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Often microarray studies require a reference to indirectly compare the samples under observation. References based on pooled RNA
from different cell lines have already been described (here referred to as RNA-R), but they usually do not exhaustively represent the
set of genes printed on a chip, thus requiring many adjustments during the analyses. A reference could also be generated in vitro
transcribing the collection of cDNA clones printed on the microarray in use (here referred to as T3-R). Here we describe an alter-
native and simpler PCR-based methodology to construct a similar reference (Chip-R), and we extensively test and compare it to
both RNA-R and T3-R. The use of both Chip-R and T3-R dramatically increases the number of signals on the slides and gives more
reproducible results than RNA-R. Each reference preparation is also evaluated in a simple microarray experiment comparing two
different RNA populations. Our results show that the introduction of a reference always interferes with the analysis. Indeed, the di-
rect comparison is able to identify more up- or down-regulated genes than any reference-mediated analysis. However, if a reference

has to be used, Chip-R and T3-R are able to guarantee more reliable results than RNA-R.

INTRODUCTION

The introduction of microarray
technology has allowed investigators
to analyze and compare the expression
of thousands of genes simultaneously.
A simple experiment design requires
only two samples: a query RNA and its
control. Spotted arrays allow the use of
two different fluorochromes at the same
time, so that both the sample and con-
trol can be hybridized and compared on
the same slide (1). The simultaneous
use of two dyes allows reduction of ar-
tifacts due to uneven hybridization, lo-
cal background differences, and slide-
to-slide variations (2—4). On the other
hand, not all gene expression studies
allow a direct comparison among sam-
ples (e.g., lack of control RNA, large
number of samples), and the introduc-
tion of a common reference is required
(5,6). The introduction of a reference
in the experiment design allows inves-
tigators to compare a large number of
samples. Furthermore, it can be used as
an internal standard for quality control
purposes.

A reference can be created by pool-
ing RNA from the different samples in

analysis, or it can be unrelated to them
(e.g., commercial RNA from a combi-
nation of different cell lines) (5,7-11).
Whichever choice is made, a reference
should represent as many genes printed
on the slide as possible. This is crucial
because signals not significantly differ-
ent from the background, even if only
in one of the two channels, are com-
monly filtered out from the data set.
Low or no signal spots, even if quanti-
fied, are associated with a high grade
of variability (12), which negatively
affects the quality of the normalization
process and data analysis (7). Some
analysis protocols compute adjustments
in the determination of the dyes ratio if
a gene is not detected in the reference
but detected in the sample of interest by
substituting the reference intensity with
a function of the threshold level on
which the filtering step is based (13). A
reference able to represent the majority
of genes printed on the slide would re-
duce the number of adjustments, along
with the associated error.

Since RNA-based references depend
on gene expression, they can hardly be
representative of all genes printed on a
microarray. To overcome this problem,

Kim et al. (7) tried to generate a ge-
nomic DNA-based reference in order to
represent the entire genome. However,
the same authors demonstrated that a
reference obtained by pooling different
RNA preparations has still more advan-
tages than the genomic one. A third ap-
proach is to generate a reference based
on the collection of clones printed on
the chip. The only protocol in literature
to prepare such a reference (referred to
here as T3-R) has been described by
Sterrenburg et al. (14).

Here we provide a faster, easier,
and cheaper PCR-based method for
the preparation of a reference based on
the cDNA clones printed on the chip
(Chip-R). We also extensively tested
and compared Chip-R to a commer-
cially available RNA reference (RNA-
R) and to T3-R by analyzing: (i) the
number of spots detected by self ver-
sus self-hybridizations and (ii) the
reproducibility of the hybridizations
across replicates. Finally, in order to
evaluate the impact of the introduc-
tion of a reference on gene expression
analyses, we compared two RNA sam-
ples directly on and through different
references.
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MATERIALS AND METHODS

