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ABSTRACT

Expanding applications of cDNA mi-
croarrays such as fine needle aspiration
biopsy and laser capture microdissection
necessitate the ability to perform arrays
with minute starting amounts of RNA. While
methods for amplifying RNA have been ad-
vocated, the fidelity of array results using
amplified material has not been fully vali-
dated. Here we demonstrate preserved fi-
delity in arrays using one or two rounds of
mRNA amplification, validated by down-
stream real-time quantitative PCR. In addi-
tion, the quality of the array data was supe-
rior to that obtained using total RNA. Based
on these results, we recommend routine
mRNA amplification for all cDNA microar-
ray-based analysis of gene expression.

INTRODUCTION

Recent advances in microarray tech-
nology (1,3) coupled with the sequenc-
ing of human and other genomes (2,5)
have enabled high-throughput gene ex-
pression profiling. This technology has
led to powerful advances in identifying
genetic profiles of human diseases as
well as the ability to screen thousands of
individual genes that may be expressed
differentially between two samples (1).
Glass slide cDNA microarray analysis
requires relatively large amounts of total
RNA (50–200 µg). However, some
sources of RNA have limited yield, in-
cluding fine needle aspirate samples (9)
and samples that are isolated using laser
capture microdissection (7,8,10). In ad-
dition, the quality of RNA can vary sub-
stantially, depending on the method of
isolation, presence of endogenous
RNases, and other factors that may be
introduced in the clinical setting (e.g.,
time of tissue harvest) (4).

Techniques for mRNA amplification
have been used to analyze gene expres-
sion from small amounts of total RNA
(11,12). Initial data suggest that these
methods can be used successfully for
microarray analysis (7,8,12). However,
the ability of this approach to identify
accurately outlying genes has not been
fully validated. We evaluated the quality
of microarray data obtained using total
and amplified mRNA and used real-time
quantitative PCR to assess the validity of
genes identified as outliers. Based on the
improved quality, preserved fidelity, and
ability to use much smaller amounts of
source material using amplified mRNA,
we recommend routine mRNA amplifi-

cation for all cDNA microarray-based
analysis of gene expression.

MATERIALS AND METHODS

Cell Lines and RNA Amplification

B16F10 murine melanoma cells
(ATCC, Manassas, VA, USA) and
MC38 murine colon adenocarcinoma
cells [developed in the Surgery Branch,
National Cancer Institute (NCI),
Bethesda, MD, USA] were maintained
in DMEM with 10% FCS, 100 U/mL
penicillin, 100 µg/mL streptomycin, 50
µg/mL gentamicin, 0.5 µg/mL Fungi-
zone®, and 4 mM glutamine (Biofluids,
Rockville, MD, USA). Total RNA was
isolated using TRIZOL® reagent (Invit-
rogen, Carlsbad, CA, USA) and further
purified using RNeasy® mini kits (Qia-
gen, Valencia, CA, USA) according to
the manufacturer’s instructions.

Amplified antisense RNA was pre-
pared as previously described (11), with
minor modifications. Briefly, 3 µg total
RNA were incubated with 2 µg T7-
(dT)24 primer (5′-GGCCAGTGAATT-
GAATACGACTCACTATAGGGAGG-
CGG-(dT)24-3′) in 9 µL DEPC-treated
water at 70°C for 7 min and cooled on
ice. cDNA was synthesized by the addi-
tion of 4 µL first-strand buffer, 2 µL 0.1
M DTT, 2 µL 10 mM dNTP, 2 µL Su-
perScript® II reverse transcriptase (Invit-
rogen), and 1 µL RNasin® (Promega,
Madison, WI, USA) and incubation at
42°C for 1 h. Second-strand synthesis
was performed by the addition of 91 µL
DEPC-treated water, 30 µL second-
strand buffer, 3 µL 10 mM dNTP, 4 µL
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E. coli DNA polymerase I, 1 µL E. coli
DNA ligase, and 1 µL RNase H- (Invit-
rogen) and incubation at 16°C for 2 h.
T4 DNA polymerase (2 µL; Invitrogen)
was added, and the reaction was incu-
bated at 16°C for 5 min. The reaction
was stopped by the addition of 10 µL 0.5
M EDTA and 10 µL 1 M NaOH and in-
cubation at 70°C for 10 min and then
neutralized with 25 µL Tris-HCl, pH
7.5. DNA was extracted with phenol:
chloroform: isoamyl alcohol and precip-
itated in ethanol with 5 µg linear acry-
lamide (Ambion, Austin, TX, USA).
Transcription in vitro was carried out at
37°C for 5 h in a 40-µL reaction volume
using the T7 Megascript™ kit (Ambion),
according to the manufacturer’s instruc-
tions. RNA was purified in an RNeasy
mini column or phenol:chloroform:
isoamyl alcohol extracted/ethanol-pre-
cipitated if proceeding to second-round
amplification. Second-round amplifica-
tion was performed similarly, with slight
modifications. The amplified RNA was
resuspended in 11 µL DEPC-treated wa-
ter and primed with 1 µg random hexa-
mers (Invitrogen). Before second-strand
synthesis, cDNA was incubated with 1
µL RNase H- for 20 min at 37°C and
then heated to 95°C for 2 min. Second-
strand synthesis was then primed with
0.5 µg T7-(dT)24 by incubation at 70°C
for 5 min and 42°C for 10 min. The re-
maining steps were identical to the first-
round amplification, and the amplified
RNA was purified in an RNeasy mini
column. Total and amplified RNA was
analyzed for purity and concentration by

