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Comparison between SAGE and cDNA Microarray for Quantitative
Accuracy in Transcript Profiling Analyses
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Array-based hybridization and the serial analysis of gene expression (SAGE) are the most common approaches for high-
throughput transcript analysis. Each has advantages and disadvantages. The ¢cDNA array allows rapid screening of a large
number of samples but cannot detect unknown genes. In contrast, SAGE can detect those unknown genes or transcripts but is
restricted to fewer samples. Combining these two methods could provide better high-throughput analysis that allows rapid
screening of both previously known and unknown genes. For this, we have generated two c¢DNA microarrays (from human
and plant systems) based on SAGE data. The results from both of these were analyzed for their correlation and accuracy. One
specialized ¢cDNA microarray, putatively named Gastricchip, was constructed with 1744 probes, including 858 ¢DNA frag-
ments based on SAGE data from gastric-cancer tissues. The other microarray, putatively named Coldstresschip, was con-
structed with 1482 probes, including 1209 c¢DNA fragments based on SAGE data from cold-stressed Arabidopsis. The
hybridizations for these microarrays with relatively small sized and mostly low-level expressed gene probes were evaluated
by four different labeling methods. Using primarily for these customized microarrays, the Genisphere 3DNA SubmicroEX pro-
tocol, an indirect labeling technique, produced the lowest background but the highest signal recovery, with a 1.4 /B cut-off
and high reproducibility (R=0.89-0.95). These ¢DNA micvoarray data were closely correlated with the SAGE data (R==0.47-
0.56), especially for genes with higher expression levels (R=0.66-0.70), demonstrating that results from SAGE and a ¢DNA
microarray are comparable and that combinatorial approach provides more efficient and accurate gene-expression patterns.

In particulas, identity of the genes on both sets of data is assured and hybridization for ¢cDNA microarray is efficient.
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Although many techniques can be used for high-through-
put transcript analysis, the most common are array-based
hybridization and SAGE. DNA microarray technologies
(cDNA- or oligonuclectide-based) permit the systematic evalua-
tion of quantitative transcription profiles. The microarray is
an excellent method for rapidly screening large numbers of
samples and genes. However, although such technology
allows for extensive analysis of expression patterns for many
genes, it can examine only the sequences that have already
been identified. In contrast, SAGE does not require prior
knowledge, and represents an unbiased, comprehensive
representation of those transcripts (Velculescu et al., 1995;
Zhang et al., 1997). Furthermore, SAGE can quantitatively
identify low-abundance transcripts and detect relatively
small differences in their expression. SAGE, however, is
capable of analyzing just a limited number of expression
profiles at one time due to the technical difficulties and the
requirement for sufficient RNA samples.

One approach to circumventing their disadvantages is to
combine these two techniques. First, SAGE is used to iden-
tify unbiased sequences implicated in a certain process, and
then microarrays are implemented to rapidly verify these
expression patterns in a large number of samples. This com-
binatorial method has been applied to obtaining the expres-
sion profiles for human cancers. For example, Nacht et al.
(1999) have reported that a subset of the differentially
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expressed genes identified by SAGE can then be spotted on
an array and screened with breast tumors and normal breast
epithelial cells. Other research has focused on using the
‘Colonchip’ for colorectal carcinoma (Takemasa et al., 2001)
and the “Ovachip” for epithelial ovarian cancer (Sawiris et
al., 2002). These specialized cDNA microarrays were con-
structed and utilized by selecting genes that are not redun-
dant but are preferentially expressed in specific situations. In
fact, one advantage of preparing such specialized arrays is
that they do not include irrelevant genes that could contrib-
ute as noise during the data analysis.

Because of its high-throughput nature, cDNA microarray
technology is vulnerable to systematic variations introduced
during experimental procedures (Kerr et al., 2000; Finkel-
stein et al., 2002). Although a number of statistical algo-
rithms have been developed to normalize microarray data
and to control experimental variations (Tseng et al., 2001),
high-quality input images are still the prerequisite for obtain-
ing significant new output. This requires reproducible pro-
cesses, e.g., labeling of cDNA targets, hybridization, and
washing of slides, to retain consistently high intensity over
low-background images. Among them, the labeling method
is a significant factor. Several protocols, including direct and
indirect labeling of cDNA targets, have been utilized (Hegde
et al., 2000). The target cDNA labeling method preferen-
tially used is a direct process that incorporates fluorescence-
modified nucleotides during target cDNA synthesis. This
method, however, requires large amounts of starting RNA,
up to 100 pg, which makes it suitable only when the quan-
tity of starting material is not limited.
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In this study, we prepared two specialized microarrays
based on SAGE information, one for human gastric cancer
and the other for cold-stressed Arabidopsis. Our objective
was to quantitatively compare the accuracy of transcript
profiling obtained from cDNA microarray with that gained
via SAGE. In addition, we wanted to solve potential prob-
lems associated with falsely matching gene 1Ds in SACE to
the ones in microarrays when constructs are built indepen-
dently. To remedy this, we created a cDNA microarray with
probes prepared by the GLGH method (i.e., Generation of
Longer cDNA fragments from SAGE tags for Gene Identifica-
tion).

