Gene Expression, Vol. 14, pp. 217-227
Printed in the USA. All rights reserved.
Copyright © 2008 Cognizant Comm. Corp.

1052-2166/07 $90.00 + .00
E-ISSN 1555-3884
WWwWw.cognizantcommunication.com

Identification of Genes That Exhibit
Changes in Expression on the 8p Chromosomal
Arm by the Systematic Multiplex RT-PCR
(SM RT-PCR) and DNA Microarray
Hybridization Methods

FUMIICHIRO YAMAMOTO AND MIYAKO YAMAMOTO
Tumor Development Program, Burnham Institute for Medical Research, La Jolla, CA, USA

Losses of the p-arm of chromosome 8§ are frequently observed in breast, prostate, and other types of cancers.
Using the Systematic Multiplex RT-PCR (SM RT-PCR) method and the DNA microarray hybridization method,
we examined the expression of 273 genes located on the p-arm of chromosome 8 in five breast and three prostate
human cancer cell lines. We observed frequent decreases in expression of two dozen genes and increases in
expression of several genes on this chromosomal arm. These changes in gene expression of the cell lines were
later confirmed by real-time qRT-PCR. Additionally and more importantly, we found that a number of these
variations were also observed in the majority of clinical cases of breast cancer we examined. These included
downregulation of the MYOM2, NP_859074, NP_001034551, NRG1, PHYIP (PHYHIP), Q7Z2R7, SFRP1, and

SOX7 genes, and upregulation of the ESCO2, NP_115712 (GINS4), Q6P464, and TOPK (PBK) genes.
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INTRODUCTION

The activation of oncogenes and the inactivation
of tumor suppressor genes both play important roles
in carcinogenesis. Most changes in these activating/
inactivating processes occur in copy number, gene
expression, or nucleotide/amino acid sequences. There-
fore, the determination of copy number and gene ex-
pression, together with nucleotide sequencing, assists
in the identification of both oncogenes and tumor
suppressor genes. For the activation of an oncogene,
a monoallelic dominant change is often sufficient.
Examples of monoallelic activation include transcrip-
tional activation of the BCL2 (B-cell leukemia 2)

gene by the t(14;18) translocation that places this
gene next to an active promoter in follicular lym-
phoma (33), MYCN gene amplification that is con-
comitant with an increased gene expression in neuro-
blastoma (16), and activating mutations in the
KRAS2 gene in cancers of the lung, colon, and pan-
creas, among others (2,21,29). However, for the inac-
tivation of a tumor suppressor gene, haplo-insuffi-
ciency is rare and the disruption of both alleles
(biallelic inactivation) is usually necessary.
Quantitative analysis of copy number progressed
when the comparative genomic hybridization (CGH)
method was invented based on two-color fluores-
cence in situ hybridization (FISH) (13). In CGH, ge-

Address correspondence to Fumiichiro Yamamoto, Ph.D., Burnham Institute for Medical Research, 10901 N. Torrey Pines Rd., La Jolla,
CA, 92037, USA. Tel: 858-646-3116; Fax: 858-646-3173; E-mail: fyamamoto@burnham.org



218

nomic DNA from a test sample is labeled with one
fluorescent color, a reference genomic DNA is la-
beled with another color, and they are mixed and hy-
bridized with metaphase chromosomal spreads of
normal cells. The ratio of the two fluorescence inten-
sities, rather than the absolute intensity, is used to
monitor the difference in copy number. Using this
technique, many maps of chromosomal alterations in
cancer were produced. It was shown that there was a
significant degree of heterogeneity among a variety
of tumors, as well as within the same type of tumor.
Chromosomal gains and losses, which are indicative
of the presence of oncogenes and tumor suppressor
genes, respectively, were located on the chromo-
somes. For example, frequent gains in chromosomal
arms 1q, 3q, 8q, 16p, 17q, and 20q and losses in 1p,
69, 8p, 13q, 16q, 17p, 18q, 22q, and X were reported
in breast cancer (5,8). Chromosomal losses were
more frequent than gains in prostate cancer and ob-
served with chromosomal arms 1p, 5q, 6q, 8p, 10q,
13q, 16q, and 18q (3,6). The use of BAC clone DNA
microarrays (1,24) and cDNA fragment microarrays
(25,26) for the CGH karyotyping analysis of copy
number has produced a more powerful and high-reso-
Iution arrayCGH method.