formaldehyde gel electrophoresis and
spectrophotometry. Similar experiments
were performed to amplify and compare
RNA from human cell lines (unpub-
lished data) and rat aortic rings (13).

Total and amplified RNA was ap-
plied to the RNA 6000 Labchip® using
a Bioanalyzer 2100 (Agilent Technolo-
gies, Palo Alto, CA, USA). The chip
was prepared according to the manu-
facturer’s protocol. Briefly, the gel/dye
mixture was prepared by centrifugation
of 400 µL gel matrix and 4 µL RNA
dye through a spin filter (supplied with
the kit) at 2000× g for 10 min. The
gel/dye mixture (9 µL) was used to fill
the channels of the RNA chip. Sample
buffer (5 µL) was added to each sample
and molecular marker well. RNA 6000
ladder (1 µL or 150 ng; Ambion) or test
RNA sample (1 µL, diluted 1:10) was
added to each well. After vortex mixing
for 1 min at 2000 rpm, an RNA smear
assay was run on the chip, and the size
of the rRNA in the total RNA sample
and amplified RNA was compared with
the molecular weight markers.

Microarray Analysis

Microarray analysis was conducted
to compare gene expression in MC38
and B16F10 using total RNA or RNA
after one or two rounds of amplification.
Microarray probes were synthesized us-
ing 30 µg (for Cy3 labeling) or 50 µg
(for Cy5 labeling) total RNA or 3 µg
amplified RNA using 2 µg oligo-(dT)20
or random hexamers, respectively, for

priming. cDNA was generated using
Cy3- or Cy5-dUTP (Amersham Bio-
sciences, Piscataway, NJ, USA) and Su-
perScript II reverse transcriptase. Cy3-
and Cy5-containing probes were com-
bined and purified in Microcon® col-
umns (YM-30; Millipore, Bedford, MA,
USA) and denatured at 100°C for 1 min
with 10 µg mouse COT-1 DNA (Invitro-
gen), 4 µg yeast tRNA (Sigma, St. Lou-
is, MO, USA), and 8 µg poly(A) (Amer-
sham Biosciences). NCI glass slide
microarrays representing 2601 mouse
genes were prehybridized at 42°C for 1
h in 5× SSC, 0.1% SDS, and 1% BSA.
The arrays were then hybridized with a
probe in 25% formamide, 5× SSC, and
0.1% SDS at 42°C overnight (10–16 h).
The slides were then washed for 2 min
in 2× SSC, 0.1% SDS; 2 min in 1× SSC,
0.1% SDS; 2 min in 0.2× SSC; and 1
min in 0.05× SSC and were then spun
dry at 100× g. Fluorescence images
were captured using a Genepix® 4000
(Axon Instruments, Foster City, CA,
USA). Data were stored in a database
supported by the Center for Information
Technology, National Institutes of
Health and analyzed using software de-
veloped at the National Human Genome
Research Institute (Bethesda, MD,
USA). The ratios were expressed as the
relative gene expression in B16F10:
MC38. To establish reproducibility and
minimize the effects of labeling bias, all
arrays were repeated using reciprocal
fluorescence (i.e., RNA targets labeled
with Cy3 in the first array were labeled
with Cy5 in the second array).
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Forward Primer Reverse Primer Probe