MATERIALS AND METHODS

Preparation of cDNA Probes for Human Gastric Cancer
Research

Four separate sources were used to prepare the cDNA
fragments for the Castricchip (for gastric cancer in humans).
The first one was 152 GLGI clones from SAGE tags previ-
ously obtained in this laboratory (Lee et al., 2003), for which
PCR was performed with a pair of primers: 5-GCCAG-
GCGTTTTCCCAGTCACGA-3" and 5-ACAGGAAACAGCTAT-
GACCATG-3". The reaction contained 5 ul 10X PCR buffer,
0.2 mM of each dNTP 5 pmole of each primer, and T unit
of Tag DNA polymerase (Bio-Line) in a 50 ul reaction vol-
ume. Conditions included an initial 94°C for 2 min; fol-
lowed by 30 cycles of 94°C for 30 s, 55°C for 30 s, and
72°C for T min; then a final extension at 72°C for 5 min.
The second experimental source was 708 GLGI products
prepared directly, without the cloning step. When multiple
GLGI PCR products were generated from a SAGE tag, each
DNA band separated on the agarose gel was picked and re-
amplified by second-round PCR, which entailed the same
conditions as in the first round. When the PCR products
were too small (<100 bp), longer PCR fragments, i.e., with
additional ~200-bp-long stuffer DNA fragments were gen-
erated by ligation PCR with three primers. The third source
was 15 Korean Unigene clones. For the fourth source, the
following DNAs were used as controls: a pZErO-2 (Invitro-
gen, USA) plasmid to assess non-specific hybridization to
the cloning vector; 9 Arabidopsis cDNAs to monitor non-
specific background hybridizations; 8 housekeeping genes,
and 7 known gastric cancer-related genes.

Preparation of cDNA Probes for Arabidopsis Cold-Stress
Research

The cDNA probes used in preparing the Coldstresschip
for Arabidopsis were genes selected from two SAGE data
sets developed in this laboratory (Jung et al., 2003; Lee and
Lee, 2003). The first set included 1089 genes that were up-
regulated or down-regulated by at least 6-fold, as well as
120 genes that were differentially expressed at slightly <6-
fold but with p <0.01. Secondly, 88 induced genes from
cold-treated leaves identified by SSH were also included.
Thirdly, 20 known cold-induced genes, 18 cold-related tran-
scription factor, and 107 pathogen-related genes were
added. Finally, the following DNAs served as controls: the

pZero-2 plasmid to assess non-specific hybridization to the
cloning vector; 255 rDNA, 18S rDNA, and 7 housekeeping
genes as internal quantification standards; 10 human cDNAs
to monitor non-specific background hybridizations; and an
18-microarray control set assembled to provide access to a
uniform set of clones for use in our plant-DNA microarray
experiments. To prepare the cDNA fragments, four different
sources were used. First, the inserts in 170 GLG! clones and
88 SSH clones were amplified by PCR as described above.
Second, 1011 GLCI products were used directly, without
the cloning step. When multiple GLGI products were gener-
ated from a SAGE tag, a fraction of the DNA fragments on
the specific bands that had separated on the agarose gel
were picked and used as template in second-round PCR.
Conditions and primers were the same for each round.
When the PCR products were too small (<100 bp), new
upstream, gene-specific primers were designed by searching
the sequence information that matched the corresponding
SACE tag, and were then used for amplification of the larger
products. Third, we PCR-amplified 28 clones (their selection
based on our SAGE tag information) plus 107 known patho-
gen-related genes purchased from the Arabidopsis EST col-
lection (ABRC at Ohio State University), and a 20-
microarray control-gene set bought from The European Ara-
bidopsis Stock Centre (NASC) at the University of Notting-
ham. For the fourth source, we obtained 20 well-known
cold-induced genes and 18 cold-related transcription factor
genes by PCR, with cDNA as template.

