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Analysis of gene expression in clinical samples poses
special challenges, including limited RNA availability
and poor RNA quality. Quantitative information regard-
ing reliability of RNA amplification methodologies ap-
plied to primary cells and representativeness of result-
ing gene expression profiles is limited. We evaluated
four protocols for RNA amplification from peripheral
blood mononuclear cells. Results obtained with 100 ng
or 10 ng of RNA amplified using two rounds of cDNA
synthesis and in vitro transcription were compared
with control 2.5-�g RNA samples processed using a sin-
gle round of in vitro transcription. Samples were hy-
bridized to Affymetrix HG-U133A arrays. Considerable
differences in results were obtained with different pro-
tocols. The optimal protocol resulted in highly repro-
ducible gene expression profiles from amplified sam-
ples (r � 0.98) and good correlation between amplified
and control samples (r � 0.94). Using the optimal pro-
tocol dissimilarities of gene expression between mono-
nuclear cells from a normal individual and a patient
with myelodysplastic syndrome were primarily main-
tained after amplification compared with controls. We
conclude that small variations in methodology intro-
duce considerable distortion of gene expression pro-
files obtained after RNA amplification from clinical sam-
ples and too strong a focus on a very small number of
genes picked from an array analysis could be unduly
influenced by seemingly acceptable methodologies.
However, it is possible to obtain reproducible and rep-
resentative results using optimized protocols. (J Mol
Diagn 2005, 7:48–56)

Gene expression analysis using microarray technology is
being increasingly used to investigate mechanisms of
normal and malignant hematopoiesis, and for the patho-
physiological, diagnostic, and prognostic classification of

hematological and other malignancies.1–5 However there
are several problems associated with effective imple-
mentation of this technology including heterogeneity of
cellular composition, often requiring isolation of homog-
enous subpopulations of cells, and limitations in the size
of clinical samples that reduces the quantity of RNA
available for analysis. Therefore, mRNA amplification is
generally required for analysis of clinical samples.

A technique capable of amplifying small amounts of
mRNA without significantly distorting relative mRNA lev-
els is needed to meet the challenge presented by small
clinical samples. Linear amplification based on cDNA
synthesis and T7 RNA polymerase based in vitro tran-
scription (IVT) has been reported to maintain represen-
tation of mRNA levels.6,7 Thus, mRNA amplification using
a protocol described by Van Gelder and colleagues6 was
shown to faithfully maintain relative mRNA levels with 1
�g of poly(A)� or 10 �g of total RNA as starting materi-
al,7,8 and has become the basis for the standard labeling
protocol for samples hybridized on Affymetrix GeneChip
microarrays. It is also possible to amplify even smaller
amounts of RNA by using additional cycles of reverse
transcriptase (RT) and IVT.9,10 Baugh and colleagues11

reported that the above protocol, in addition to amplifying
target mRNA, generated template-independent products
that could compromise the specific activity of amplified
products. They described a modified amplification pro-
tocol that minimized generation of template-independent
products by reducing the amount of primer and using
small cDNA synthesis volumes. In addition, several kits
for RNA amplification based on the above principles are
commercially available. These different methodologies
have been widely used for RNA amplification and gene
expression profile analysis.12–14 Although they allow
analysis of gene expression profiles from tiny samples,
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the concern is that bias introduced during the amplifica-
tion process will result in significant changes in the gene
expression profile. Moreover, it has been reported that
fidelity is more at risk when smaller amounts of starting
RNA are used, as might be expected.11 This problem
may become even more prominent when RNA amplifica-
tion is applied to clinical samples because of poorer RNA
quality resulting from reduced mRNA content and losses
associated with sample handling and processing. Quan-
titative information regarding the reliability of RNA ampli-
fication from small numbers of primary cells obtained
from clinical samples is not available. Moreover, in the
absence of direct comparisons the relative efficacy of the
different available protocols is not clear.

