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Abstract

Real-time PCR is the method of choice for
expression analysis of a limited number of genes.
The measured gene expression variation between
subjects is the sum of the true biological variation
and several confounding factors resulting in non-
specific variation. The purpose of normalization
is to remove the non-biological variation as much
as possible, Several normalization strategies
have been proposed, but the use of one or more
reference genes is currently the preferred way
of normalization. While these reference genes
constitute the best possible normalizers, a major
problem is that these genes have no constant
expression under all experimental conditions.
The experimenter therefore needs to carefully
assess whether a certain reference gene is stably
expressed in the experimental system under
study. This is not trivial and represents a circular
problem. Fortunately, several algorithms and
freely available software have been developed
to address this problem. This chapter aims to
provide an overview of the different concepts.

Introduction

Real-time PCR has become the de facto standard
for mRNA gene expression analysis of a limited
number of genes. Given its large dynamic range
of linear quantification, high speed, sensitiv-
ity (low template input required) and resolution
(small differences can be measured), this method
is perfectly suited for validation of microarray
expression screening results on an independent
and larger sample panel, and for studies of a
selected number of candidate genes or pathway
constituents in an experimental setup (biopsies,

treated cell cultures or any other sample collec-
tion). More recently, real-time PCR has also
entered the high throughput gene expression
analysis field based on 384-well block thermal
cyclers and newer platforms, such as array based
devices from Biotrove and Fluidigm that allow
parallel gene expression analysis of even higher
number of genes and samples (1-48 samples for
48-3072 different genes depending on platform
and configuration).

It is important to realize that any measured
variation in gene expression between subjects
is caused by two sources. On the one hand,
there's the true biological variation, explaining
the phenotype or underlying the phenomenon
under investigation. On the other hand, there
are several confounding factors resulting in non-
specific variation, including but not limited to
template input quantity and quality, yields of the
extraction process and the enzymatic reactions
(reverse transcription and polymerase chain
reaction amplification). One of the major dif-
ficulties in obtaining reliable expression patterns
is the removal of this experimentally induced
non-biological variation from the true biological
variation. This can be done through normaliza-
tion by controlling as many of the confounding
variables as possible (next section).

Reference genes as golden

standard for normalization

There are several strategies to remove experi-
mentally induced variation, each with their own
advantages and considerations (Huggett et al,,
2005). While most of these methods cannot
completely reduce all sources of variation, it has
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been shown to be very important to try to con-
trol all the sources of variation along the entire
workflow of PCR based gene expression analysis.
If one does not meticulously try to standardize
each step, variation can and will be introduced
in your results that cannot be eliminated by
applying the final normalization (Stahlberg et
al., 2004). It is thus recommended to ensure
similar sample size for extraction of RNA and
to standardize the amount of RNA for DNase
treatment and reverse transcription into cDNA.
Furthermore, artificial RNA molecules can be
spiked into the sample prior to extraction or to
the RNA extract prior to reverse transcription
(Gilsbach et al, 2006; Huggett et al, 2005;
Smith et al., 2003). This will give an indication
of the efficiency of the reverse transcription and
qPCR procedures, and will reveal any inhibition.
The spike however, may not be extracted with
the same yield as compartmentalized natural
mRNAs and will not control fully for the final
amount of input material in the reaction.

Taking everything into consideration, it has
been agreed that the reference gene concept is
the currently preferred way of normalizing real-
time PCR data (3rd London qPCR symposium,
April 2005). Several companies have recognized
the problem and provide validated reference gene
panels for various organisms (Table 4.1). The
reference gene concept is particularly attractive
because the reference genes are internal controls
that are affected by all sources of variation during

Table 4.1 Commercial reference gene panels

the experimental workflow in the same way as
the genes of interest. The reference genes were
expressed in the cells, and their mRNAs are
present during prelevation, nucleic acid extrac-
tion, storage, and any enzymatic processes such
as DNase treatment and reverse transcription.
Furthermore, PCR-based quantification results
for a gene of interest are best normalized using
a factor that is measured using the same meth-
odology (i.e. a reference gene’s expression is also
measured by PCR).