Fabrication of cDNA Microarrays

All the amplified DNA fragments were purified using
Sephadex, according to the NSF protocol (http://soybeange-
nomics.cropsci.uiuc.edu/protocols/). These were analyzed
before arraying for quality control on an agarose gel. DNA
microarrays were printed by GenomicTree (Korea). Briefly,
the arrays were produced using an OmniGrid™ Microar-
rayer (GeneMachines, USA) with stealth pins (TeleChem,
USA) that withdraw a volume of about 250 nL and deposit a
spot volume of about T nL, with a diameter of approxi-
mately 130 um. Printing was done with a silanized glass
slide (CMT-GAPS™  USA). Each slide was crosslinked via
300 mJ of shortwave UV irradiation (Stratalinker; Stratagene,
USA) and stored in a desiccator.

RNA isclation

Total RNA from human gastric tissue was prepared using
Tri-reagent according to the manufacturer's instructions. For
Arabidopsis, frozen leaf samples were homogenized in the
presence of liquid nitrogen. Total RNA was isolated using
the RNeasy Plant Mini Kit (Qiagen, Germany), following the
manufacturer's protocol.

Direct Probe Labeling and Microarray Hybridization

Total RNA was labeled by direct incorporation of Cy3- or
Cy5-conjugated deoxy UTP (Perkin Elmer Life Sciences)
during cDNA synthesis. The overall hybridization was per-
formed according to the lab protocol of Brown (http://
cmgm.stanford.edu/pbrown). Briefly, 100 pg each of total
RNA from normal and cancerous gastric tissues was mixed
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with 4 pg oligo-dT primers (5"-TTTTTTTTITTTTTTTTITTT(A/
C/GAC/G/T)-37) in 15.4 ulL of water, then denatured at
65°C for 10 min. To this, the remaining components were
added to obtain the following reaction mixture, in a total
volume of 30 pL: 1X Superscript Il reverse transcriptase
buffer (Life Technologies, UK); 0.01 M DTT; 0.5 mM each of
dATP, dCTP, and dGTP; 0.2 mM dTTT; 3 nmol of either Cy3-
dUTP or Cy5-dUTP; and 2 L of Superscript Il reverse tran-
scriptase. After incubation at 42°C for 2 h, the unincorpo-
rated nucleotides were removed using QlAquick columns
(Qiagen), and the reaction products from two samples (one
with Cy3-labeling, the other with Cy5-labeling) were com-
bined. Afterward, 20 uL of 1 pg puL™" human Cot-1 DNA
(Life Technologies), 2 uL of 10 pug ul ™" poly A* RNA (Sigma),
and 2 pl of 10 pg ul™" yeast tRNA (Life Technologies) were
added, and the samples were placed in a Microcon-30 filter
(Millipore, USA). Following centrifugation at 14000g for 12
min, the labeled cDNAs were collected by placing the sam-
ple reservoir upside down in a new collection tube and
spinning it for 30 s. Afterward, 10 pl of 20X SSC, 20 ul of
formamide, and 2 uL of 2% SSC were added to the 8 pl of
labeled cDNAs. The samples were denatured by placing
them in a 100°C water bath for 3 min, then centrifuged at
14000g for 2 min, and hybridized in the GT-Hyb-chamber
[I™ (GenomicTree, Korea). After the hybridization chamber
was submerged in a 42°C water bath for 16 h, the slides
were submersed in a pre-warmed (42°C) washing solution
(1X SSC, 0.2% SDS) that was stirred gently for 4 min. The
racks were then carefully washed in a second solution (0.1X
SSC, 0.2% SDS) for 4 min, with gentle stirring. They were
transferred to a third solution (0.1X SSC) and washed twice,
for 2.5 min each. Following this last washing, the slides were
immediately dried by centrifugation (5 min at 600 rpm) and
signal intensities were measured by scanner.

Indirect Probe-Labeling and Microarray Hybridization

A limited quantity of total RNA from tissue was treated by
an indirect high-density labeling method. Here, three kits --
3DNA Array 50™ Expression Array Detection Kit, 3DNA
Array 350RP™ Expression Array Detection Kit, and 3DNA
Submicro™ Expression Array Detection Kit -- were utilized
for target-labeling according to the protocol of the manufac-
turer (Genisphere, USA). Briefly, 25, 2, and 5 mg of total
RNA for the Array 50™, Array 350RP™, and Submicro™
kits, respectively, were reverse-transcribed using reverse
transcription (RT) primers tagged with either the Cy3- or
Cy5-specific 3DNA capture sequence. The synthesized
tagged cDNAs were then fluorescent-labeled by Cy3-3DNA
or Cy5-3DNA, based on the complementary capture
sequence obtained with the 3DNA capture reagents. The
tagged cDNA was hybridized to a microarray in a 1X forma-
mide-based hybridization buffer (25% formamide, 4X SSC
buffer, 0.5% SSC, and 2X Denhardt’s solution) at 45°C for
16 h. Afterward, the slides were washed with 2X SSC, 0.2%
SDS at 50°C for 10 min; then 2X SSC at RT for 10 min; and
0.2X SSC for 10 min. After the slides were washed for 2 min
at RT in 95% ethanol, a second hybridization was con-
ducted with the 3DNA capture reagent at 45°C for 6 h in
the GT-Hyb-chamber ™. This was followed by serial wash-
ing with the three previously described solutions and drying
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via centrifugation.