An optimal mRNA amplification method should provide
reproducible results, maintain fidelity of gene expression
profile compared with nonamplified controls, and retain
capacity to discriminate differences in gene expression
profiles between two different samples. Here we com-
pared the effectiveness, reproducibility, and fidelity of
several currently available methods of RNA amplification
when applied to small amounts of RNA derived from
peripheral blood mononuclear cells. The protocols tested
include: 1) the Affymetrix recommended protocol (AB); 2)
a modified protocol (HP) reported by Baugh and col-
leagues11 based on perceived limitations of the AB pro-
tocol that uses smaller reaction volumes and lower primer
concentrations, and uses reagents from different sources
for the first IVT (http://mcb.harvard.edu/hunter/Protocols/
aRNAprotocol.pdf); 3) a protocol similar to the AB protocol
using reagents for first round IVT based on Baugh and
colleagues11 instead of the Ambion Megascript kit (Am-
bion, Austin, TX) used in the AB protocol (AP); and 4) the
Arcturus RiboAmp RNA amplification kit (AR) (Arcturus,

Carlsbad, CA). Samples were hybridized to Affymetrix
GeneChip HG-U133A microarrays.

Materials and Methods

Sample Collection and RNA Extraction

Peripheral blood samples were collected from two normal
donors and one t-MDS patient using protocols approved
by the Human Subjects Committee of City of Hope.
Mononuclear cells were separated by Ficoll Hypaque
density gradient separation. Total RNA was isolated us-
ing the RNeasy mini kit (Qiagen, Hilden, Germany). The
integrity of the total RNA was checked by formaldehyde-
denaturing agarose gel electrophoresis and labeling with
SYBR Gold (Molecular Probes, Eugene, OR). All RNA
samples showed sharp ribosomal bands and a ratio of
intensity of 28S and 18S ribosomal RNA bands of �2:1.
Samples were processed within 2 hours of being drawn.

RNA Amplification

Four different RNA amplification protocols were used and
are summarized in Table 1. Results obtained with 2.5 �g
of RNA (controls) were compared with results obtained
after amplification of 100 ng of RNA from the same sam-
ples. The 2.5-�g RNA samples were processed using
one round of cDNA synthesis using RT and IVT. The
100-ng RNA samples were amplified using two rounds of
RT and IVT, respectively. All reagents were from Invitro-
gen (Carlsbad, CA) except where separately noted. The
final IVT reactions for the synthesis of biotin-labeled
cRNA were performed for all protocols using a BioArray

Table 1. Comparison of Different Protocols for RNA Amplification

Items AB AP HP AR

1st round
FSS Primer Oligo dT-T7 specified by

Affymetrix*
Oligo dT-T7 specified

by Baugh et al†
Undisclosed

Amount of primer 5 pmol/�l 0.5 pmol/�l Undisclosed
Volume 20 �l �10 �l 20 �l

SSS Volume 150 �l 150 �l 75 �l 50 �l
T4 DNA polymerase 5 minutes 5 minutes 15 minutes Undisclosed
Clean-up PCI extraction PCI extraction PCI extraction and

chromatography
Column purification

IVT Incubation 37°C for 4 hours 42°C for 9 hours 37°C for 5 hours
Reagents From Ambion kit Various sources Provided by kit

2nd round
FSS Primer Random hexamer Undisclosed

Amount of primer 50 ng/�l 50 ng/�l 50 ng/�l Undisclosed
Volume 20 �l 20 �l 10 �l 20 �l

SSS Primer Same as primers used in FSS of 1st round
Amount of primer 100 pmol 100 pmol 5 pmol (100 ng) Undisclosed
Volume 150 �l 150 �l 75 �l 50 �l
T4 DNA polymerase 5 minutes 5 minutes 15 minutes Undisclosed
Clean-up Same as 1st round

IVT Incubation 37°C for 5 hours
Reagents BioArray high-yield RNA transcript labeling kit (Enzo Life Science)

*5�-GCATTAGCGGCCGCGAAATTAATACGACTCACTATAGGGAGA(T)21V-3�
†5�-GGCCAGTGAATTGTAATACGACTCACTATAGGGAGGCGG(T)24-3�
FSS, first strand synthesis; SSS, second strand synthesis; IVT, in vitro transcription.
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High-Yield RNA transcript labeling kit (Enzo Life Science,
Farmingdale, NY). Biotin-labeled cRNA was quantified by
absorbance at 260 nm and analyzed by formaldehyde-
denaturing agarose gel electrophoresis. Control and am-
plification reactions with different protocols were re-
peated at least three times.