Array Fabrication

A microarray was constructed from
5376 human cDNA clones (Research
Genetics, Huntsville, AL, USA). The
complete list of genes with accession
numbers is published at http://www.
gmu.edu/centers/genomics/research/
keys.html. cDNA inserts were ampli-
fied directly from clones in culture us-
ing GF200F (5-CTGCAAGGCGAT-
TAAGTTGGGTAAC-3") and GF200R
(5-GTGAGCGGATAACAATTTCA-
CACAGGAAACAGC-3’) plasmid uni-
versal primers. Amplification products
were purified using Multiscreen® PCR
plates (Millipore, Billerica, MA, USA),
dried, and resuspended in 30 uL of 3%
standard saline citrate (SSC). The col-
lection of amplified cDNAs was print-
ed on poly-L-lysine-coated slides in a
single replicate using GeneMachines™
Model OGR-03 OmniGrid Microar-
rayer (Genomic Solutions, Ann Arbor,
MI, USA) with SMP3 pins (TeleChem
International, Sunnyvale, CA, USA).
Negative controls consisting of no-tem-
plate PCR amplifications (n = 67) were
also printed on the microarray.

Agarose Gel Analysis and POPO-3
Staining

Aliquots of all PCR amplifica-
tions were analyzed by agarose gel
electrophoresis in order to monitor
the yield and specificity of the reac-
tions. POPO™-3 (Molecular Probes,
Eugene, OR, USA) DNA staining was
also performed in triplicate to monitor
the number of spots actually containing
PCR products. Briefly, each slide was
incubated at room temperature for 4
min in a 10,000-fold diluted stain solu-
tion. The microarray was then washed
twice with 1x Tris-EDTA (TE) (for
1 and 3 min, respectively). The slides
were centrifuged dry at 85X g for 3 min
at room temperature and scanned in the
Cy™S3 channel using ScanArray® Ex-
press HT (PerkinElmer Life and Ana-
lytical Sciences, Boston, MA, USA).
The intensity of a spot was considered
significant when higher than the medi-
an local background plus two standard
deviations calculated in each subarray.
A total of 162 clones (3% of the total)
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failed either the amplification or print-
ing procedure and were subtracted from
the analysis.

Chip-R and T3-R Preparation

All clones selected for the custom
microarray were pooled and replicated
in a single 96-well plate containing 200
uL/well of LB broth in the presence
of a selective antibiotic. After over-
night growth, 50 uL from each well
were harvested and pooled. Plasmids
were extracted from the pool using the
QIAprep® Spin Miniprep kit (Qiagen,
Valencia, CA, USA), and inserts were
amplified with GF200F and GF200R
universal primers. To generate Chip-
R, PCR was performed in the presence
of a mixture of dNTPs containing 25
mM dATP, dCTP, and dGTP, 15 mM
dTTP (Fisher Scientific International,
Hampton, NH, USA), and 10 mM
aminoallyl-dUTP (aa-dUTP; Sigma,
St. Louis, MO, USA) for successive la-
beling. An aliquot of the reaction was
monitored on agarose gel. The reaction
mixture was cleaned using QIAquick®
PCR Purification kit (Qiagen) before
the final coupling reaction with Cy
dyes (Amersham Biosciences, Piscat-
away, NJ, USA).

To generate a single specific probe,
PCR was performed on one clone us-
ing the same conditions used for Chip-
R. Half of the reaction mixture was
digested at both ends with EcoRI and
Notl. Before the labeling reaction, the
probe was purified from agarose gel.

To generate T3-R, the pool of PCR
products was transcribed in vitro using
the MAXIscript® T3 Kit (Ambion, Aus-
tin, TX, USA) according to the manu-
facturer’s recommendations. Because
our library is composed of different
cloning vectors, we took into account
that 1.5% of the clones did not contain
the T3 promoter sequence, and we ex-
cluded those clones from the analysis.
After DNase treatment, the RNA was
cleaned using Microcon® YM-30 Cen-
trifugal Filter Devices (Millipore) and
then reverse-transcribed in the presence
of aa-dUTP.