Data Acquisition and Analysis of cDNA Microarrays

After washing, the slides were immediately scanned using
an ArrayWoRx (Applied Precision, USA). To maximize the
camera’s dynamic range without saturation, and to normal-
ize the two channels with respect to signal intensity, the
exposure setting was adjusted so that the intensity level of
the brightest spot on a slide was 40 to 45%. Intensity values
were quantified from the resultant pairs of TIFF files using
ImaGene image analysis software, and were analyzed with
the GeneSight software package (BioDiscovery, USA). The
data were imported into Microsoft Excel spreadsheets for
further analysis. To test the effect from low-intensity signals,
we set the cutoff for significant S/B ratios at 1.4. After the
direct and indirect methods were compared, spots with S/B
ratios of <1.4 in both channels were excluded from further
examination. Analyses were performed using mean signal-
intensity values for each spot. For each slide, the local back-
ground was subtracted from the intensity, and the mini-
mum intensity was raised to 20 by using a “floor” function.
The mean intensity for each element was normalized by
LOWESS methods (Yang et al., 2001).

RESULTS

Preparation of cDNAs and Construction of the Special-
ized cDNA Microarrays

We used two independent sets of SAGE data to construct
our cDNA microarrays. One was from human gastric can-
cer research previously conducted in our laboratory. This
SAGE analysis had revealed 858 candidate genes that were
differentially expressed by >6-fold in cancerous tissue. cDNA
fragments corresponding to these genes were obtained by
the GLGI PCR method (Chen et al., 2000) using four differ-
ent RNA samples as PCR template, depending on where

Table 1. Probes used for the specialized microarray from human
gastric-cancer tissues.

Category No. of cDNAs

I. SAGE clones

Induced genes® 517

Repressed genes 341
II. SSH clones

Induced genes 860
11. Controls

House-keeping genes

Well-known-induced genes

Arabidopsis cDNA 9

pZero-2 vector 1

Stuffer 1

Total 1744

*These selected genes were either induced or repressed in Patient 1
or 2 with advanced gastric cancer. If a reverse expression pattern was
found in the cancerous tissues of Patients 1 and 2, this tag was
included as ‘induced gene’.
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Table 2. Probes used for the

specialized microarray from cold-
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they were primarily expressed. From these, 152 were

stressed Arabidopsis. cloned and sequenced for identification of corresponding
Category No. of cDNAs  tags. Others were directly used for preparing the microarrays
without cloning or sequence confirmation. The quality of all
I. SAGE clones . .
PCR products was doubly verified by gel electrophoresis,
72-h cold treatment before and after purification. The resulting microarray, with
Cold- induced genes 1744 transcripts (Table 1), was spotted in duplicate on a sin-
in leaf 354 gle slide. It was arranged in 16 subgrids, each of which had
in pollen 153 11 rows and columns, including blank spots. Initial hybrid-
Cold-repressed ization (data not shown) revealed that the quality of individ-
in leaf 277 ual spots and the consistency between duplicate spots were
in pollen 73 excellent. o .
The cDNA probes for the specialized microarray for cold-
1-h cold treatment ) . .
, stressed Arabidopsis were constructed with two datasets
Cold- induced genes ¢ . . .
. rom our previous research. The resulting microarray, com-
in leaf 254 prising 1482 transcripts spotted in duplicate, included 1209
Cold-repressed CLGI products (Table 2) that were arranged in 16, 10 by 10
in leaf 98 subgrids.
II. SSH clones To assess the size distribution (Fig. 1) for the GLCI prod-
Cold-induced genes 88 ucts from these two microarrays, we subtracted the average
Il Controls length of the poly A tail sequence from the size of the actual
Well-known cold-induced genes 20 PlCR productsl. Blaiezll ?hn the seque.ncesfotiﬂt\e 1|52Acslqlc§)r
. _ clones, we calculated the average size of that poly A tail to
Well-k Id-related t tion fact 18 o
We” known 0 h reae‘ lrar:jscrup ontacer 107 be 32.7 bp. Overall, our GLGl-amplified cDNAs ranged
eirknown pathogen-related genes from 10 to 600 bp, much shorter than those of the typical
Housekeeping genes 7 cDNA microarray.
Human cDNAs 10
Microarray control set 20 Optimization of Target-Labeling and Hybridization Meth-
pZero-2 vector 1 ods
185 and 255 rDNA 2 To obtain consistently low backgrounds and high-intensity
Total 1482 signals from only small amounts of starting RNA, we tested
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Figure 1. Size distribution of GLGI products obtained from SAGE tag. (A) Gastricchip. In all, 659 GLCI PCR products from human gastric tissue
were analyzed by agarose gel electrophoresis and sizes were estimated. To determine transcript specific size, the average poly (A) size was sub-
tracted from apparent PCR product sizes. Average size of GLGl-amplified cDNA was 180 bp. (B) Coldstresschip. Lengths of 556 GLGI PCR
products were estimated by gel electrophoresis; average poly (A) size observed in 170 GLGI clones was subtracted from that size. GLGl-ampli-