Baugh’s Modified Protocol (HP)

For control 2.5-�g samples, RT was performed in first-
strand buffer with 0.1 �g of T7-(dT)21 primer [5�-GCATT-
AGCGGCCGCGAAATTAATACGACTCACTATAGGGA-
GA(T)21V, V � A, C, and G] for 1 hour at 42°C. Second-
strand synthesis (SSS) was performed in 75-�l total volume
with 40 U of DNA polymerase I, 2 U of RNase H, and 10
U of Escherichia coli DNA ligase in second-strand buffer
by adding 65 �l of an ice-cold SSS premix to the RT
reaction and incubating at 16°C for 2 hours. Double-
stranded (ds) cDNA was polished with T4 DNA polymer-
ase for 15 minutes and purified by phenol-chloroform
extraction followed by chromatography on a BioGel P-6
column (Bio-Rad, Hercules, CA). Biotin-labeled cRNA
was obtained through IVT using a BioArray High-Yield
RNA transcript labeling kit. For 100-ng samples, the first
round of RT and IVT were as for 2.5-�g samples, except
that IVT reactions were performed in 40-�l reaction vol-
umes using 160 U of T7 RNA polymerase (Promega,
Madison, WI), 7.5 mmol/L each of the GTP, ATP, CTP,
and UTP, 60 U of RNase inhibitor in Ampliscribe buffer
(Epicenter, Madison, WI) at 42°C for 9 hours. For the
second round of amplification, RT was in 10-�l reaction
volume with 0.5 �g of random hexamers for 20 minutes at
37°C, 20 minutes at 42°C, 10 minutes at 50°C, and 10
minutes at 55°C. For the second round of SSS, 1 U of
RNase H was added to the heat-inactivated RT reaction
at 37°C for 30 minutes, followed by denaturation at 95°C
for 2 minutes, and snap-cooling on ice. T7-(dT)21 primer
(0.1 �g) was then added to the chilled cDNA and the SSS
reaction primed by incubation for 10 minutes at 42°C
followed by snap-cooling on ice. Ice-cold SSS premix (65
�l) (as in the first round but without ligase) was added
and incubation and polishing were performed as in the
first round. Purification of ds cDNA and IVT to generate
biotin-labeled cRNA was as in the first round.

Modified Affymetrix Protocol (AP)

An Affymetrix recommended protocol was modified
based on results reported by Baugh and colleagues.11

Processing of 2.5-�g samples follows the standard pro-
tocol recommended by Affymetrix. This protocol uses a
20-�l RT reaction with 200 U of SuperScript II reverse
transcriptase and 100 pmol of T7-(dT)24 primer [5�-GG-
CCAGTGAATTGTAATACGACTCACTATAGGGAGGCGG-
(dT)24] in first-strand buffer at 42°C for 1 hour. SSS was
performed in a 150-�l reaction with the same condition as
HP. ds cDNA was polished with 20 U of T4 DNA polymer-
ase at 16°C for 5 minutes. cDNA was purified by Phase
Lock gels (PLG) (Eppendorf, Hamburg, Germany), phe-
nol/chloroform extraction, and ethanol precipitation. Syn-

thesis of biotin-labeled cRNA was performed through IVT.
For amplification of 100-ng RNA samples, the first round
of RT was as above with the exception that first round IVT
was performed as with the HP protocol. For the second
round of amplification, RT was in 20 �l with 1 �g of
random hexamers (Promega) for 2 hours at 42°C followed
by RNase H treatment at 37°C for 20 minutes and deac-
tivation of RNase H by heating to 95°C for 5 minutes.
T7-(dT)24 primer (100 pmol/L), as used in the first round
of amplification, was added to the RT reaction and the
SSS was primed by incubating at 70°C for 10 minutes
followed by snap-cooling on ice. Ice-cold SSS premix
(128 �l) containing 40 U of DNA polymerase I in second-
strand buffer was added and incubation and polishing
were performed as in the first round. After purification of
ds cDNA, biotin-labeled cRNA was obtained through IVT.

