi cation methods, including qRT-PCR, fl uorescence in situ hybridization 
(FISH), and microfl uidics RT-PCR are shown   

 qRT-PCR  FISH  Microfl uidic RT-PCR 

 Cell number input  A few cells  Many cells  300 Cells 
 miRNA Multiplexing  >100 miRNAs  ~1–3 miRNAs  9 miRNAs 
 Single cell quantifi cation  Yes  Yes  Yes 
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 On top of cell size, cancer cells and cancer cell lines tend to have lower amount 
of miRNAs, which will further add challenges to miRNA detection at the single cell 
level. Low amount of RNA will likely pose challenges, with low substrate concen-
tration, for biochemical reactions of T4 RNA ligase (Fig.  21.1 ), which is slow react-
ing and diffi cult to push reaction to completion even for larger quantities of RNAs. 
The advancements in the fi eld of microfl uidics may change the landscape of single 
cell profi ling of miRNAs [ 60 ]. Microfl uidics permit shrinking reaction volumes to 
the nanoliter range, which substantially increases substrate concentrations that may 
overcome the limitation of low RNA levels in single cells. With a combination of 
improvement in biochemical reactions and microfl uidics, it might be possible to 
achieve single cell small RNA sequencing in the next few years. 

 The appreciation of the coexistence of multiple sequence- or biochemical- 
isoforms of miRNAs leads to important questions regarding their functions in cells. 
Can these miRNA isoforms regulate different sets of genes? Do they play distinct 
biological functions in cells? As an important target-recognition motif for miRNAs, 
the “seed” region is located at positions 2–7 or 2–8 at the 5′ end of miRNAs [ 62 ]. 
For some miRNAs, it is thus conceivable that isoforms with different “seed” 
sequences may regulate different sets of target genes. It has been observed in 
genomic data analyses that a 6-nucleotide region with a single base offset from the 
traditional seed is also associated with target gene regulation [ 62 ]. The regulatory 
output of such “offset 6mer” cannot be easily explained by crystal structures of 
miRNA-AGO2 complexes [ 27 ,  28 ]. It is thus possible that the gene regulation effect 
of the offset-6mer motif is actually mediated by miRNA isoforms in cells. Careful 
analyses, possibly with synthetic miRNA strands, are necessary to understand the 
regulatory and functional roles of miRNA isoforms.     
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