RNA-R Preparation

We used the commercially avail-
able pool of total RNA from 10 differ-

ent human cell lines (Universal Human
Reference RNA; Stratagene, La Jolla,
CA, USA) for the RNA-based refer-
ence. RNA was then amplified using
the MessageAmp™ aRNA Kit (Am-
bion) according to the manufacturer’s
recommendations. The aRNA quality
was also monitored by electrophoresis
on agarose gels, and the average size
was evaluated with the Agilent 2100
Bioanalyzer (Agilent Technologies,
Palo Alto, CA, USA).

Sample Preparation

An aliquot of 1.5 ug of total RNA
extracted from the T24 cell line was
first DNase treated (DNA-free™; Am-
bion), then amplified using the Mes-
sageAmp aRNA Kit. The amplified
RNA (aRNA) was quantified, and its
quality was monitored by agarose gel
analysis and the Agilent 2100 Bioana-
lyzer.

Sample Labeling

An aliquot of 4 pug aRNA from both
the reference RNA-R and T24 cell line
was reverse-transcribed and labeled ac-
cording to The Institute for Genomic
Research (TIGR) protocol (http://www.
tigr.org/tdb/microarray/protocolsTIGR.
shtml). Briefly, aBRNA was heated at 70°C
for 10 min in a total volume of 18.5 uL in
the presence of 6 g of random hexamer
primers (Invitrogen, Carlsbad, CA, USA).
The reaction was cooled on ice for 1 min,
and then 6 UL 5x first strand buffer (Invi-
trogen), 3 UL 0.1 M dithiothreitol (DTT),
0.6 pL 50x dNTPs mixture containing
aa-dUTP, and 400 U SuperScript™ II
reverse transcriptase (Invitrogen) were
added to the reaction. The mixture was
incubated at 42°C overnight. After RNA
hydrolysis, the cDNA was purified us-
ing Microcon YM-30 Centrifugal Filter
Devices according to the manufacturer’s
instructions. Aminoallyl-labeled samples
from cell lines, RNA-R, Chip-R, and T3-
R were coupled with the Cy dye esters
according to TIGR’s protocol.

Prehybridization

Spotted cDNA microarrays were first
rehydrated in a humidity chamber, dena-
tured at 95°C for 4 s, and then cDNA was
cross-linked by UV to the slide surface.
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Slides were incubated at 45°C for 45 min
in prehybridization buffer containing
5% SSC, 0.1% sodium dodecyl sulfate
(SDS), and 1% bovine serum albumin
(BSA; Sigma). After a wash in Milli-Q®
water (Millipore), the slides were dipped
in isopropanol and air-dried.

Hybridization

The labeled probes were vacuum-
dried and resuspended in the hybridiza-
tion buffer (25% formamide, 5x SSC,
0.1% SDS). Samples were denatured at
95°C for 3 min and applied to a prehy-
bridized microarray slide. The microar-
ray slide was incubated at 45°C over-
night in a sealed hybridization chamber
(CMT™ hybridization chamber; Corn-
ing, Corning, NY, USA). Slides were
washed twice in 1x SSC, 0.2% SDS
(10 min at 45°C), twice in 0.1x SSC,
0.1% SDS (10 min at 45°C), twice in
0.1x SSC (10 min at 45°C), rinsed in
Milli-Q water, and dried by brief cen-
trifugation.

Image Acquisition and Image
Processing

All hybridized slides were scanned
by confocal laser scanner ScanArray
Express HT at 75% of photomultiplier
tube (PMT), 75% laser power (LP),
and 10 pm of pixel resolution. Images
were acquired by ScanArray Express
2.0 software (GSI Lumonics, Billerica,
MA, USA) and processed with Quant-
Array® 3.0 software (PerkinElmer
Life and Analytical Sciences) in order
to measure the intensity and the lo-
cal background for both Cy3 and Cy5
channels of each spot.