Standard Affymetrix Protocol (AB)

Processing of 2.5-�g RNA samples was as described
above for the AP protocol. For 100-ng samples requiring
two rounds of amplification, the Megascript T7 IVT kit
(Ambion, Austin, TX) was used for the first round IVT
reaction. Other details of this protocol are as described
for the AP protocol.

Arcturus RNA Amplification Kit (AR)

The RiboAmp RNA amplification kit (Arcturus, Carls-
bad, CA) was used following the manufacturer’s instruc-
tions. For 2.5-�g samples, RT was in 20 �l (10 �l of RNA
in H2O, 1 �l of primer A, 7 �l of first-strand master mix,
and 2 �l of first-strand enzyme mix) at 42°C for 45 min-
utes followed by 20 minutes at 37°C with 2 �l of first-
strand nuclease mix. SSS was primed by adding 1 �l of
primer B and 30 �l of SSS mix (29 �l of second-strand
master mix and 1 �l of second-strand enzyme mix) to the
heat-inactivated RT reaction for 5 minutes at 25°C, 10
minutes at 37°C, and 5 minutes at 70°C. IVT was per-
formed as for the other protocols. For amplification of
100-ng RNA samples, the first round of RT was as with
2.5-�g samples, and IVT was performed in 40-�l reac-
tions (16 �l of ds cDNA, 8 �l of IVT buffer, 12 �l of IVT
master mix, and 4 �l of IVT enzyme mix) at 42°C for 3
hours using reagents from the RiboAmp RNA amplifica-
tion kit. For the second round amplification, RT was done
in the same conditions as for the first round except that
primer B was used for first-strand cDNA synthesis, and
primer A for SSS. Biotin-labeled RNA was obtained by
IVT. All of the purification steps in this protocol are per-
formed using the columns provided with the kit.

Fragmentation, Microarray Hybridization, and
Scanning

Fragmentation, hybridization, washing, staining, and
scanning were all performed using procedures recom-
mended in the GeneChip Expression Analysis Technical
Manual (Affymetrix, Santa Clara, CA) at the DNA Array
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Core Facility, University of California, Irvine. Labeled
cRNA (10 �g) was used in each hybridization on HG-
U133A oligonucleotide microarray (Affymetrix). Af-
fymetrix gene chip images were scanned at 3-�m reso-
lution by using a GeneArray Scanner (Hewlett-Packard,
Palo Alto, CA). The expression value of each gene was
calculated using Affymetrix Microarray Suite software
version 5.0.

Data Analysis

Data from each chip was scaled to a target signal inten-
sity of 500. Signal intensity values derived from MAS 5.0
software were transformed to log2 for further analysis.
Noise analysis was performed by comparing the means
and standard deviations of log2-transformed signal inten-
sities from three replicates. For reproducibility analysis
correlation coefficients of signal intensity values between
replicate experiments were calculated. For fidelity analy-
sis correlation coefficients of mean values for control and
amplified samples were calculated. To analyze the effect
of amplification on differential gene expression between
two different samples, a comparison of t-scores for indi-
vidual genes was used [t-scores � (Xi,normal � Xi,t-MDS)/
[(s2

normal/nnormal) � (s2
t-MDS/nt-MDS)], where X � mean

across replicates of log2-transformed signal intensities
for a single gene, i, in either the normal or t-MDS RNA
sample;s2 � variance in replicates of log2-transformed
signal intensities for a single gene, averaged across all
genes; and n � number of replicates]. Hierarchical clus-
tering analysis was performed using GeneSpring 6.0 soft-
ware (Silicon Genetics, Redwood City, CA).

