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Gene expression analysis by microarrays using small amounts of RNA is becoming more and more popular against the
background of advances and increasing importance of small-sample acquisition methods like laser microdissection techniques. The quality of RNA preparations from such samples constitutes a frequent issue in this context. The aim of this study
was to assess the impact of different extents of RNA degradation on the expression profile of the samples. We induced RNA
degradation in human tumor and healthy tissue samples by endogeneous ribonucleases. Next, we amplified 20 ng total RNA
degraded to different extents by two rounds of in vitro transcription and analyzed them using Affymetrix oligonucleotide microarrays. Expression differences for some genes were independently confirmed by real-time quantitative PCR. Our results
suggest that gene expression profiles obtained from partially degraded RNA samples with still visible ribosomal bands exhibit
a high degree of similarity compared to intact samples and that RNA samples of suboptimal quality might therefore still lead
to meaningful results if used carefully.

INTRODUCTION
Since the initial days of gene expression analysis by DNA microarrays,
this technique has become more and
more a standard tool for many research
groups in all areas of life sciences. The
possibility of measuring the expression of thousands of genes simultaneously under different conditions has
led to new insights into the behavior
of various biological systems (1) and
has provided new opportunities with
respect to diagnosis or classification of
diseases (2).
Recent advances in RNA and cDNA
amplification methods have enabled
microarray studies on small samples
right down to very few cells (3,4). One
of the most commonly applied methods for small-sample amplification is
based on a technique originally described by the group of Eberwine and
coworkers (5). The basic steps involve
reverse transcription of mRNA with an
oligo(dT) primer containing a promoter
sequence for T7 RNA polymerase.
Synthesis of double-stranded cDNA is
followed by an in vitro transcription
(IVT) reaction resulting in multiple

copies of antisense RNA (aRNA) from
each cDNA molecule. Variations of
this protocol enable its repetition in a
second or even additional rounds and,
therefore, qualify it for the synthesis of
sufficient amounts of aRNA or cDNA
for microarray analysis from only a few
nanograms of total RNA. Even though
such IVT-based methods have been
widely used, especially in combination with laser microdissection (6–9),
it has only recently been demonstrated
by extensive evaluations that they can
indeed be applied without introducing
too much artificial bias (10–16).
One important issue, in the context
of small-sample microarray analysis,
in particular, remains the quality of initial RNA preparations. Methods aimed
at the acquisition of single cells (e.g.,
laser microdissection techniques) frequently require a variety of additional
steps that bear the risk of RNA degradation. Another problem may arise in
the case of research on human tissue
samples. Periods of warm ischemia
between surgery and sample processing pose a serious threat to RNA
integrity. It is often very challenging
to decrease such times to a minimum

within the framework of clinical routine procedures. RNA quality may also
be impaired in samples stored for a
long time or under suboptimal conditions. However, retrospective studies
using the microarray technology now
available on long-term archived tissues
might be extremely valuable for the detection of new prognostic markers and
the development of new treatments for
diseases. Therefore, while it is obvious
that intact RNA constitutes the best
representation of the natural state of
the transcriptome, there are situations
in which gene expression analysis even
on partially degraded RNA may be
desirable. Nevertheless, little is known
about the possibility of obtaining reasonable microarray data from RNA
samples with impaired quality (17). A
recent publication suggests an amplification method based on random priming that is shown to work remarkably
well for degraded samples (18). The
aim of this study was to test a wellestablished two-round IVT protocol
on 20 ng of partially degraded RNA
and to assess the impact of such RNA
degradation on gene expression data in
comparison with high-quality RNA.