Gene 5′′→→3′′

Gpi1 (NM_008155) AGCACTTTGTCGCCC- GAGCAATGGAAAGTCCAATGG FAM-ACCACAGCGAATAGCG-
TGTCTA GCCACCT-TAMRA

Thbs1 (NM_011580) CAGGGCAAAGAACTC- CGAATACCAAGCCAGCGTAGT FAM-ACAGCATTAAACTCATCAT-
GTCCA AACCTACAGCAAGTCCAG-TAMRA

Serpine1 (NM_008871) TGGAGGGCACAACA- GGACATTTCCACAGTGGACCTT FAM-TCTTGCATCGCCTGCCATTG-
CTTTCA CTG-TAMRA

Asml3a (NM_020561) TTGTGGCACCTGCTG- TGCACCATGTCCAGCAATG FAM-TCCGCCTATTTCAGTACAAGC-
TTACAC CTGGTGA-TAMRA

Prdx5 (NM_007453) CATCTTGCCTGGAG- GGATCCAACATGCAGAAAAGG FAM-ATCAATGCTTACAATGGTG-
CAAGGA CAACACCCA-TAMRA

NM numbers in parentheses represent UniGene codes; FAM-TAMRA sequences represent probes. Ct, threshold cycle num-
ber for detection.

Table 1. Real-Time Quantitative PCR Primers and Probes



An outlier for a given RNA sample
(total or amplified) was defined as a
gene with expression ratios of ≥ 2.0 or ≤
0.5 in two reciprocal microarray analy-
ses (ratios ≥ 2.0 were ≤ 0.5 when the
Cy3 and Cy5 fluorochromes were re-
versed and vice versa); fluorescence in-
tensities were ≥ 100 (based on a scale
from 1 to 65 536 U), and spot sizes were
≥ 50 pixels. Genes identified as outliers
by microarray analysis were categorized
according to the following scheme: cat-
egory I, outlier using total RNA but not
amplified RNA; category II, outlier us-
ing both total RNA and amplified RNA;
category III, outlier using amplified
RNA with a similar trend using total
RNA (showing expression ratios in the
same direction as with amplified RNA,
but not meeting the threshold value of
2.0 on both arrays); category IV, outlier
using amplified RNA with insufficient
data using total RNA (caused by unin-
terpretable array spots that did not meet
filtering criteria); and category V, outlier
using amplified RNA with discordant
results using total RNA (in which either
array yielded a ratio in the opposite di-
rection as that with amplified RNA).
Mean ratios were calculated using log
ratios and reciprocal ratios for down-
regulated genes.

Real-Time Quantitative PCR

Real-time quantitative PCR analysis
was carried out as described previously
(6), with minor modifications. Briefly,
measurements were performed using
the GeneAmp® 5700 Sequence Detec-
tor (Applied Biosystems, Foster City,
CA, USA). The primers and probes
(BioServe Biotechnologies, Laurel,
MD, USA) were designed using Primer
Express software (Applied Biosys-
tems), except for rodent GAPDH,
which was available commercially (Ap-
plied Biosystems). Probes were 5′-la-
beled with 6-carboxyfluorescein (FAM)
and 3′-labeled with 6-carboxytetra-
methylrhodamine (TAMRA). Table 1
shows these sequences.

cDNA was generated from RNA
samples (50 ng/assay for total RNA and
2 ng/assay for amplified RNA) using
MultiScribe® reverse transcriptase and
random hexamers for priming (Applied
Biosystems). Reaction conditions were
at 25°C for 10 min, 48°C for 30 min,

908 BioTechniques Vol. 33, No. 4 (2002)

MMICRICROOARRAARRAYY TTechnologiesechnologies

Generation of Standard Curve (Thbs1)

Copy No. Ct (mean)

1 × 108 16.6

1 × 106 23.2

1 × 104 31.3

0 >40 (∞)

Unknown Samples (Thbs1)

Sample Ct (mean) Extrapolated Copy No. (mean)

MC38, total RNA 22.2 2.5 × 106

MC38, 1-round amp. 24.9 4.8 × 105

MC38, 2-round amp. 28.0 6.6 × 104

B16F10, total RNA 31.7 6.5 × 103

B16F10, 1-round amp. 34.2 2.9 × 103

B16F10, 2-round amp. 39.1 6.7 × 101

Standard curves and extrapolated copy numbers were generated by GeneAmp
5700 Sequence Detector software.The samples were normalized to the GAPDH
copy number calculated in the same manner. amp., amplification.