Results

We evaluated the efficacy, reproducibility, and fidelity of
four methods of RNA amplification applied to small
amounts of RNA from primary clinical samples. Ten �g of
labeled cRNA is required for hybridization on a HG-
U133A microarray. All of the protocols tested here could
generate sufficient amounts of cRNA for hybridization
from 2.5 �g as well as 100 ng of RNA samples (Figure 1).
The highest cRNA yield was obtained with AB and AP
protocols, and the lowest yield with the AR protocol with
both one and two rounds of IVT. This could be related in
part to a greater degree of difficulty associated with
handling small amounts of material with the AR protocol.

We compared the distribution of means and standard
deviations of signal intensities of all genes on the arrays
for 2.5-�g and 100-ng RNA samples processed using the
different protocols. The data were plotted as scatterplots
of mean signal intensity versus variance as well as histo-
grams of means and of variance. For all four protocols
2.5-�g RNA samples processed with one round of IVT
had a more compact distribution of standard deviations
than 100-ng RNA samples processed with two rounds of
IVT (Figure 2). This suggests that results obtained with
amplified samples are slightly less consistent and repro-
ducible than with control samples, as expected, although
the differences were not large.

To quantify the reproducibility of the amplification re-
actions, correlation coefficients of signal intensities of
individual genes from replicate amplifications and hybrid-
izations were analyzed (Figure 3). One round of amplifi-
cation did not introduce significant stochastic bias for any
of the protocols studied, with the AB and AP protocols
providing the best reproducibility. Amplification of 100 ng of
RNA using two rounds of IVT resulted in a modest reduction
of reproducibility with the AP, HP, and AR protocols. How-
ever, the AB protocol yielded the same reproducibility for
amplified samples as for controls (rmean � 0.98; n � 3).
Evaluation of the concordance of positive and negative calls
between replicates yielded similar results with a high de-
gree of concordance in control samples, reduced concor-
dance in amplified samples, and with the best results being
obtained with the AB protocol (data not shown).

To measure the effect of amplification on fidelity, corre-
lation coefficients of gene expression profiles obtained from
2.5-�g and 100-ng RNA samples were calculated (Figure
4). With all four protocols correlation between 2.5-�g and
100-ng RNA samples was lower than that between replicate
2.5-�g or 100-ng RNA samples. The reduced correlation
may be related to a decrease in the number of present calls
detected after RNA amplification (Figure 5). Of the four
protocols studied, the AB and AR protocols provided the
best correlation (r � 0.94) between control and amplified
samples. We conclude that optimized RNA amplification
techniques that use two rounds of IVT can produce results
similar to those obtained with controls, albeit with detectable
reductions in fidelity.

The AB protocol therefore demonstrated overall supe-
riority when cRNA yield, reproducibility, and fidelity are
considered together. This protocol was then used to am-
plify an even smaller 10-ng RNA sample. The protocol
was modified from that used for 100-ng RNA samples in
that the reaction volume of RT was reduced fourfold.
Amplification of 10-ng RNA samples resulted in a further,
yet still modest, reduction in reproducibility (r � 0.95, n �
3) and fidelity (r � 0.92 compared with 2.5 �g and r �
0.96 compared with 100-ng RNA samples).

We next evaluated whether differences in gene expres-
sion profiles of two different RNA samples, one derived from

Figure 1. cRNA yields after RNA amplification. cRNA yields after processing
of 2.5 �g and 100 ng of total RNA from normal peripheral blood mononuclear
cells, with one and two rounds of IVT, respectively, are shown. All protocols
generated sufficient amounts of labeled cRNA for hybridization on HG-
U133A chips (10 �g) from both 2.5 �g and 100 ng of total RNA. The highest
yields were obtained with the AB and AP protocols and the lowest yield with
the AR protocol.
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normal mononuclear cells and the other mononuclear cells
from a patient with therapy-related myelodysplasia, were
maintained after amplification with the AB protocol. The
correlation coefficients of mean signal intensities of gene
expression of the two samples showed similar dissimilarity
with 100-ng samples (r � 0.86) as with 2.5-�g RNA sam-
ples (r � 0.87) (Figure 6A). We also calculated gene-spe-
cific t-scores for difference in signal intensities between the
two different samples for both 100-ng RNA and 2.5-�g RNA
samples. These t-scores are linearly related to the log of
ratios of mean signal intensities for the two samples, but
have the added advantage that replicates are used and
statistical significance is considered. t-Scores obtained
from amplified and control samples showed good correla-
tion (Figure 6B). Lists of genes with the highest difference in
t-scores obtained with 2.5-�g and 100-ng RNA samples
were compared (Table 2). Seven of the top ten genes
overexpressed in t-MDS samples were common to 2.5-�g
and 100-ng samples, and all of the top 10 genes from
2.5-�g samples were present within the top 15 genes for
100-ng samples. Four of the top ten genes with reduced