University of Tübingen, Tübingen, Germany
1192 BioTechniques

Vol. 35, No. 6 (2003)

Germany). SYBR®
Green PCR Master
Mix (Applied BiosysEEF2
NM_001961
5′-TCAACGAGTCCTTTGGCTTC-3′
5′-CTGCTGTTGTCGAAGGGG-3′
tems) was used for
NNMT
NM_006169
5′-TTGAAGGGAACAGAGTCAAGG-3′
5′-GTCACATCACACTTCAGCACC-3′
PCR amplification and
TMSB10
NM_021103
5′-CTGCCGACCAAAGAGACC-3′
5′-GTGGCTCGTGTCCATCTTG-3′
real-time detection of
MET
NM_000245
5′-ACATTGAAATGCACAGTTGGTC-3′ 5′-ACAGGATCCACATAGGAGAATG-3′
SARS
NM_006513
5′-ATGATGGACAAGGTGGAGTTT-3′
5′-TTTCTCAGGCACAGTGATGC-3′
PCR products. PrimAMACR
NM_014324
5′-GGTCATTGATGCAAATATGGTG-3′
5′-ATCCAACATGTTCTGTCCTCG-3′
ers (MWG Biotech)
HSD11B2
NM_000196
5′-ATCACCGGCTGTGACTCTG-3′
5′-AGGTACGCAGCTCGATGG-3′
specific for different
aOfficial gene symbols are used as abbreviations.
genes were designed
bRefSeq refers to the National Center for Biotechnology Information (NCBI) Reference Sequence indentification numbers that
to have a melting temdesignate the mRNA sequence that was used for primer design.
perature of 60°C and
are shown in Table 1.
PCRs were carried out
in 20 µL with 300 nM of each primer
passed through a 25Table 2. RNA Samples Hybridized to Microarrays
and with the following temperature progauge needle. Total
Sample/
Degradation Total RNA
Source
Microarray
file: 50°C for 2 min, 95°C for 10 min,
RNA was isolated
Arraya
State
Usedb
and 40 cycles of 95°C for 15 s and 60°C
according to the
TA-U
Tumor
A
U133A
15 µg
for 1 min. All samples were amplified
m a n u f a c t u r e r ’s
NA-U
Normal
A
U133A
15 µg
in duplicate. Formation of undesired
instructions
and
TA-F1
Tumor
A
20 ng
Focus
side products during PCR that contribquantified
by
UV
TA-F2
Tumor
A
20 ng
Focus
ute to fluorescence was excluded by
absorbance
at
260
NA-F
Normal
A
20 ng
Focus
melting curve analysis after PCR.
nm. Quality control
TB-F
Tumor
B
20 ng
Focus
Expression differences between
was performed usNB-F
Normal
B
20 ng
Focus
tumor and normal tissue samples for
ing the RNA 6000
TD-U
Tumor
D
20 ng
U133A
ND-U
Normal
D
20 ng
U133A
different genes were calculated from
Pico LabChip® kit
aThe first two letters of each sample correspond to Figure 1, the letter after
PCR amplification curves by relative
with a Model 2100
quantification using the comparative
the dash designates the array type (U for U133A, F for Focus).
Bioanalyzer (Agib15-µg RNA samples were prepared for microarray analysis according to
threshold cycle (CT) method (http:
lent Technologies,
the standard protocol, and 20-ng RNA samples were prepared for micro//docs.appliedbiosystems.com/
Waldbronn,
Gerarray analysis according to the two-round protocol.
pebiodocs/04303859.pdf). The housemany).
keeping gene eukaryotic translation