Data Analysis

Local background value, as pro-
vided by QuantArray software, was
subtracted from the intensity level of
each gene in each channel. A filtering
step was performed in each channel
separately, using thresholds equal to
Unc + 10yc (With Py and Oy denot-
ing the mean and standard deviation of
the background-corrected intensity lev-
els of the negative controls printed on
the slide). Genes that passed the filter-
ing step in both channels were selected
for further analyses and normalization.
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When genes passed the filtering step in
only one channel, we substituted the
intensity of the filtered channel with
the value of [y for that channel as de-
scribed in Epstein et al. (13). Genes that
did not pass the threshold in both chan-
nels (undetected genes) were excluded
from further analyses. The Cy5/Cy3 ra-
tio was then normalized by its median.
For indirect comparison of the T24
control (C) and T24 treated (T) sam-
ples through the use of references, we
calculated the ratio for each gene as
described in Kim et al. (7). Briefly, the
ratio for each gene was calculated after
per-chip normalization as follows:

T/C= (T/Rl)slidel X (Rz/C)slideZ

where R! and R? are the intensity val-
ues for the reference in the two slides.

Statistical Analyses

Statistical tests and graphs were
generated using Prism version 3.03
software (GraphPad Sofware, San Di-
ego, CA, USA).

Real-Time Reverse Transcription
PCR

Reverse transcription reactions were
performed using 2 pg DNase-treated to-
tal RNA (DNA-free) from both T24 (C)
and T24 (T). Reactions were heated at
70°C for 5 min in a total volume of 12.5
UL in the presence of 100 ng of random
hexamers and then cooled at room
temperature for 1 min. After a 30-s
centrifugation at 10,000x g, 4 uL 5%
first strand buffer, 2 uL. 0.1 M DTT, 0.5
UL 25 mM dNTPs mixture, and 200 U
of SuperScript II reverse transcriptase
were added to the reaction. The mix-
ture was then incubated at 42°C for 2
h. The resulting cDNA was stored fro-
zen (-80°C) until assayed by real-time
PCR. Real-time PCR mixtures con-
tained 1 pUL of the reverse transcribed
sample, 200 nM of each forward and
reverse primers, and 1x iQ™ SYBR®
Green Supermix (Bio-Rad Laborato-
ries, Hercules, CA, USA). Reactions
were carried out in a total volume of
15 pL and were performed in a 96-well
format in the iCycler™ iQ Real-Time
Detection System (Bio-Rad Laborato-
ries). Amplification of 18S rRNA was
performed in parallel with the genes of

interest as an internal standard (15). For
both the gene of interest and 18S, two
independent PCR were performed from
the same reverse transcribed sample.

RESULTS

Chip-R and T3-R Preparation

All 5376 human cDNA clones
printed on the chip were inoculated
and pooled in a single 96-well plate
as shown in Figure 1. After overnight
growth, all 96 wells were pooled, and
a single plasmid DNA extraction was
performed. For the production of Chip-
R, the pool of plasmids was used as
template for PCR using the GF200F
and GF200R library universal prim-
ers in presence of aa-dNTPs. The re-
sulting products were labeled with Cy
dyes. For the production of T3-R, as
described in Sterrenburg et al. (14), the
pool of PCR product was transcribed
in vitro into RNA using T3 RNA poly-
merase. After DNase treatment, the
sample was cleaned up and reverse-
transcribed in the presence of aa-dUTP
for the labeling (Figure 1). Part of the
original cDNA clones (1.5%) could not
be transcribed in vitro because the vec-
tor lacked the T3 promoter sequence.
These clones have been excluded from
further analyses.