expression in t-MDS samples were common to 2.5-�g sam-
ples and 100-ng samples, and 7 of the top 10 genes from
2.5-�g samples were present within the list of top 20 genes
for 100-ng samples. We also performed clustering analysis
to assess the effect of amplification on our ability to detect
genes differentially expressed between the two samples. A
hierarchical clustering algorithm was used. We found that
genes expressed differentially between the normal and t-
MDS samples clustered well in amplified samples and con-
trols (Figure 7). These results indicate that although some
distortion of data does occur after amplification, it is possi-
ble to obtain reliable and representative data regarding
differences in gene expression between two samples after
RNA amplification using the AB protocol.

Discussion

RNA amplification is increasingly used for analysis of
gene expression in clinical specimens, but quantitative
information regarding the reliability of resultant gene ex-

Figure 2. Noise analysis of gene expression profiles after RNA amplification. The distribution of the means and SD of signal intensities of all genes after processing
of 2.5 �g of RNA with one round of amplification (green) and 100 ng of RNA with two rounds of amplification (red) is shown. Results represent three replicate
amplifications and hybridizations. A slightly more compact distribution of standard deviations was observed after one round of amplification compared with two
rounds of amplification for all four protocols.
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pression profiles is lacking. In this study we investigated
the reproducibility and reliability of four different proto-
cols for amplification of small quantities of RNA applied to
primary cells from clinical samples. We have also inves-

Figure 5. Effect of amplification on the number of present calls detected. The
number of present calls detected in three replicate samples after processing
of 2.5 �g of total RNA with one round of amplification and 100 ng of RNA
with two rounds of amplification are shown. Two rounds of amplification
resulted in a small decrease in the number of present calls. The AB protocol
demonstrated the least reduction in numbers of present calls after two rounds
of amplification.

Figure 6. Effect of amplification on discrimination of differences in gene
expression profiles of two samples. Gene expression profiles of peripheral
blood mononuclear cell RNA samples from a normal individual (sample 1)
and a patient with t-MDS (sample 2) obtained with 2.5 �g and 100 ng of total
RNA using the AB protocol were compared. Genes reported present in all
replicates were included. A: Scatterplots comparing mean signal intensities of
individual genes obtained with 2.5 �g and 100 ng of total RNA from sample
1 and sample 2 are shown. Correlation coefficients of mean signal intensities
of the two samples were maintained after amplification from 100 ng of total
RNA (r � 0.86) compared with 2.5 �g of total RNA (r � 0.87). B: Scatterplots
of gene-specific t scores comparing mean signal intensities of individual
genes for the two RNA samples obtained with 2.5 �g and 100 ng of total RNA.
The correlation coefficient for gene-specific t scores for 2.5 �g and 100 ng of
total RNA samples was 0.89.

Figure 3. Comparison of gene expression profiles from replicate amplifica-
tion reactions. Scatterplots comparing signal intensities of present calls from
three replicate amplifications and correlation coefficients of signal intensity
values are shown. Present calls were defined as being present in at least one
replicate. For 2.5-�g total RNA samples processed using one round of IVT the
AB protocol provided the best reproducibility. Amplification of 100 ng of
total RNA using two rounds of IVT was associated with reduced reproduc-
ibility with the AP, HP, and AR protocols. However the AB protocol yielded
similar reproducibility as was seen with one round of amplification.