elongation factor 2 (EEF2) was equally
MATERIALS AND METHODS
Real-Time Quantitative PCR
expressed in both tumor and normal tissue, according to microarray data, and
RNA samples of tumor and normal
RNA Samples
was therefore chosen as a reference for
tissue at different degradation states
normalizations. The comparative CT
were used to synthesize single-stranded
Tissue samples from a renal cell
method may be used when PCR amplicDNAs. Reverse transcription was carcarcinoma (RCC) patient were obtained
fication efficiencies for target and referried out in a reaction volume of 20 µL
from the Department of Urology, Unience primer pairs are similar and close
containing 1 µg total RNA, either 120
versity of Tübingen. The local ethical
to 1. This was verified by serially dilutng random hexamer primer (Amercommittee approved this study, and
ing cDNA samples, performing qPCR
sham Biosciences, Freiburg, Germany)
informed consent was obtained from
with the different primer pairs, and calor 500 ng oligo(dT)15 primer (MWG
the patient. Following nephrectomy,
culating the amplification efficiencies
Biotech, Ebersberg, Germany), 0.5
fragments of normal and malignant
from the slope of the line obtained by
mM dNTPs (Promega, Mannheim,
renal tissue were dissected, shock-froplotting CT values versus the logarithm
Germany), 10 U RNasin® (Promega),
zen in liquid nitrogen, and stored at
of relative cDNA concentrations.
10 mM dithiothreitol (DTT), 200 U
-80°C. For the isolation of RNA, the
SuperScript™ II reverse transcriptase
fragments were ground by mortar and
(Invitrogen), and the reaction buffer
pestle under liquid nitrogen, and the
Microarray Analysis
supplied with the enzyme. Negative
frozen powder was transferred immediExpression analysis was performed
control reactions were carried out for
ately into TRIZOL® reagent (Invitrogen,
using Affymetrix HG-U133A or HGeach sample by replacing the enzyme
Karlsruhe, Germany). In order to obtain
Focus oligonucleotide microarrays
with water. The mixture was incubated
RNA degraded by endogenous ribo(Affymetrix, High Wycombe, UK). The
at 25°C for 10 min, 42°C for 50 min,
nucleases (RNases), aliquots of powFocus array contains a subset of approxand 70°C for 15 min.
dered tissue were incubated in an equal
imately 8500 sequences from the larger
Real-time quantitative PCR (qPCR)
volume of phosphate-buffered saline
U133A array. The following analyses
was performed using the ABI PRISM®
(PBS) at 22°C for different time periods.
are restricted to the sequences (equals
7000 Sequence Detection System
TRIZOL was added to stop degradation.
probesets) represented on both arrays.
(Applied Biosystems, Darmstadt,
Samples were homogenized by being
Table 1. Real-Time Quantitative PCR Primers
Genea