Chip-R, T3-R, and RNA-R Spot
Detection and Self versus Self Test

To evaluate the ability of each ref-
erence to represent the set of printed
genes and to investigate the reproduc-
ibility of the hybridizations, we per-
formed three independent labeling
reactions for each dye, followed by a
self versus self test. Figure 2 shows the
number of spots detected in each chan-
nel using 4 ug of each reference prepa-
ration. No statistical differences were
exhibited between Chip-R and T3-R.
In fact, out of 5214 cDNA spots ana-
lyzed, Chip-R and T3-R were able to
hybridize an average of 97% of the to-
tal number of spots, while RNA-R was
only able to hybridize 52%. In order to
evaluate the level of sensitivity, differ-
ent starting amounts of Chip-R have
been used, and comparable results have
been obtained using 4, 2, 1, or 0.5 pg of
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Table 1. Self versus Self Hybridizations of Chip-R,

T3-R, and RNA-R References

PCR product (data not shown).
In the self versus self test,

Distribution’s Standard Deviation

each gene is expected to have a

Chip-R T3-R
Slide 1 0.24 0.20
Slide 2 0.20 0.18
Slide 3 0.20 0.20
Triplicates 0.19 0.17

licates.

RNA-R normalized Cy5/Cy3 ratio equal
0.07 or close to one. Table 1 sum-
0.28 marizes the standard deviation

: of the different distributions.
0.29 Again, we obtained comparable
0.25 results between Chip-R and T3-

Standard deviations of normalized ratios distributions.
Results from a single slide experiment and from the trip-

R, which exhibited a narrower
distribution in respect to RNA-
R with a lower number of genes

in the tails of the distribution (0.02,
0.06, and 0.4% of the detected genes
had a ratio greater than 2 or lower than
0.5 for Chip-R, T3-R, and RNA-R, re-
spectively). Moreover, the percentage
relative error of the normalized intensi-
ty of each detected spot across the trip-
licates was measured for each reference
in each channel separately. T3-R and
Chip-R exhibited similar distributions,
while RNA-R showed higher variabil-
ity (Figure 3).
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Figure 1. Production scheme of clone-based references. (A) Basic scheme of cDNA microarray manufacturing: cDNA inserts are amplified by PCR, cleaned
up, and printed on slides. (B) Parallel reference production: T3-R and Chip-R. aa-dUTP, aminoallyl-dUTP.
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Single-Probe Preparation and
Cross-Hybridization

One potential disadvantage of using
Chip-R and T3-R is that both the refer-
ence and the cDNA spotted contain part
of the vector’s polylinker, and this might
lead to cross-hybridization. In order to
determine the impact of this phenom-
enon, we performed three hybridization
experiments using a single gene probe
amplified and labeled using the same
protocol as described for Chip-R. This
specific probe contained 270 bp belong-
ing to the vector. As a result, nonspecific
spots were detected on each slide (1 *
1% of the total), but only the specific
clone was simultaneously identified in
all three replicates. To better determine
the influence of the polylinker nucleo-
tides, the specific probe was digested at
both ends in order to remove the plasmid
sequence before hybridization. Similar
results were obtained. Only the cor-
rect spot was detected simultaneously
in three replicates, and Student’s #-test
analysis showed no significant differ-
ence in the number of spots detected on
each slide (0.9 + 0.3% for the fragment
only) or in the average intensity of those
spots (P < 0.05).

References Evaluation and Real-
Time Reverse Transcription PCR
Validation

The objective of our study was to
evaluate how the introduction of a ref-
erence in a microarray gene expression
analysis may affect the final outcome
and determine which reference guar-
antees results closer to a direct com-
parison. T24 cells were treated with an
anti-tumorigenic compound for 24 h
(T) and compared to untreated cells (C).
Total RNA was extracted from T and C
samples, labeled, and directly compared
by co-hybridization in triplicate. A list
of genes up- and down-regulated by the
treatment was generated (more than 2.5-
fold, P < 0.05). In parallel, both T and C
samples were co-hybridized with Chip-
R, T3-R, and RNA-R. Each experiment
was performed three independent times
in order to reduce the variations due to
experimental artifacts. Indirect compari-
son of T and C through the use of each
reference was performed as described by
Kim et al. (7), and lists of up- and down-
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Table 2. Real-Time PCR Confirmations for Three Genes Present in More than

One Microarray Generated List

Microarray Analysis

N.S., not significant.