Figure 4. Comparison of gene expression profiles obtained after amplifica-
tion of 2.5 �g and 100 ng of total RNA. Scatterplots comparing mean signal
intensities of individual genes (all calls) obtained after processing of 2.5 �g
of total RNA with one round of amplification and 100 ng of RNA with two
rounds of amplification are shown. Correlation coefficients of mean signal
intensity values between one and two rounds of amplification were best with
the AB protocol.
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tigated the ability to discriminate between gene expres-
sion profiles of two different samples after amplification.
To our knowledge, this is the first report of a systematic
assessment of reproducibility and fidelity of gene expres-
sion profiles after amplification of small RNA samples
from clinical samples.

A primary requirement for any amplification protocol is
a high degree of reproducibility. Reproducibility was as-
sessed by evaluating the variance between individual
mean expression levels, by evaluating the correlation
coefficients of mean expression levels, and by evaluating
the concordance of present and absent calls between
replicate samples processed using the same protocol. All
protocols we tested yielded reproducible gene expres-
sion profiles when control amounts of RNA and one cycle
of IVT were used. However with the AP, HP, and AR
protocols a small reduction in reproducibility was found
after two rounds of IVT. In contrast the AB (Affymetrix
recommended) protocol resulted in the most reproduc-
ible gene expression profiles for both control and ampli-
fied samples, and did not result in a decrease in repro-
ducibility after amplification. Because the major
difference between the AB and AP amplification proto-
cols is the source of reagents used in first IVT, these
results indicate that the quality-controlled and optimized
Ambion MegaScript kit may have contributed to the im-
proved results. However difficulties in specimen handling
may have contributed to increased variability in results
with another optimized reagent kit (AR).

An important consideration is the extent to which the
amplification process distorts and introduces bias in the
gene expression profile. Gene expression profiles ob-
tained after amplification of 100-ng RNA samples with
two rounds of IVT maintained similarity to control 2.5-�g
RNA samples, but the similarity was less than that seen
within replicates. In addition the concordance for present
and absent calls between different protocols was lower
than that seen with replicates (data not shown). Distortion
in gene expression profiles appeared to be related, at
least in part, to loss of a small fraction of positive calls, as
determined by the MAS5.0 software, after amplification.
Changes in signal intensities of certain gene clusters
after amplification may relate at least in part the reduced
size and 5� complexity of the amplified products (0.1 �
1.5 kb) compared to unamplified control products (0.2 �

9 kb). The reduced 5� complexity of the amplified product
could affect hybridization to certain probe pairs and the
calculated signal intensities. The highest degree of cor-
relation of mean expression levels of individual genes
between controls and amplified samples was seen with
the AB and AR protocols indicating that these protocols
resulted in the best fidelity in the gene expression profiles
after amplification. A further decrease of fidelity was ob-
served when amplifying a smaller amount of RNA (10 ng
RNA) using the modified AB protocol (data not shown),
although the results still captured similar groups of puta-
tively up-regulated or down-regulated RNAs as were
found from 100-ng samples. Therefore, misleading re-
sults may be obtained if care is not taken to standardize
the amount of RNA used and the amplification protocol
used throughout all experimental conditions. We suspect
that reliable amplification from different starting amounts
of RNA may require a separate protocol optimization.

The AB protocol provided the best results in terms of
reliability of yield, reproducibility, and fidelity. Baugh and
colleagues11 reported that IVT reaction catalyzed by T7
RNA polymerase in the presence of oligo-(dT) could gen-
erate template-independent high-molecular weight RNA
that could compromise the specific activity of amplified
products. Modification of the protocol to reduce the
amount of primer carried over from RT to IVT increased
the number of present calls more than 10-fold. Although
we also observed template-independent amplification on
agarose gel electrophoresis after one round of amplifica-
tion with the AP protocols (data not shown), when the
RNA amplification products were applied to microarrays
the number of present calls did not differ between Af-
fymetrix protocol (AP) and Baugh’s modified protocol
(HP). Therefore template-independent amplification did
not affect sensitivity in our hands. In fact, the correlation
coefficient between amplified and control samples was
higher with the AP than the HP protocol (r � 0.90 versus
r � 0.84). Baugh and colleagues11 also noted that the
Affymetrix protocol was limited by loss of 5� complexity
related to the random-primed RT reaction used in the
second round of amplification. They reported that inclu-
sion of the T4 single-strand nucleic acid-binding protein
(T4gp32) in RT reactions helped maintain 5� complexity
in the amplified products. However in our studies the
presence of T4gp32 significantly reduced the efficiency