Several tumor suppressor genes have been identi-
fied in the chromosomal regions of losses. These in-
clude CDH1 on 1622 (22) and PTEN on 1023 (18).
The inactivation of those genes was considered to be
the selective force that resulted in the loss of the cor-
responding chromosomal regions. This is because of
the frequent abnormalities and functional failure of
the proteins encoded by those genes. Aiming to iden-
tify the novel genes with tumor suppressor activity,
we started gene expression analysis. We chose the p-
arm of chromosome 8 because this arm is one of the
chromosomal arms most frequently lost in breast and
prostate cancers, which strongly suggests that the re-
gion may harbor tumor suppressor genes involved in
the pathogenesis of those cancers (4,8). Although
breast and prostate cancers both progress from an
early, sex hormone-dependent, organ-confined disease
to a highly invasive, hormone-independent, metastatic
disease, they arise in two different organs. By pursu-
ing tumor suppressor genes common to cancers of
these two different organs, we speculated that the ex-
clusion of inappropriate genes, whose expression is
specific to either mammary or prostate normal epithe-
lial cells, would be easier. Here, we report the results
obtained by analysis of gene expression on the chro-
mosomal arm by the combined use of the moderately
high-throughput Systematic Multiplex RT-PCR (SM
RT-PCR) method (37-40) and the high-throughput
DNA microarray hybridization method (27,28).
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MATERIALS AND METHODS

ArrayCGH Experiments to Measure Copy Number
of the Genes on the p-Arm of Chromosome 8

The copy number of three breast cancer cell lines
(MCF7, MDA-MB468, and BT-20) was analyzed at
NimbleGen (Madison, WI) by DNA microarray hy-
bridization using the arrayCGH method (1,24,25).
Genomic DNA from normal females was used as a
reference for those hybridization experiments. Inten-
sity of fluorescence was measured that was hybrid-
ized to 385,000 isothermal long oligonucleotide probes
tiled through genic and intergenic regions at a median
probe spacing of 6 kilo base pairs. Copy number was
determined over the entire human genome by calcu-
lating relative fluorescence intensity.

SM RT-PCR Experiments to Measure Expression
of the Genes on the p-Arm of Chromosome 8

The following RNA samples were used for gene
expression analysis: both normal and primary tumor
tissue from the breast of a patient with invasive duc-
tal carcinoma, and both normal and primary carci-
noma tissue of the prostate from a patient with pros-
tate cancer, normal prostate tissue, and hyperplastic
prostate tissue, five mammary (BT-20, MCF7, MDA-
MB-231, MDA-MB-468, and T-47D) and three pros-
tate (DU145, LNCaP, and PC3) cancer cell lines, and
primary cultures of normal mammary and prostate
epithelial cells. cDNA was prepared by reverse tran-
scription of total RNA using oligo dT as a primer and
the Advantage RT-for-PCR Kit (BD Biosciences-
Clontech).

We followed the SM RT-PCR experimental proto-
cols described previously (37-40). Briefly, the genes
on 8p were categorized into groups of ~10 genes,
and PCR primers were designed to amplify different
sizes of DNA fragments from single exons of the
genes in a group. After using the multiplex reactions
of genomic DNA from normal human tissues as a
control, the concentrations of the primers were ad-
justed to produce bands of similar intensities. Once
the conditions were elaborated, cDNA samples from
human cells and tissues were used as templates to
examine gene expression. Small aliquots of the SM
RT-PCR reaction products were loaded onto an 8%
polyacrylamide gel and electrophoresed. The gels
were stained with ethidium bromide, gel pictures
were taken, and the images were saved in TIFF for-
mat. The band intensity was measured using Image-
Quant software (Amersham Biosciences) and normal-
ized by adjusting the average band intensities of
individual gels.
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DNA Microarray Hybridization Experiments
to Determine Gene Expression

In order to compare and complement the SM RT-
PCR experiments, we also performed DNA micro-
array hybridization experiments. Illumina’s Sentrix
Human-6 Expression BeadChips, which contain
probes from the entire 23,000 RefSeq collection and
an additional 23,000 other expressed sequences, were
used. The following RNA samples were analyzed:
normal breast tissue, normal prostate tissue, primary
cultures of normal mammary and prostate epithelial
cells, and five mammary (BT-20, MCF7, MDA-MB-
231, MDA-MB-468, and T-47D) and three prostate
(DU145, LNCaP, and PC3) cancer cell lines. The
same preparations of RNA that were used in SM RT-
PCR were used in the microarray hybridization ex-
periments. Following Illumina’s protocol, biotinyl-
ated cRNA was prepared and hybridized with the
BeadChips. After washing, the BeadChips were treated
with Cy3-labeled streptavidin, washed, dried, and
scanned for fluorescence intensity with Illumina’s
BeadStation 500. Raw data were generated and nor-
malized using the Beadscan 3.0 software. The gene
expression data for the genes on the p-arm of chro-
mosome § were extracted.

Real-Time qRT-PCR Experiments to Measure
Gene Expression

Real-time qRT-PCR of the selected genes was per-
formed using the same set of cDNA from the cells
and tissues that were analyzed by the DNA micro-
array hybridization experiments, together with geno-
mic DNA control. The same preparations of cDNA
that were used in the SM RT-PCR were used in the
real-time qRT-PCR experiments. In addition to this
subset of cDNA samples, additional cDNA samples
prepared from 12 matched pairs of normal and tumor
breast tissues were also analyzed by real-time qRT-
PCR. The same primer pairs that were used in the
SM RT-PCR experiments were also used in the real-
time qRT-PCR experiments. The reagent from the
Power SYBR Green PCR Master Mix (Applied Bio-
systems) was used, and the yields of the PCR prod-
ucts were monitored using the Mx3000p system
(Stratagene) under default conditions, with the excep-
tion that the annealing temperature was raised to
60°C instead of 55°C. Data were analyzed using the
MxPro software, and the Ct values were obtained for
the individual reactions. The Ct values of the ubiqui-
tously expressed ASAH1 gene, which is located on
8p, were subtracted from those values and normal-
ized.