While the use of reference genes for
normalization of gene expression levels is cer-
tainly the gold standard some new approaches
for normalization have recently been developed.
Argyropoulos et al. have developed a generic
normalization method for real-time PCR against
total mRNA. During reverse transcription this
method incorporates a long tailed sequence to
each mRNA. After double-stranded cDNA syn-
thesis the tailed sequence can be quantified and is
a measure of the mRNA fraction (Argyropoulos
et al., 2006). It remains to be determined what
the fraction of mispriming of the tailed oligo-d T
primer is to e.g. highly abundant RNA molecules
such as the ribosomal RNAs. Talaat et al. (2002)
and Kanno et al. (2006) use a gene expression
normalization strategy based on DNA. The
former measures the DNA content of a total
nucleic acids extract by PCR and uses this as
normalization factor. In the latter approach the
DNA content is determined spectroscopically,

Company Targeted genera and number of URL
reference genes
Applied Homo (10), Mus (2), Rattus (2), http://www.appliedbiosystems.com
Biosystems
Eurogentec Homo (12), Mus (2), Rattus (1), http://www.eurogentec.com
Oryctolagus (1)
Invitrogen Homo (16), Mus/Rattus (15), http://tools.invitrogen.com/content/sfs/

Drosophila (2)

Homo (12), Mus (12), Rattus (12),
Caenorhabditis (12), Xenopus (12),
Arabidopsis (12), Ovis (12), Danio
(12), Bos (7), Sus (10), Nicotiana (6),
Cucumis (6), Solenopsis (6)

Homo (12), Mus (12)

PrimerDesign

TATAA
Biocenter

brochures/711-022292_L UXhskg_brochure.pdf

http://www.primerdesign.co.uk/genorm_all_
specials.asp

http://www.tataa.com/webshop/Endogenous-
Control-Panels/View-all-products.html




and the sample is spiked with a cocktail of arti-
ficial RNA molecules that is proportional to the
DNA content. These spikes can be used for nor-
malization and also for estimating the transcript
copy number per cell. A major problem with
this DNA normalization strategy is that current
RNA extraction protocols are not designed to
co-purify DNA, so the extraction yields may
be different between different samples, with the
DNA yields being suboptimal. A third alterna-
tive to the use of stably expressed reference genes
is the quantification of a specific internal control
or so called in situ calibration (Stahlberg et al.,
2003). In these approaches, the investigator does
not look for a stably expressed reference but,
based on knowledge about the biological system,
selects a gene whose expression is correlated or
anti-correlated with that of the gene of interest.
While this approach does not really allow the
comparison of expression levels of a given gene
between samples, it is a powerful approach
when the expression ratio of two marker genes
is significant for disease or reflects a biological
phenomenon. A final alternative is currently
being successfully used and further explored by
Vandesompele and colleagues (unpublished). In
this novel approach, repeat sequences that are ex-
pressed in the transcriptome are quantified and
assumed to reflect the amount of total mRNA.
Alu repeats are by far the most abundant repeat
sequences in the human genome, and approxi-
mately 1500 human genes contain at least one
Alu in their 5 or 3’ untranslated region. The
rationale is that differential expression of some
genes will not alter the total expressed Alu repeat
content. The current downside is that the Alu
repeats are primate specific, and hence can only
be used to normalize primate samples. It is cur-
rently under investigation whether other repeats
can be used as references in other organisms.

Software and algorithms for

reference gene evaluation and
selection

While reference genes have the intrinsic capacity
to capture all non-biological variation and as such
constitute the best normalizers, a major problem
is that there is substantial evidence in the litera-
ture that most of the commonly used reference
genes are regulated under some circumstances. It
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is thus of utmost importance to validate in your
own experimental situation whether a candidate
reference gene is suitable for normalization. The
implications of using an inappropriate reference
gene for real-time reverse transcription PCR
data normalization is recently demonstrated by
Dheda et al. (2005). If unrecognized, unexpected
changes in reference gene expression can result
in erroneous conclusions about real biological
effects. In addition, this type of change often
remains unnoticed because most experiments
only include a single reference gene.

Reporting that reference genes might show
variable expression under certain conditions is
not really helpful. We therefore need strategies
to find proper reference genes, and to implement
them in a sensible normalization procedure.
However, it is important to realize that the evalu-
ation of expression stability represents a circular
problem: how can the expression stability of a
candidate be evaluated if no reliable measure
is available to normalize the candidate? This
circular problem is addressed in the following
algorithms and Table 4.2.

geNorm

Vandesompele et al. (2002) were the first to
quantify the errors associated with the use of a
single (non-validated) reference gene, to develop
a method to select the most stably expressed
reference genes, and to propose the use of mul-
tiple reference genes for calculation of a reliable
normalization factor.