RefSeqb
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Forward Primer

Reverse Primer
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An overview of the samples hybridized
to microarrays is given in Table 2.
Standard Protocol
One array pair for tumor and
normal RNA of the best quality that
could be obtained from the tissue
samples (quality A) was generated
from 15 µg total RNA according to
the Affymetrix eukaryotic sample and
array processing standard protocol
(http://www.affymetrix.com/support/
downloads/manuals/expression_s2_
manual.pdf), which is based on the
IVT method originally described in
Reference 5.

above with some modifications: firststrand cDNA synthesis was performed
in a reaction volume of 2 µL, T4 gene
32 protein (USB, Cleveland, OH,
USA) was added at a concentration of
0.4 µg/µL to increase the processivity

of the reverse transcriptase (10), and
the temperature was elevated to 48°C
to increase yields. After the secondstrand synthesis, IVT was performed
with nonbiotinylated NTPs using the
AmpliScribe™ T7 High Yield Tran-

Two-Round Protocol
We followed the protocol described
in detail by Baugh et al. (10) for two
rounds of IVT starting with 20 ng total
RNA at different degradation states.
The first round corresponds to the Affymetrix standard protocol described

Figure 1. Electropherograms of RNA samples degraded to different extents. Analysis was performed using the RNA 6000 Pico LabChip Kit on a Bioanalyzer. The left column shows RNA samples
isolated from tumor (TA-TD), the right column from normal healthy tissue (NA-ND). Tissue sample
were incubated at room temperature for the following time periods prior to RNA isolation: TA, NA,
0 min (freshly isolated); TB, 10 min; NB, 2 min; TC, 20 min; NC, 5 min; TD, 90 min; ND, 15 min.
The letters A, B, C, and D were assigned to samples in the order of increasing degradation. Although
degradation patterns vary considerably between tumor and normal samples, the same letter was chosen
for samples of comparable quality. To assess the size distribution of the RNA fragments quantitatively,
four adjacent areas were defined as indicated. For an approximate calculation of the RNA amount, each
intensity value (after subtraction of the baseline) was multiplied by the time between the data points,
and the results were summed up for each area. Percentages given in the figure indicate RNA amounts in
each area in relation to the combined amount in all four areas. 28S/18S ratios were calculated from the
respective percentages.
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scription Kit (Epicentre, Madison,
WI, USA) for 9 h at 42°C. First-round
aRNA was cleaned using RNeasy spin
columns (Qiagen, Hilden, Germany)
and used to generate second-round
cDNA in a random hexamer-primed
reverse transcription. The second
cDNA strand was synthesized using
a T7(dT)24 primer (MWG Biotech).
Biotinylated aRNA was generated
from this double-stranded cDNA for
8 h at 40°C using the BioArray™
HighYield™ RNA Transcript Labeling
kit (Enzo Life Sciences, Farmingdale,
NY, USA).

Microarray Hybridization and
Staining
All procedures were carried out according to the Affymetrix standard protocol. Biotinylated aRNA was cleaned
by RNeasy columns and fragmented,
and 15 µg were used to prepare the
hybridization cocktail. After hybridization for 16 h, microarrays were washed
and stained using the instrument’s
standard protocol for the particular array type. Staining was performed with
streptavidin-phycoerythrin using antibody-mediated signal amplification.

Data Analysis
Scanned images were processed using the Microarray Analysis Suite 5.0
(MAS 5.0; Affymetrix). Scaling of signal intensities was performed for each
array based on the average intensity of
100 probesets representing housekeeping genes, which are supposed to be expressed at similar levels in different cell
types and which were selected by Affymetrix (http://www.affymetrix.com/
support/technical/mask_files.affx).
Expression differences between tumor
and normal samples were determined
by baseline comparison algorithms
provided by MAS 5.0. The normal
sample was always defined as the baseline. Data were further processed using
Microsoft® Access and Excel®.
RESULTS AND DISCUSSION
RNA Degradation

Figure 2. Differential expression of selected genes between tumor and healthy normal tissue
measured by real-time quantitative PCR (qPCR) and microarrays. Negative values indicate overexpression in normal tissue compared with the tumor. (A) cDNA was synthesized using random hexamer
primers, and for (B) an oligo(dT) primer was used. The first bar for each gene (Microarray, RNA quality
A) indicates the expression difference measured by microarray using the samples TA-U and NA-U (see
Table 2). The following three bars show qPCR measurements using cDNAs from the samples with degradation states A, B, and C (see Figure 1). qPCR values are normalized to the endogenous reference gene
EEF2. Error bars for qPCR values are standard deviations (SD). Error bars for microarray values indicate
95% confidence intervals as calculated by the MAS 5.0 software.
1196 BioTechniques

Powdered frozen tissue samples
from an RCC patient were thawed and
then incubated at room temperature
in order to obtain RNA degraded by
ribonucleases present in the tissue
itself. This should lead to degradation
patterns representative for naturally
degraded samples. The quality of total
RNA preparations is generally assessed
according to the clear visibility of ribosomal 28S and 18S bands at a ratio
of 2:1 and the absence of any other
nucleic acid species after separation by
electrophoresis. We performed capillary electrophoresis of high-quality and
degraded samples using a Bioanalyzer
(Figure 1). The incubation times necessary to reach a certain degradation
state were considerably longer for the
tumor as compared to the normal tissue samples. This might reflect either
decreased RNase activity in this tumor
tissue or some other mechanism of
RNA stabilization in the tumor. The
observation cannot be explained by an
overexpression of ribonucleases at the
mRNA level in normal tissue as indicated by the microarray data of these
samples (data not shown).
For a quantitative description of
the RNA degradation state, we found
the 28S/18S ratio to be of no practical
value. It should only be used as long
Vol. 35, No. 6 (2003)
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Table 3. Characteristics of Microarray Experiments