Table 2. Calculation of Copy Numbers for Sample Gene (Thbs1) Based on Extrapolation from
Standard Curve

Figure 1. Analysis of RNA quality and length. (A) RNA gel images were generated using a Bioana-
lyzer 2100 and an RNA 6000 chip on an RNA smear assay. The size of molecular weight markers is in-
dicated according to the analysis program. 28S and 18S rRNA bands from the total RNA samples are
demonstrated in lanes BT and MT. Second-round amplified RNA (lanes BA2 and MA2) shows trunca-
tion in size compared to first-round amplified RNA (lanes BA1 and MA1). Molecular markers (B) were
compared to electropherograms of the amplified samples (C, cell line MC38; D, cell line B16F10) to de-
termine the size range of the first-round and second-round amplified RNA using the overlay function in
the bioanalyzer software. Most of the first-round amplified RNA transcripts (A1) ranged from 200 to
4000 nucleotides, while most of the second-round amplified RNA transcripts (A2) ranged from 100 to
2000 nucleotides. nt, nucleotides.



and 95°C for 5 min. cDNA standards for
each gene were generated by primer-
specific amplification of MC38 and
B16F10 cDNA mixed in equal parts and
analyzed for purity and concentration by
gel electrophoresis and spectrophotom-
etry. Copies were calculated using the
molecular weight of each product. The
real-time PCR reactions for samples and
standards were conducted in a volume
of 25 µL using AmpliTaq® Gold DNA
polymerase (Applied Biosystems),
sense and antisense primer concentra-
tions of 900 nM each, and a probe con-
centration of 250 nM (except for
GAPDH, for which primer and probe
concentrations each were 100 nM, ac-
cording to the manufacturer’s recom-
mendations). Thermal cycler parameters
were at 50°C for 2 min, 95°C for 10
min, 40 cycles of a 15-s denaturing step
at 95°C, and a 1-min annealing/exten-
sion step at 60°C. Standard curves were
generated for each gene, and copy num-
bers were extrapolated for each sample
(Table 2). All assays were performed in
duplicate and reported as the mean. The
relative expression of each gene of inter-
est was normalized to that of GAPDH,
and the expression ratio for each gene in
B16F10:MC38 was calculated.

RESULTS

Characterization and Quality of RNA

RNA quality and length were mea-
sured using the RNA smear assay (Fig-
ure 1A) and electropherograms of the
amplified samples (Figure 1, B–D).
The starting total RNA demonstrated
clear 28S and 18S rRNA bands; the
RNA smears of the amplified samples
demonstrated truncation of second-
round amplified RNA compared to
first-round amplified RNA. Most tran-
scripts were in the 200–4000 nucleo-
tide range after one round of amplifica-
tion and in the 100–2000 nucleotide
range after two rounds.

The correlation coefficient for the
reciprocal arrays using total RNA was -
0.67 (Figure 2A), which was similar to
that obtained with reciprocal analyses in
other experiments using total RNA (data
not shown). When amplified RNA was
used, correlation coefficients ranged
from -0.92 after one round of amplifica-

tion (Figure 2B) to -0.94 after two
rounds (Figure 2C). Using total RNA,
the correlation coefficients between du-
plicate forward arrays or duplicate reci-
procal arrays ranged from 0.72 to 0.80.
Correlation coefficients between arrays
after one round of amplification and ar-
rays after two rounds of amplification
ranged from 0.93 to 0.95. Correlation
coefficients between arrays using total
RNA and arrays using amplified RNA
ranged from 0.77 to 0.82 after one round
of amplification and from 0.75 to 0.81
after two rounds of amplification.

Outlier Identification and Validation

One hundred thirty-one genes were
identified as outliers using total RNA,
239 were identified using RNA after one
round of amplification, and 257 were
identified using RNA after two rounds
of amplification (Figure 3). Analysis of
amplified RNA identified 81% (Figure

3A; one round of amplification) or 79%
(Figure 3B; two rounds of amplifica-
tion) of genes identified using total
RNA. The concordance between out-
liers identified after one and two rounds
of amplification was from 77% to 82%
(Figure 3C; 197 genes in common).