fied cDNAs ranged from 6 to 900 bp.
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Table 3. Comparison of hybridization signals obtained with four separate target cONA labeling methods.

A. Signal intensity.

350RP? Array50° SubmicroEX? direct-1°
Cy3 Cy5 Cy3 Cy5 Cy3 Cys Cy3 Cy5
Average 515.4 892.8  1780.6 24749 13823  2037.5  2449.8  2349.0
Total sian STD 11704 16113 52123 25763 29662  3084.1 3854.1 2745.8
(SO) a1 sigha Max 142608 259774 547321  29753.2  28548.8  27830.6 531229  37617.2
Min 88.9 128.2 2444 12125 93.9 126.9 908.1 762.5
Median (50%) 160.2 326.2 4303 15147 351.6 664.4 12334 12250
BG (B) Average 98.1 143.0 292.8 12532 122.2 1513 1018.8 796.9
Average 4173 749.8  1487.8 12217 12602 18862  1431.] 1552.1
_ STD 1165.0 16059  5040.8  2567.3 29366 30659 38153  2736.3
(Ns?é)i'g”a' Max 141212 257565  54269.9  26447.4 283035  27582.0  51953.9  36748.7
Min -6.1 -6.3 -19.3 -10.1 -8.0 6.9 -52.9 -7.4
Median (50%) 62.5 185.0 145.4 263.8 236.0 517.4 217.1 426.7
No. of probes with S/B>1.4 1194 1545 981 695 1508 1706 736 1008
B. Correlation coefficients for signal-intensity ratios from four labeling methods.
350RP Array50 SubmicroEX direct-1 direct-2 direct-3
350RP 1.00
Array50 0.43 1.00
SubmicroEX 0.54 0.78 1.00
direct-1° 0.42 0.72 0.80 1.00
direct-2° 0.43 0.78 0.81 0.91 1.00
direct-3° 0.38 0.68 0.72 0.87 0.85 1.00

*The labeling of total RNA was
{Array50), 3DNA Array 350RP

1performed using an indirect high-density labeling method. 3DNA Array 50™ Expression Array Detection Kit
M Expression Array Detection Kit (350RP), and 3DNA Submicro™ Oligo Expression Array Detection Kit

(SubmicroFX) was utilized for target labeling. "The labeling of total RNA was performed with fluorescently modified dNTP using a direct-labeling
method. Direct-1 and direct-3 was used for Cy3-labeled gastric normal RNA and Cy5-labeled gastric cancer tissues. Direct-2 was dye swap

experiments.

four different labeling techniques, including one direct and
three indirect 3DNA methods. The hybridization results
were then compared. Optimization of target-labeling and
hybridization was especially crucial because the microar-
rays constructed in this study contained relatively small-
sized probes and mostly genes expressed at low levels.

The maximum signal intensities and the calculated stan-
dard deviations were the same for both the indirectly
labeled probe (SubmicroEX) and the directly labeled probes
(Table 3A), but relatively low backgrounds were produced.
In addition, the indirect method resulted in a large propor-
tion of spot intensities -- 86.3 and 97.6% for the Cy3- and
Cy5-labeled probes, respectively -- that had 5/B ratios of
>1.4. In contrast, the direct method produced approxi-
mately 42.1% (Cy3-) and 57.7% (Cy5-) of the intensities
with ratios larger than 1.4.