Direct Using Using Using
Comparison Chip-R T3-R RNA-R Real-Time PCR
Gene 1 0.17 0.27 0.33 0.39 0.09
Gene 2 0.27 0.40 0.37 0.31 0.41
Gene 3 41 N.S. N.S. 4.6 125

T24 cells (T) to untreated cells (C) ratio calculated using microarray or real-time data.

regulated genes for each reference were
generated. The resulting lists were then
compared (Figure 4).

Real-time PCR validation has been
performed on three randomly selected
genes present in more than one list.
Table 2 reports the T/C ratio resulting
from the different approaches. In order
to identify potential false positives, we
focused on genes present only in one
of the lists. In the direct comparison,
only 3 out of 16 genes were not in com-
mon with any other list, and only one

was identified by real-time analysis as
being a false positive. Five genes were
tested from each list obtained using
Chip-R, T3-R, and RNA-R. All were
pinpointed as false positives in both
Chip-R and RNA-R, while only two
were false positives in the T3-R experi-
ment (Figure 4).

Double Strand (Chip-R) and Single
Strand (T3-R) References

We further investigated if the intro-
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Figure 2. Percentage of detectable genes for each reference. Average of genes detected after three self
versus self tests for Chip-R, T3-R, and RNA-R. One-way analysis of variance (ANOVA) with Bonferroni
correction was performed to compare the three groups. Error bars represent standard deviations. A total
of 5214 genes were analyzed on each microarray. **, P < 0.01 versus Chip-R; °°, P <0.01 versus T3-R.

Ch-1
650
600+
w
@
g 400+
-
o
-]
2 2004
0 : ; T
0 10 20 30
Relative Percentage Error

No. of Genes

Ch-2

650+
600+

4004

2004

o T T
0 10 20 30

Relative Percentage Error

Figure 3. Evaluation of reference variability. Frequency distributions of the percentage relative error
across triplicates for the different references in each channel.
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duction of a double strand DNA refer-
ence, such as Chip-R, might affect gene
expression analysis. In this study, the
T24 C sample was hybridized on the
cDNA chip with either the T24 T sam-
ple, RNA-R, single-stranded T3-R, or
with the double-stranded Chip-R. We
investigated if T24 control-normalized
intensities were affected by the differ-
ent nature of the references used. After
performing per channel median inten-
sity normalization, we calculated the
average intensity and standard devia-
tion of the T24 C sample in each gene
across replicates for each set of hybrid-
izations. A Student’s t-test was per-
formed to evaluate if the T24 control
sample values obtained after hybrid-
ization with Chip-R differed from the
values obtained after hybridizing with
T24 treated samples. Only 0.6% of the
genes were significantly different (P <
0.01). The same results were obtained
after hybridization with T3-R (0.6% P
<0.01), while a slight increase of varia-
tion was shown after hybridization with
RNA-R (1.2% P < 0.01). These obser-
vations suggest that the use of a double
strand reference does not introduce ad-
ditional variation to the analysis.

DISCUSSION

Two-color microarray technol-
ogy allows for direct comparison of a
sample to its control on the same slide.
However, some experimental designs
lack sufficient amounts of control RNA
to hybridize all samples. In these cir-
cumstances, it is possible to compare
all samples through a common refer-
ence.

Several approaches to generate a
reference have been described. Efforts
have been made to synthesize a univer-
sal genomic reference with the aim to
represent all genes printed on the chip
independently by their expression level
(7). Other approaches are RNA-based,
and the reference can be either a pool
of RNAs from different samples or a
commercial RNA preparation (e.g., the
RNA-R in this study) (5,7-11). An al-
ternative strategy is to generate a refer-
ence based on the clones spotted on the
array (14).

Here we developed a new method
to generate a reference (Chip-R) spe-
cifically designed on our custom cDNA
microarray. Even if library-based, we
believe that both T3-R and Chip-R

can be potentially utilized for oligo-
nucleotide arrays. The preparation of
Chip-R can be performed during mi-
croarray manufacturing, and because
this procedure is PCR-based, it allows
the production of large amounts of ref-
erence with little expense. Once the
clones have been pooled, it is possible
to scale-up the production of Chip-R
by performing PCR in 96-well plates
and using purification columns for
large volumes. With this strategy, it is
possible to obtain enough material for
hundreds of hybridizations. Compared
to the T3-R method, Chip-R does not
require additional primer design, in
vitro RNA transcription, DNase treat-
ment, and reverse transcription steps
before the labeling reaction (14).