frequently used as an independent method for the veriScale Factor
Sample/Arraya
fication of microarray data.
Comparison of the first two
TA-U
67
0.86
52.2
0.91
1.08
bars for each gene in Figure
NA-U
72
1.13
50.5
1.07
1.13
2 shows a high concordance
TA-F1
53
0.63
58.4
1.34
3.87
between the two methods.
TA-F2
59
0.53
58.6
1.17
5.44
HSD11B2 was not clearly
NA-F
69
0.68
56.1
1.91
6.04
detected above background
TB-F
23
0.98
54.1
3.52
22.82
NB-F
41
1.07
55.6
2.79
9.04
levels in the tumor sample.
TD-U
11
10.22
16.1
9.05
11.46
Therefore, the expression difND-U
24
2.01
36.5
6.94
13.58
ference between tumor and
aThe first two letters of each sample correspond to Figure 1, the letter after the dash designates the array type (U for
normal samples for this gene
U133A, F for Focus).
reflects the expression in norbAntisense RNA (aRNA) yields refer to biotinylated aRNA. For TA-U and NA-U, only 50% of cDNAs were used for in vitro
mal tissue compared with the
transcription (IVT). Equal amounts of 15 µg aRNA were hybridized to microarrays with the exception of TD-U and ND-U,
background of the particular
for which only 11 µg were used.
cThe percentage of genes detected as present refers to 8746 probesets represented on the Focus array.
method.
d3′/5′ ratios are calculated using different probesets on the array that target the 3′ or 5′ end of the particular gene. Ratios
Expression
differences
greater than 1 indicate a loss of 5′ ends among aRNA transcripts.
obtained from degraded samples using random-primed
cDNA
corresponded
considerably well
as there are no prominent degradation
to include two additional parameters
to high-quality samples (Figure 2A).
products. Otherwise, its sole use for the
in the assessment: (i) the amount of
This is to be expected since random
characterization of the sample can be
degradation products between the
priming captures all RNA fragments,
misleading. This is especially apparent
ribosomal peaks, and (ii) the amount
and qPCR products have a length in the
for the heavily degraded sample ND
of degradation products below the
range of only 100 bp. Therefore, frag(Figure 1), which still has a 28S/18S
18S peak. According to this model,
mentation of RNA will result in a loss
ratio of 1.4. Therefore, we decided
the RNA samples that we refer to as
of the molecule for qPCR detection
“moderately degraded” (TB and
only if the break occurs within the short
NB, Figure 1) can be characterproduct. This might be a rare event in
ized as follows: the 28S peak still
only moderately degraded RNA. For
accounts for approximately 5%
the cDNA samples synthesized with
of the overall amount of RNA.
oligo(dT) primers, only poly(A) bearTwenty percent of fragmented
ing 3′ ends of mRNA molecules are reRNA is located between the 28S
verse-transcribed. In degraded samples,
and 18S rRNA, whereas a bit more
all fragments missing the original 3′
than 10% is found in the 18S area.
end are lost. Nevertheless, expression
Most importantly, about 60% of
differences measured with oligo(dT)the overall RNA has a fragment
primed cDNA from degraded RNA
size smaller than 18S rRNA. We
(Figure 2B) still corresponded quite
would regard a sample that has
well to the values obtained from intact
more than 65% RNA in this area
RNA. This might indicate that each
and less than 4% in the 28S area as
individual mRNA species was affected
heavily degraded.
quite uniformly by degradation in both
Figure 3. Differentially expressed genes identified
tumor and normal tissue.
in common between samples at different degradaRelative Expression Levels
tion states. Black cells show the number of genes that
Measured by qPCR Are
were identified as either increased or decreased between
Conserved in Partially
Moderate RNA Degradation
tumor and normal tissue by each particular pair of miDegraded
RNA
Disturbs Microarray Results
croarrays (see Table 2). The lower left part of each table
Only Slightly
indicates the number of such up- and down-regulated
qPCR was performed on cDNA
genes that were found in common between different
microarray pairs. The grey shaded upper right part of
qPCR measurements with oligo(dT)synthesized directly from intact or
the tables shows the corresponding percentages. The
primed cDNA indicated that the 3′ ends
degraded RNA samples without
smaller number of regulated genes among the two array
of degraded mRNA were sufficient to
previous amplification by IVT.
pairs constitutes the maximum number that could be
obtain reasonable gene expression difFigure 2 shows expression differdetected in common and was therefore set as 100%. To
ferences. This finding encouraged us to
be considered as differentially expressed, genes had to
ences between tumor and normal
fulfill general criteria for up- or down-regulation: an “inapply a protocol on degraded RNA that
healthy tissue for six genes meacrease” call together with a “present” call on the tumor
is capable of generating labeled target
sured
at
different
RNA
degradation
array or a “decrease” call together with a “present” call
RNA for microarray analysis by two
states
A,
B,
and
C
as
defined
in
on the normal array. Furthermore, a threshold criterion
rounds of IVT from total RNA amounts
Figure 1. qPCR measurements are
of a 2-fold increase or decrease had to be met.
aRNA Yieldb
(µg)
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Genes Presentc
(%)