Among genes identified as outliers
using amplified RNA, 40%–44% of the
genes were concordant (category II)
based on total RNA array results;
38%–41% of the genes showed a trend
toward concordance (category III);
12%–18% of the genes demonstrated
insufficient data (category IV); and only
3%–4% of the genes were discordant
(category V) (Figure 4A). Twenty-eight
percent of the genes identified as out-
liers using single-round amplified RNA
exhibited missing data points on total
RNA arrays. The mean ratio on the total
RNA arrays of the genes identified as
outliers using amplified RNA but not to-
tal RNA was 2.01. Similar results were
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obtained comparing total RNA and
RNA after two rounds of amplification.

The expression of nine genes in total
and amplified RNA was analyzed using
real-time quantitative PCR (Figure 4,
B–F). Genes from categories I–IV (Fig-
ure 4, B–E) were validated by real-time
quantitative PCR as being expressed
differentially in all samples (total, one
round of amplification, and two rounds
of amplification), with microarray
analysis generally underestimating the
quantitatively determined expression
ratio. In category V (Figure 4F), real-
time quantitative PCR data were dis-
cordant among the samples and did not
confirm the true differential expression
of these genes. Similar results were ob-
tained with other genes from these cat-
egories (data not shown).

DISCUSSION

As the use of microarray technology
became more widespread, applications
that use minute amounts of starting ma-
terial emerged. These applications in-
clude minimally invasive procedures to
obtain clinical material for diagnostic
and research use, such as fine needle as-
piration (9), as well as advanced tech-
nology to isolate highly specific tissue
samples ex vivo, including laser capture
microdissection (7,8,10). This study
demonstrates that amplification of RNA
samples for microarray analysis is a
highly sensitive method to identify out-
lier genes that retains its specificity
when compared to techniques using to-
tal unamplified RNA. These findings
were supported by the results of down-
stream real-time quantitative PCR. In
addition, the quality of microarray data
obtained using amplified mRNA was su-
perior to that obtained using total RNA.

We utilized an antisense amplifica-
tion technique that was expected to pro-
duce truncation of the transcript length
with successive rounds of amplifica-
tion. This truncation was observed by
RNA smear assay and electrophero-
grams of the amplified samples, with
the transcript size reduced by approxi-
mately 50% with the second round of
amplification. The quality and repro-
ducibility of microarray data generated
using total or amplified RNA were eval-
uated in part by assessing the correla-

tion between expression ratios obtained
in two independent, reciprocal arrays.
Reciprocal arrays (reversing the fluo-
rescent labels used during cDNA syn-
thesis) were analyzed to evaluate possi-
ble effects of labeling bias. In this
study, we utilized RNA from standard
murine tumor cell lines (B16F10 and
MC38) to ensure sufficient total RNA
for the purpose of meaningful compari-
son with amplified RNA. Correlation
coefficients were consistently higher
when amplified RNA was used and
were preserved with a subsequent
round of amplification. Using total
RNA, the correlation between duplicate
forward arrays or duplicate reciprocal
arrays was slightly stronger than the
correlation between forward and recip-
rocal arrays. Cy3/Cy5-labeling bias
may play a role in the lower correlation
between ratios using total RNA but

does not fully explain the difference in
the degree of correlation. Increased in-
terarray variability also appears present
using total RNA. Signals corresponding
to low-copy transcripts in total RNA
samples may be more affected by back-
ground noise in repeat arrays and thus
would be less likely to correlate strong-
ly than the enriched, high-quality tran-
scripts in amplified material. The corre-
lation between the arrays after one
round of amplification and the arrays
after two rounds of amplification re-
mained similar, which suggests that no
substantial bias was introduced by the
second round of amplification. The cor-
relation between the arrays using total
RNA and the arrays using amplified
RNA was similar to the correlation be-
tween duplicate arrays using total RNA,
providing further evidence of a lack of
bias introduced by amplification.
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Figure 2. Correlations in reciprocal microarray experiments using total and amplified RNA. Corre-
lations between gene expression ratios obtained in two independent microarray analyses are shown using
total RNA (A) or RNA after one (B) or two (C) rounds of antisense amplification. Ratios in forward arrays
(x-axes) represent relative gene expression in B16F10 RNA labeled with Cy5 compared to MC38 RNA la-
beled with Cy3. For reciprocal arrays (y-axes), each RNA target was labeled with the opposite fluo-
rochrome. The correlation coefficients (r) for reciprocal arrays performed using RNA after one (r = -0.92)
or two (r = -0.94) rounds of amplification were higher than for arrays performed using total RNA (r = -67).