The main difference between the
two preparations is that T3-R results in
a single strand reference, while Chip-R
is a double strand. The major concern
in designing Chip-R was that the two
strands of DNA from the reference
could potentially hybridize not only
to the spot, but also reanneal to them-
selves or hybridize to the query, thereby
sequestering the sample. Our data how-
ever, showed no differences in the final

Using
Chip-R

Direct comparison

Direct comparison list
treated vs. control
Indirect comparison list
\ ANA-R f /&9& using RNA-R
\ \ " /
Indirect comparison list
\I Chlp R ) using Chip-R
[Indirect comparison list
A using T3-R
B
~,
Using Using Using
RNA-R T3-R T3-R
N
C Direct comparison D

Direct comparison

Figure 4. Hybridizations scheme and comparison among lists. (A) Representation lists generation for the direct and indirect comparison of two biological
samples. (B—D) Comparison among lists of up- or down-regulated genes obtained by the direct comparison of two RNA populations and by their indirect com-
parison through different references. Red, genes identified as false positives by real-time PCR.
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results obtained using either T3-R or
Chip-R. A possible explanation is that
the amount of double-stranded DNA
spotted on the slide is extremely in ex-
cess, and the kinetics of the reaction
favors the binding of the Chip-R to the
spot rather than to the sample probe.

The use of either Chip-R or T3-R
significantly increased the number of
genes detected on the slides when com-
pared to RNA-R. This is important be-
cause signals not significantly different
from the background are commonly fil-
tered out from the data set or are asso-
ciated with high variability (12). An in-
crease in the number of detected genes
in the reference permits a better quan-
tification because less computational
adjustments are needed in the analysis
protocol to determine the sample to ref-
erence ratio (13).

The self versus self test showed that
Chip-R and T3-R had a lower percent-
age of genes in the tail of the distribu-
tion (ratio > 2 or < 0.5) than RNA-R.
Chip-R and T3-R also exhibited less
variability across replicates than RNA-
R. This is an essential characteristic for
a reference, because the indirect com-
parison of samples through it assumes
that its values are constant across slides.
The advantage of Chip-R and T3-R
references is to provide only specific
probes corresponding to the sequenc-
es printed on the chip. Furthermore,
the advantage of Chip-R is to provide
probes with the same exact length of
the DNA spotted on the chip, poten-
tially increasing the specificity of the
annealing and reducing cross-hybrid-
ization signals. In fact, the previously
reported T3-R reference preparation
was performed reverse transcribing the
RNA using random primers, with con-
sequent reduction of the average size of
the molecules (14). We also show that
the presence of plasmid sequences in
the reference does not lead to signifi-
cant cross-hybridization.

Finally, we evaluated how the in-
troduction of a reference affects gene
expression analysis between different
RNA populations and which refer-
ence showed results closer to the direct
comparison. Our results showed that,
in respect to the direct comparison,
the introduction of a reference always
decreases the number of identified up-
and down-regulated genes. If possible,
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a direct comparison is always the best
experiment design. In fact, it is able
not only to identify more misregulated
genes but also generates a lower num-
ber of false positives. When a reference
was introduced, T3-R and Chip-R were
able to identify more genes than RNA-
R, with a lower percentage of false
positives. In respect to T3-R, Chip-R
was able to identify a comparable num-
ber of genes, but presented a higher
percentage of false positives (33% for
Chip-R and 21% for T3-R).

All of our data suggest that a refer-
ence specifically designed on the cDNA
microarray in use is the better choice
when the experiment design does not
allow a direct comparison between all
samples. Moreover, Chip-R is quick,
inexpensive to prepare, and guarantees
results comparable to the only other
clone-based reference available.
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