Table 2. Lists of Genes with the Highest t-Scores Comparing Normal and t-MDS Samples with and without Amplification

Increased expression in t-MDS sample Reduced expression in t-MDS sample

100 ng 2.5 �g 100 ng 2.5 �g

Probe Gene Probe Gene Probe Gene Probe Gene

1 208353_x_at ANK1 213515_x_at HBG2 208450_at LGALS2 208450_at LGALS2
2 213515_x_at HBG2 208691_at TFRC 221841_s_at KLF4 209728_at HLA-DRB4
3 216054_x_at MYL4 209585_s_at MINPP1 214329_x_at TNFSF10 209670_at TRA@
4 206937_at SPTA1 218194_at DKFZP566 E144 211339_s_at ITK 203932_at HLA-DMB
5 207332_s_at TFRC 207332_s_at TFRC 209670_at TRA@ 213017_at ABHD3
6 209585_s_at MINPP1 209122_at ADFP 213906_at MYBL1 219528_s_at BCL11B
7 203031_s_at UROS 208353_x_at ANK1 201506_at TGFBI 221841_s_at KLF4
8 216379_x_at CD24 216054_x_at MYL4 208891_at DUSP6 219947_at CLECSF6
9 209771_x_at CD24 209771_x_at CD24 220784_s_at UTS2 201739_at SGK

10 209894_at LEPR 216379_x_at CD24 219947_at CLECSF6 204642_at EDG1
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Figure 7. Clustering of genes between control and amplified normal and t-MDS samples. Results of hierarchical clustering of genes differentially expressed
between normal and t-MDS samples. Analysis was restricted to genes differentially expressed in the 2.5-�g sample (more than fivefold difference in expression,
P � 0.02). Each row represents a single gene and the columns represent replicate 2.5 �g and 100 ng of normal and t-MDS RNA samples. Data are colored based
on how far the gene is overexpressed (red) or underexpressed (blue) relative to a normalized expression level of 1, in terms of the SE of the measurement.
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of RT reaction and resulted in poor yield of amplified
RNA, and this step was subsequently omitted. Therefore
discrepancies between our results and those of Baugh
and colleagues11 may be related be the use of T4gp32 or
could be explained by differences in RNA source and
sample handling. We also tested the performance of the
Nugen Ovation Biotin RNA amplification kit, which relies
on a RNA-based single primer isothermal amplification
methodology. However the performance of this method-
ology in terms of sensitivity, noise, reproducibility, and
fidelity was poorer than that of other protocols tested here
(results not shown).

Once the AB protocol was determined to be the most
suitable one for amplification of total RNA from peripheral
blood mononuclear cells, it was important to determine
the degree to which biases introduced by RNA amplifi-
cation would affect our ability to consistently detect dif-
ferences between two different RNA samples. As long as
the biases introduced are reproducible, systematic, and
not too severe, amplification should be acceptable for
most gene expression surveys. Our comparison of ex-
pression profiles of normal and t-MDS cells with and
without amplification with the AB protocol showed that
differences between the two samples detected with
larger amounts of starting RNA and a single round of IVT
were primarily maintained after amplification. Although
correlation between amplified and nonamplified samples
was imperfect, the ability to detect genes differentially
expressed between the two samples as determined by
independent methods of analysis was well maintained
after amplification.

In summary, we have shown that the four protocols
evaluated here performed differently when applied to the
amplification of small RNA samples from clinical speci-
mens. Rather minor differences in methodology and ma-
terials introduced considerable variability in gene expres-
sion profiling results. In addition, too strong a focus on a
very small number of genes picked from an array analysis
could be unduly influenced by seemingly acceptable
methodologies. It also seems likely that differences in
protocols become more critical for clinical samples
where the amount and quality of starting material is es-
pecially challenging.
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