For each labeling method, the signal intensity calculated
over the local background (S/B) was further examined by
comparing correlation values {Table 3B). The data pro-
duced from the Array 50, SubmicroEX, and direct-1 meth-
ods were highly correlated with each other while that
obtained from the 350RP™ kit was less so. This difference
might be attributed to the fact that 350RF™ uses random
RT primers and total RNA for cDNA synthesis, while the
other three methods utilize an oligo dT primer for their RT

reactions. Those random primers can generate labeled
products when non-poly A RNA is abundant in the total
RNA, thereby resulting in high-background signals for the
selected probes.

Among the three labeling methods with high correlation
coefficients, SubmicroEX had an additional advantage, in
that only a small amount of RNA (2 to 5 ug) was required in
order to generate sufficiently reproducible results. We dem-
onstrated that our hybridization data from using 2 pg of total
RNA with SubmicroEX were highly correlated with those
obtained when we instead used 5 pg (data not shown), indi-
cating that the smaller quantity was adequate to generate
target cDNA. Moreover, the SubmicroEX method gave rise
1o low background and, thus, generated the highest number
of spots with S/B ratios >1.4. Therefore, because this partic-
ular indirect-labeling method produced superior and consis-
tent hybridization results, we utilized it for our subsequent
experiments.

Evaluating Reproducibility

Each slide was hybridized with fluorescent cDNA targets
prepared with total RNA from normal and cancerous tissues.
Four independent hybridization experiments were con-
ducted both to minimize the inherent variability of the
microarray assay (Lee et al., 2000) and to ensure the reliabil-
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Table 4. Correlation coefficient for four replicates of experiments to compare normal versus cancerous gastric tissues”.

Replicate

N-Cy3 versus C-Cy5  N-Cy5 versus C-Cy3  N-Cy3 versus C-Cy5  N-Cy5 versus C-Cy3

(1-A) (1-B) (2-A) (2-B)
N-Cy3 versus C-Cy5 (1-A) -
N-Cy5 versus C-Cy3 (1-B) 0.902 -
N-Cy3 versus C-Cy5 (2-A) 0.918 0.887 -
N-Cy5 versus C-Cy3 (2-B) 0.951 0.925 0.927 -

N, normal; C, gastric cancer; Cy3, Cy3-3DNA; Cy5, Cy5-3DNA.

®Numbers 1 and 2 in the parentheses represent replicate 1 and replicate 2; A and B indicate the dye-swap experiments.

ity of those microarray results. One pair of slides (Table 4: 1-
A, 2-A) was probed with Cy3-labeled cDNAs from normal
tissues and with Cy5-cDNA from cancerous tissues. The
other pair was probed with reverse-labeled probes (Table 4:
1-B, 2-B) to overcome any artifacts caused by dye-related
differences.

The correlation coefficients (0.887 to 9.51) from all four
replicates were highly reproducible (Table 4). Hybridization
in the dye-swap experiment was more variable than
between replicates. When the effects of dye-swap and treat-
ment were combined, the correlation coefficients were 0.90
and 0.89, respectively, again indicating highly reproducible
results.

Reproducibility within single slides was assessed by com-
paring their ¢v, i.e., correlation variance. Each value was cal-
culated by dividing the standard deviation by the mean of
the repetitive spot intensities. This specialized cDNA
microarray contained 16 replicates of 4 genes -- GAPD, p-
actin, o-tubulin, and RPL29 - and the cv for one slide
ranged from 0.16 to 0.24. The average cv for all spots from
the four replications was 0.34. Therefore, the lower values
suggested that reproducibility was much better within than
between slides. In fact, the majority of spots with signal
intensities of 100 to 40,000 were generally reproducible,
while genes with expression levels of <100 (comprising
approximately 5% of all the genes) were somewhat variable.
These less-reproducible spots were omitted from analyses
that considered S/B ratios to avoid the possibility that genes
with very low expression levels had biased and large ratio
values.

As with the data produced in our assessment of a human
system, similar results were obtained when we investigated
the optimal procedures of hybridization for our Arabidopsis
cDNA microarrays. This suggests that these defined hybrid-
ization protocols might be suitably applied to many other
types of systems.

Comparison of Microarray and SAGE Gene Expression
Data from a Human System

We compared the quantitative accuracy in transcript pro-
filing, using expression data obtained from both cDNA
microarrays and SAGE analysis. Here, we selected 569
genes that originated from the SAGE tag library and which
produced signal intensities with /B ratios >1.4. A logarith-
mic-scale scatter graph illustrated the intensity values from
the microarray and the number of spots from SAGE (Fig.
2A). This graph showed that the results from our two analyt-
ical methods were very similar in terms of their absolute

analyses, and that the correlation was closer when we
examined genes with high expression levels. Microarray
intensity scores were generally one or two orders of magni-
tude higher than found with the SAGE frequencies.