Figure 3. Venn diagrams comparing genes identified as outliers using total and amplified RNA. The
Venn diagrams represent genes identified as outliers based on expression ratios ≥ 2.0 or ≤ 0.5 in recipro-
cal microarray analyses (ratios ≥ 2.0 were ≤ 0.5 when the Cy3 and Cy5 fluorochromes were reversed and
vice versa). Analysis of amplified RNA identified 81% (A, one round of amplification) or 79% (B, two
rounds of amplification) of genes identified using total RNA. The number of outliers identified after one
round of amplification did not increase substantially after a second round of amplification (C), and the
concordance was from 77% to 82%. However, the analysis of the amplified RNA yielded 1.8–2.0 times
more outliers than total RNA, which yielded a substantial pool of genes identified by analysis of ampli-
fied RNA but not total RNA.



These data suggest that multi-gene
molecular profiles characterized by mi-
croarray analysis may be preserved af-
ter RNA amplification. However, it is
unclear whether individual genes that
are identified as being expressed differ-
entially using amplified RNA are likely
to be genes that would have been iden-
tified as such using total RNA. To an-
swer this question, we compared out-
liers that had been identified using total
RNA with those identified using RNA
after one or two rounds of amplifica-
tion. Using criteria described above,
131 genes were identified as outliers
using total RNA, 239 outliers were
identified using RNA after one round
of amplification, and 257 outliers were
identified using RNA after two rounds
of amplification. Analysis of amplified
RNA identified approximately 80% of
the genes identified using total RNA,
and the concordance between outliers
identified after one and two rounds of

amplification was also approximately
80%. It is likely that the strong but not
perfect correlations between different
RNA amplifications (i.e., r < 1.0), com-
bined with the stringency criteria set for
our definition of an outlier, explain the
lack of complete concordance in out-
liers identified between different RNA
amplifications. Because analysis of am-
plified RNA yielded 1.8–2.0 times
more outliers than total RNA, a sub-
stantial pool of outliers was identified
by the analysis of amplified RNA but
not total RNA (up to 60% of the out-
liers identified using amplified RNA).
Thus, the validity of identifying these
genes as being expressed differentially
is critical to the use of amplified RNA
in microarray analysis. It is possible
that the improved quality of microarray
data obtained using amplified RNA al-
lows a greater number of genes to meet
the criteria for the definition of an out-
lier than data using total RNA. Howev-

er, it is also possible that this large pool
of up to 60% of identified outliers rep-
resents genes whose amplification is
not linear or is otherwise biased, ren-
dering these outliers false positives that
would seriously flaw gene expression
profiles generated from amplified sam-
ples and hinder downstream validation
and interpretation of individual genes
of potential scientific interest.

To address this important issue, we
evaluated expression patterns of each
gene identified as an outlier in any
RNA sample (total or amplified). If the
differences between the outliers identi-
fied by total and amplified RNA were
caused by amplification bias, then we
would expect substantial differences in
expression patterns in total and ampli-
fied RNA among those genes not iden-
tified as outliers using both RNA
sources. Thus, the mean ratio of genes
identified by amplified RNA but not to-
tal RNA (or vice versa) would be



expected to be close to 1.0 (to which
the mean ratio for all genes on the array
is normalized). On the other hand, if
differences between outliers identified
by total and amplified RNA were

caused by usual interarray variation and
a greater sensitivity of the amplified
RNA arrays to detect outliers, then we
would expect (i) trends for the genes
identified by amplified RNA but

“missed” by total RNA to have ratios
with the same direction of change, even
if the magnitude did not reach ≥ 2.0 or
≤ 0.5; (ii) a substantial number of miss-
ing data points among the genes identi-
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Figure 4. Categorization and validation of genes identified as outliers by microarray analysis. (A) Genes identified as outliers by microarray analysis were
categorized according to the following scheme: category I, outlier using total RNA but not amplified RNA; category II, outlier using both total RNA and ampli-
fied RNA; category III, outlier using amplified RNA with similar trend using total RNA; category IV, outlier using amplified RNA with insufficient data using
total RNA; and category V, outlier using amplified RNA with discordant results using total RNA. After one or two rounds of amplification, the majority of genes
were in categories II or III, with only 3%–4% of genes being discordant (category V). (B–F) The expression ratios of the genes in each category were evaluated
further using real-time quantitative PCR. Missing bars represent spots that did not meet filtering criteria on the arrays so that expression ratios could not be char-
acterized. Genes from categories I–IV were validated as being expressed differentially in all samples (total, one round of amplification, and two rounds of am-
plification), with microarray analysis generally underestimating the quantitatively determined expression ratio. In category V, real-time quantitative PCR data
were discordant among the samples and did not confirm the true differential expression of these genes. Similar results were obtained with other genes from
these categories (data not shown). qRT-PCR, real-time quantitative PCR.