As indicated above many studies have
reported that reference gene expression can vary
considerably, but Vandesompele et al. (2002)
systematically addressed the critical issues of
using reference genes, and proposed an adequate
workaround for their variable expression. To this
purpose, they rigorously measured the expres-
sion level of 10 common reference genes in 85
samples from 13 different human tissues. Special
attention was paid to select genes that belong to
different functional and abundance classes, which
significantly reduced the risk that genes are co-
regulated. To determine the errors related to the
common practice of using only one reference gene
for normalization, they defined and calculated
the single reference gene normalization error
as the ratio of the ratios of two reference genes
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in two different samples. These analyses clearly
demonstrated that a normalization strategy
based on a single (non-validated) reference gene
leads to erroneous expression differences of more
than 3- and 6-fold in 25% and 10% of the cases,
respectively (with sporadic cases showing errors
greater than 20-fold). This clearly warrants the
search for stably expressed genes and an accurate
normalization method.

To evaluate the presumed constant expres-
sion level of the tested candidate reference genes,
a robust and assumption-free quality parameter
was developed based on raw non-normalized
expression levels. The underlying principle is that
the expression ratio of two proper reference genes
should be constant across samples. For each ref-
erence gene, the pairwise variation with all other
reference genes is calculated as the standard
deviation of the logarithmic transformed expres-
sion ratios, followed by the calculation of a refer-
ence gene stability value (M-value) as the average
pairwise variation of a particular reference gene
with all other tested candidate reference genes.

To manage the large number of calcula-
tions, the authors have written a freely available
Visual Basic Application for Microsoft Excel
(termed geNorm) that automatically calculates
the expression stability values for any number
of candidate reference genes in a set of samples
(Table 4.2). The software employs an algorithm
to rank the candidate reference genes according
to their expression stability by a repeated process
of stepwise exclusion of the worst scoring refer-
ence gene. Clear expression stability differences
were apparent upon comparison of the candidate
reference genes within and between the different
tissue panels, which demonstrates that the choice
of a proper reference gene is highly dependent on
the tissues or cells under investigation. Because
of the rather large single reference gene normali-
zation errors, and the tissue and gene dependent
expression stability differences, the authors sug-
gest that the geometric mean of multiple refer-
ence genes be calculated as a normalization factor
for real-time RT-PCR data. This factor controls
for possible outlying values and abundance dif-
ferences between the different genes

Finally, the authors outlined a strategy to
determine the minimal number of reference
genes for accurate normalization, by variation
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analysis of normalization factors calculated for an
increasing number of reference genes. It turned
out that three stable genes sufficed for samples
with relatively low expression variation (homo-
geneous samples), but that other tissues or cell
types required a fourth or fifth reference gene to
deal with the observed expression variation, Of
course, if one is only interested in ‘on versus off’
expression, or huge expression differences, there
is no need for normalization using three or more
stably expressed reference genes. In contrast, to
measure small expression differences reliably (e.g.
2- to 3-fold), more accurate normalization based
on multiple reference genes is needed.

To validate the accuracy of the proposed
RT-PCR normalization method, the authors
analysed publicly available microarray data and
showed that geometric averaging of carefully
selected control genes is equivalent to frequently
applied array normalization strategies such as
median ratio normalization and sum of intensity
normalization. In a second validation experiment,
it is shown that normalization using the geNorm
selected best reference genes result in better
removal of non-biological variation compared to
geNorm identified ‘unstable’ reference genes.

To evaluate the geNorm ranking Gabrielsson
et al. (2005) incorporated a bootstrap step. The
ranking method was bootstrapped by resam-
pling with replacement from the original set of
samples. The resampling procedure was repeated
10,000 times. To check the robustness of the
ranking procedure with respect to outliers, they
also repeated the ranking with trimmed standard
deviations, excluding the most outlying 10%,
20%, and 40% of log ratios in the computation of
the standard deviation of the pairwise log ratios.
The results obtained by the bootstrap procedure
were in agreement with the original (one pass)
geNorm ranking. Furthermore, the ranking was
also robust in that it was essentially unaffected
by trimming away 10%, 20%, or 40% of the most
outlying log ratios. This again demonstrates that
geNorm allows robust selection of stable refer-
ence genes.

In summary, the common practice of non-
validated single reference gene normalization
results in relatively large errors. This is a compel-
ling argument for the use of multiple reference
genes. Depending on the observed inherent