3′/5′ Ratiod
(GAPDH)

3′/5′ Ratiod
(β-Actin)
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in the low nanogram range. This protocol leads to a pronounced 3′ bias of the
resulting antisense RNA transcripts,
especially in degraded samples. Our
aim was to test the impact of RNA degradation on the measurement of differential gene expression using Affymetrix
microarrays that are designed to preferentially probe the 3′ ends of transcripts.
The two-round IVT protocol was applied to 20 ng samples of degradation
states A, B, and D (Figure 1). Samples
TA and NA were also subjected to the
standard one-round protocol using 15
µg RNA.
Table 3 gives an overview of some
general characteristics for each microarray. The two-round protocol applied

to high-quality RNA (TA-F1, TA-F2,
NA-F) led to lower scale factors, slightly higher percentages of genes detected
as present, and increased 3′/5′ ratios
if compared to the standard protocol
for high-quality RNA (TA-U, NA-U).
These differences may be explained by
the fact that 3′-biased target RNA was
applied to a 3′-biased microarray. Moderate degradation (TB-F, NB-F) caused
an increase in scale factors and 3′/5′
ratios but only a slight decrease in the
percentage of present genes, indicating
that the sensitivity was largely unaffected by this kind of degradation. A
pronounced loss in data quality became
apparent for the most degraded samples
(TD-U, ND-U).

Figure 4. Correlation of overexpression measured at different degradation states. Expression differences between tumor and normal tissue were quantitatively determined by baseline comparisons using
the MAS 5.0 software for different pairs of tumor and normal arrays. The log2 values for differential expression obtained by each array pair were compared with the other pairs. (A) Comparison of the standard
labeling protocol using high-quality RNA (TA-U vs. NA-U; see Table 2) with the small sample protocol
applied to the same RNA (TA-F1 vs. NA-F). (B) Partially degraded RNA (TB-F vs. NB-F) compared
with high-quality RNA (TA-F1 vs. NA-F). (C) Completely degraded RNA (TD-U vs. ND-U) compared
with high-quality RNA (TA-F1 vs. NA-F). (D) Correlation coefficients r2 for all comparisons between
array pairs. This analysis was restricted to 3288 genes that were detected as present on all microarrays of
degradation state A and B. For comparisons that involve the most degraded samples D, the analysis had
to be further restricted to 1129 genes also present on those arrays. This preselection of genes is necessary in order to avoid measuring differential expression against background levels, which would result in
meaningless numbers inappropriate for measuring correlation in this way.
Vol. 35, No. 6 (2003)
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In order to identify differentially
expressed genes, microarrays from
normal tissue samples were defined as
the baseline, and tumor samples were
compared to them. Figure 3 shows
numbers of genes identified as up- or
down-regulated in common between
different pairs of tumor and normal
arrays together with the corresponding
percentages. The highest percentage of
overlapping genes (88%) was found
for replicate tumor arrays compared
with the same normal array (TA-F1 vs.
NA-F compared with TA-F2 vs. NAF). This replicate setting indicates the
minimal extent of inevitable variation
immanent in the sample preparation
and measurement procedure. The comparison of those small sample replicate
pairs with the standard protocol array
pair of the same starting RNA (TA-U
vs. NA-U) showed slightly decreased
percentages (approximately 85%) representing small differences between
the two protocols. The partially degraded sample pair (TB-F vs. NB-F),
however, demonstrated a clear loss in
concordance with the data obtained
from high-quality samples. Whereas all
high-quality samples showed an average 86% overlap regardless of the protocol used for preparation, it decreased
to an average of 71% if the partially
degraded pair was compared to each of
the high-quality samples. For the completely degraded sample pair, the absolute number of differentially expressed
genes was markedly lower than for
the high-quality and partly degraded
samples, which showed no differences
in this parameter. This resulted in a
strong decrease in the number of regulated genes identified in common with
the other sample pairs. It is remarkable,
that elevating or lowering the threshold
for the genes to be considered for this
approach does not noticeably change
the results (data not shown). This indicates that the perturbation introduced
by the degradation cannot be filtered
out by focusing only on genes with
strong expression differences.
In addition to this kind of analysis,
we wanted to obtain a more comprehensive picture by analyzing differential expression in a more quantitative
way. Figure 4 shows expression differences for a large set of genes measured
by two different array pairs at a time.
1200 BioTechniques