The scatter graph also revealed differences between SAGE
and intensity ratios from our microarray experiments (Fig.
2B), which were shown by a correlation coefficient of 0.558
for 569 probes. Generally, no great variations in results were
found between these two methods, such that genes with
manifold differences maintained higher correlations between
them while those with lower-fold differences showed rela-
tively low correlations.

Comparison of Microarray and SAGE Gene Expression
Data from a Plant System

Expression data were evaluated from ¢cDNA microarrays
and SAGE analyses of Arabidopsis specimens. Intensity val-
ues from our microarrays were directly compared with the
tag abundance from SAGE (Fig. 3A). Scores from the former
were generally one or two orders of magnitude higher than
from the SACE frequencies. Intensity values for 1186 genes
that were common to both experimental systems were cal-
culated for cold-treated and untreated leaves. The abun-
dance of corresponding tags in SAGE was presented as a
logarithmic-scale scatter plot. Although some genes were
classified as being up- or down-regulated via SAGE analysis
but not via our microarrays, the majority showed patterns of
induction or repression that were similar between these two
methods.

To investigate the correlation between fold-differences in
SAGE and intensity ratios in the microarray, we compared
the fold ratios of 1186 probes that originated from the SAGE
tag library and gave rise to signal intensities with S/B ratios
>1.4. The correlation coefficient between our two meth-
ods was 0.47 (Fig. 3B). Most of the discord seemed to come
from low-intensity signals close to background and/or from
small fold-differences, as had also been found with our
human system. Therefore, we examined 339 genes with
>2-fold differential expressions in both the cDNA microar-
ray and SAGE analysis, and determined that the correlation
coefficient for those genes was 0.66 between the two meth-
ods (Fig. 3C). Subsequently, we selected the most highly
induced and most highly repressed genes for comparison
(Fig. 3D), and found, in general, no great fold-differences
between methods. Although the correlation coefficient was
0.70, those genes with high fold-differences maintained the
same inclination between them. However, the remaining
genes, with lower fold-differences, showed less correlation.
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Figure 2. Gene expression data from microarray analysis and SAGE
using human tissues. (A) Comparison of intensity scores in microarray
and tag abundance in SACE, as plotted in logarithmic scale on
abscissa and ordinate, respectively. (B) Comparison of intensity ratios
in microarray with fold-differences in SAGE. Each ratio and fold-dif-
ference was log-transformed and compared. Maximum correlation
coefficient was 0.56 between microarray and SAGE methods.

The relatively poor correlation in the latter might have been
attributed to variations in the baselines for each method.

DISCUSSION

In this study, we have constructed and evaluated the qual-
ity of two specialized cDNA microarrays based on SAGE
data: one from research on human gastric cancer, the other
concerning cold stress in Arabidopsis. With conditions opti-
mized for the preparation of cDNA targets and data process-
ing, this system gave high-quality, reprocucible results in
detecting low-abundance transcripts.

Several high-throughput techniques are used to monitor
gene expression. Although a cDNA microarray is highly effi-
cient for screening, it is limited to analyzing only previously
identified genes. Therefore, by combining cDNA microar-
rays and SAGE, in series, we could prepare specialized
microarrays that included sequences previously not impli-

J. Plant Biol. Vol. 49, No. &, 2006

cated or identified. These arrays were capable of rapidly
verifying expression patterns in a large number of samples.
In this study, most of our probes were directly generated
from target RNA, using GLGI-PCR that was based on SAGE
tag sequences. With optimized target cDNA synthesis, we
showed that these specialized ricroarrays were highly
reproducible and that their results were strongly correlated
with our SAGE data. These outcomes were unlike those pre-
viously reported, which relied on SAGE data for selecting
the genes that could be adequately evaluated with those
microarrays {Yang et al, 1999; Takemasa et al., 2001,
Sawiris et al., 2002).

One problem in applying this combinatorial array tech-
nique is the preparation of probes. Two array systems are
currently popular, i.e., the long cDNA microarray and in situ
synthesis of oligonucleotide microarrays. The latter are
reportedly more reliable for global screening (Li et al., 2002;
Ramakrishnan et al., 2002), and their results are related to
the specificity of the probe. For example, 30-mer probes
can distinguish up to 90% sequence identity, whereas longer
cDNAs have a lower sequence identification of no more
than 80%. Despite this benefit, however, the wide use of a
system such as Affymatrix would be limited because of its
high cost.