fied by amplified RNA but not total
RNA; and (iii) a mean ratio for these
genes on total RNA arrays that is closer
to the threshold value of 2.0 rather than
the normalized value of 1.0. Genes
identified as outliers by microarray
analysis were categorized according to
a scheme (described earlier) designed
to group genes by the concordance of
the array results using total and ampli-
fied RNA. Based on this scheme, ap-
proximately 80% of the genes identi-
fied as outliers using amplified RNA
were either concordant (category II) or
showed a trend toward concordance
(category III). Only 3%–4% of genes
were discordant (category V). Addi-
tionally, the mean ratio on total RNA
arrays of genes identified as outliers us-
ing amplified RNA but not total RNA
was close to 2.0, suggesting that many
of these genes represented real outliers
that did not meet stringency criteria on
total RNA arrays. Taken together, these
data suggest that the genes identified as
outliers using amplified RNA but not
total RNA represent a greater sensitivi-
ty of amplified RNA to detect outliers
using microarray analysis.

To validate this conclusion further,
we analyzed the expression of outlying
genes using real-time quantitative
PCR. We considered gene expression
in total RNA the “gold standard” for
comparison. However, we also wished
to evaluate the ability of real-time
quantitative PCR to quantify relative
gene expression in the amplified sam-
ples because total RNA is not always
available from very small initial sam-
ples, such as those obtained by laser
capture microdissection, and other
techniques such as Northern blot
analysis are hindered by hexamer-
primed amplification. Genes from cat-
egories I–IV (not from category V)
were validated by real-time quantita-
tive PCR as being expressed differen-
tially in all samples. It is unclear from
our data whether the discordance seen
in category V genes truly represents a
bias of amplification. For example, the
gene Prdx5 was identified as an outlier
after one round of amplification (Fig-
ure 4F) but not after two rounds. Fur-
thermore, real-time quantitative PCR
suggested that microarray analysis
overestimated the expression ratio for
this gene using the single-round ampli-

fied material. Thus, the discordance
seen among the data for this gene may
be because of excessive interarray vari-
ation (rather than amplification bias).
However, this phenomenon occurs for
only 3%–4% of genes that had been
identified as outliers using amplified
RNA. Thus, the majority of outliers
identified using amplified RNA appear
to be valid, even if the same genes are
not identified using total RNA. In addi-
tion, real-time quantitative PCR can be
performed as a confirmatory technique
on RNA samples after one or two
rounds of amplification. Real-time
quantitative PCR data that suggest that
microarray analysis has overestimated
the true expression ratio should raise
suspicion that the gene may not be a
true outlier. Thus, while previous stud-
ies (7,8,12) suggest the fidelity of over-
all expression profiles after amplifica-
tion, our study is the first to address
comprehensively the accuracy of iden-
tifying specific differentially expressed
genes based on microarray analysis of
amplified RNA.

In summary, our results indicate that
one or two rounds of antisense amplifi-
cation not only preserve the fidelity of
total RNA-based microarray analysis
but also actually improve the sensitivi-
ty for detecting outliers. This improve-
ment is reflected in less interarray vari-
ability and in fewer genes that do not
meet spot filtering criteria. This effect
may be because of the improved quality
of the RNA, which is transcribed in vit-
ro under optimal conditions and is not
subject to the effects of RNases and
other factors present in cells and tissue
specimens. Finally, we show not only
that these findings are supported by the
real-time quantitative PCR of total
RNA but also that real-time quantita-
tive PCR can be used with amplified
RNA as a downstream validation tech-
nique. These findings suggest that up to
two rounds of amplification can be
used reliably when small initial
amounts of total RNA are available.
Furthermore, we advocate the general
use of a single round of amplification
before microarray analysis for all RNA
specimens to allow the performance of
multiple arrays without concerns about
RNA quantity and to improve data
quality and detection of differentially
expressed genes.
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