Each data point indicates the log2 foldchange values for one gene measured
by each of the compared array pairs.
Correlation coefficients for all comparisons of tumor versus normal pairs are
given in Figure 4D. As expected, the
highest r2 value (0.92) was achieved
by comparing semi-replicate array
pairs (TA-F1 vs. NA-F and TA-F2 vs.
NA-F). Comparison of these pairs with
the standard protocol pair of the same
RNA (TA-U vs. NA-U) resulted in r2
values close to the former (0.88 and
0.89). The correlation coefficients were
somewhat decreased when the partially
degraded sample pair was compared
to the high-quality pairs (0.70–0.75).
However, this result still indicates a
distinct tendency of this sample pair
to reflect the overall expression pattern
observed with high-quality samples. In
contrast, the most degraded sample pair
showed only a weak correlation with
the other samples, which makes a trustworthy analysis impossible.
Taken together, our methods for
analyzing the microarray data indicated
a certain decrease in data quality for
the moderately degraded samples. A
distinct loss of 5′ ends of transcripts
was evident from the 3′/5′ ratios measured by microarrays. Nevertheless,
a pronounced decrease in the number
of genes detected or differentially expressed did not result from this loss.
However, moderate RNA degradation
introduced a certain variation into differential expression data. Even though
comparable in size, sets of up- or
down-regulated genes between partially degraded and high-quality samples
showed a smaller overlap than was
observed among high-quality samples
alone. Furthermore, correlations of
quantitative expression differences
determined between partially degraded
and intact samples dropped behind correlations measured with intact RNA
samples alone. Data obtained with the
most degraded samples demonstrated
such a low overall quality and correlation with the initial samples that they
could not be reasonably considered for
analysis.
Genes identified using this approach
should be validated with special care.
While possible perturbations introduced by RNA degradation itself cannot be accounted for, at least possible

artificial influences caused by the 3′
bias of the two-round IVT procedure
can be excluded by qPCR measurements using random-primed cDNA,
which contains all mRNA fragments of
the degraded sample.
In conclusion, while all efforts
should be made to obtain high-quality
RNA samples that reflect the natural
state most reliably, moderately degraded samples with a degradation signature similar to our samples TB and
NB (Figure 1)—5% of the RNA in the
28S rRNA area and no more than 60%
with fragment sizes smaller than 18S
rRNA—may still lead to a reasonable
expression profile. Twenty nanograms
of such degraded RNA are sufficient
for microarray analysis after two
rounds of linear amplification by IVT.
Expression differences measured with
this method and verified by real-time
qPCR are similar to those obtained
from high-quality samples.
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