As a compromise, more recent microarrays have been
constructed with probes of 60- to 70-mer oligonucleotides
(Xu et al., 2002). These slightly longer probes retain the abil-
ity to efficiently distinguish sequences, but with less
expense. The GLG! PCR-generated cONA fragments, based
on SACE tag sequences, are 50 to 300 nt long, which is
more than those oligonuclectide probes but shorter than
most ¢cDNA probes, thereby providing better sequence
identification. Furthermore, most of the SAGE GLGI-PCR
products belong to untranslated regions (UTRs), in which
unique sequences are more common than in the coding
regions. Thus, specialized cDNAs prepared by GLGI-PCR
that are based on SAGE tag sequences may possibly provide
higher specificity than from a typical cDNA microarray.

We tested several labeling methods to obtain high-qual-
ity, reliable signals from microarrays with relatively small
probes, most of which had originated from genes with pri-
marily low expression. Although the direct-labeling method
generated probes of good quality, the indirect method, using
a dendrimer, gave better results. For example, using the
SubmicroEX system, we obtained a high-intensity signal
while maintaining a background that was as much as 10-
fold less than that found with the direct method. Further-
more, because each dendrimer had a predetermined and
quantified fluorescence intensity, and because each cDNA
transcript was bound to a single dendrimer, the amount of
signal generated was directly proportional to the number of
cDNA molecules detected. Therefore, this eliminated the
former problem of variable incorporation of the modlified
dNTP during the RT reaction, which prevents direct calcula-
tions of bound cDNA molecules.

The signal-to-background ratio quantifies how well one
can resolve a true signal from the background of the system.
Here, we included only data with S/B ratios >1.4 in order
to remove the false signal from low-hybridization spots.
Using the indirect SubmicroEX labeling method, over 90%
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Figure 3. Comparison of gene expression data from microarray analysis and SACE, using cold-stressed Arabidopsis. Two scatter plots are dis-
played in logarithmic scale. (A) Comparison of intensity scores in microarray and tag abundance in SAGE, as ploited in logarithmic scale on
abscissa and ordinate, respectively. (B) Intensity values for 1186 genes, with a common set of genes included in both experiments from microar-
ray. {C) Intensity values for 389 genes, with a common set of genes differentially expressed by >2-fold in both experiments. (D) Intensity values

for top 100 increased transcripts and top 100 decreased transcripts.

of the spots were significant enough to analyze compared
with <60% of spots that could be considered by the direct
method. Likewise, this method gave highly reproducible
and reliable data and required only a small amount, e.g., 2
ug, of target RNA. In contrast, many techniques necessitate
having larger quantities of total RNA, up to 100 ug, for their
starting materials in order to prepare the labeled-target
cDNA. Fulfilling such a requirement is not easy, especially
when trying to obtain samples from micro-dissected tissues.

Our unique approach of combining two different technol-
ogies -- cDNA microarray and SAGE -- allowed us to directly
compare their data when the same samples were used.
Although some differences arose in the list of genes classi-
fied as up- or down-regulated, the majority of these genes
showed similar patterns of induction or repression during
assessment by both methods, and no great variations in fold-
differences were generally found. The correlation coefficient
between methods was 0.47 to 0.56. Moreover, those genes
with high fold-differences maintained the same trends
between them while genes with lower fold-differences
showed relatively less correlation.

The quantitative differences in cancer/normal ratios that
had been determined by SAGE and microarray analysis
appear to be caused by variations in the detection system.
For example, microarray software automatically calculates
fold-change values according to its algorithm; when the
noise level is greater than a baseline experimental score, the
intensity score from the other experiment is divided by the
noise value rather than by a baseline score. Consequently,
fold-change scores calculated in this manner are just
approximate values. The SAGE method has similar prob-
lems. When no tag is detected in one sample, a value of “1°
is used to avoid having to perform any division by zero.
Therefore, such SAGE folds also are presented as approxi-
mation values.

Most of the genes spotted in our microarray were based
on SAGE tags with fold-differences between normal and
cancer tissues. Overall expression patterns were similar and
correlations were high between the two methods. In addi-
tion, the correlation in absolute analyses was much better
for genes with higher expression levels, and the correlation
in comparative analyses was greater for large-fold changes in
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expression. For example, a high correlation-coefficient
value, 0.804, was obtained when the top 100 increased
transcripts and the top 100 decreased transcripts were com-
pared among the methods (data not shown).

In conclusion, we have demonsirated here that we can
generate highly reproducible, good-quality data when we
serially combine an improved labeling method with a spe-
cialized microarray that is prepared with PCR products that
are selected based on previous SAGE tag information. Such
a system will be useful for high-throughput analysis and the
detection of unidentified and low-expression genes.
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