RESULTS
ArrayCGH Analysis of the Genes on Chromosome 8

We analyzed the copy number of the MCF7,
MDA-MB468, and BT-20 breast cancer cell lines that
were previously shown to exhibit decreased copy
number on the 8p chromosomal arm (8). Data on flu-
orescence intensity were extracted for the probes cor-
responding to the sequences on chromosome 8. The
log, values of relative intensity to normal female ge-
nomic DNA were then plotted on the y-axis along
with the chromosomal location on the x-axis. Results
are shown from left (pter) to right (qter) in Figure 1.
The results confirmed that the copy number of the 8p
region was reduced in those cell lines.

SM RT-PCR Analyses of the Genes on the Sp
Chromosomal Arm

We established the SM RT-PCR system consisting
of 254 genes. They were categorized into 26 groups.
The list of the genes is shown in Supplementary Ta-
ble 1 (available from the author’s website: http://fiya
mamoto.googlepages.com/geneexpressionsupplemen
taryinformation), together with the nucleotide se-
quences and concentrations of the primers used in
this study, and the sizes of the amplified DNA frag-
ments. We examined the expression of those 254
genes in normal and cancerous breast and prostate
cells and tissues. Results are shown in Figure 2. Be-
cause the PCR conditions were elaborated so that
small amounts of genomic DNA would produce
bands, the absence of at least one band was consid-
ered to confirm the absence of contaminating geno-
mic DNA in the cDNA specimens. We found that
approximately 42% of the genes were abundantly ex-
pressed in all of the cells and tissues that were exam-
ined. We also observed that approximately 30 genes
were not expressed or rarely expressed in either nor-
mal or cancerous breast/prostate cells/tissues. The re-
maining genes were differentially expressed in some
of the cDNA samples examined.

Among them, we identified a dozen genes that ex-
hibited unidirectional changes in gene expression in
both breast and prostate cancer cell lines. Compared
to the expression in normal epithelial cells, genes that
were found downregulated in all five breast and three
prostate cancer cell lines include: GON1 (GNRHI)
(set 16), NRGI (set 18), PIWL2 (PIWL2) (set 13),
and Q7Z2R7 (sets 16 & 18). Genes that were found
upregulated in all cell lines include: ESCO2 (set 20),
GSHR (GSR) (set 26), NP_115712 (GINS4) (set
23), Q6P464 (CDCA2) (set 16), and TOPK (PBK)
(set 17). We also identified additional genes that ex-
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Figure 1. Copy number changes in chromosome 8. Relative copy number was analyzed for the sequences on chromosome 8. The results of
the arrayCGH experiments are shown with three breast cancer cell lines: MCF7 (top), MDA-MB-468 (middle), and BT-20 (bottom). The
entire length of chromosome 8 is 146,274,826 base pairs, and the centromeric region is located between 44 and 47 Mb from pter.

hibited changes in a majority of either breast, pros-
tate, or both cancer cell lines. These include the fol-
lowing genes: CHO12 (C8orf12) (set 4), CHO13 (set
5), DEFl1 (DEFAl) (set 1), EGR3 (set 20),
ENST357748 (ENST000000357748) (set 11), FBX25
(FBX025) (set 1), MYOM?2 (set 2), NP_065895 (set
7), NP_859074 (set 19), NP_001034551 (NP_
1034551) (set 6), NPM2 (set 19), PHYIP (PHYHIP)
(set 14), Q8NEP6 (set 5), Q96KT8 (set 6), SFRP1
(set 13), SOX7 (set 1), TPA (set 24), TR10D (TN
FRSF10D) (set 15), and XR_017857 (C8orf48) (set
6). We measured the intensity of the SM RT-PCR
bands for quantification. The results were then
aligned by the chromosomal locations of the genes.
Out of 254 genes, 238 genes were mapped on the
p-arm of chromosome 8 in the newest version of
Ensembl (version 43) and the results of those 238
genes are shown in the left column of Supplementary
Figure 1 (available from the author’s website: http://
fiyamamoto. googlepages.com/geneexpressionsupple
mentaryinformation).

DNA Microarray Hybridization Analysis of Gene
Expression of the Genes on 8p

In addition to the SM RT-PCR experiments, we
also performed genome-wide gene expression analy-

sis by the DNA microarray hybridization method using
Illumina’s BeadChips. Data for the genes on 8p were
extracted and aligned based on the chromosomal lo-
cations of the genes. Because the PCR primers for
SM RT-PCR were designed based on sequences that
were not alternatively spliced, only the data using the
“singular” or “all” probes (those that detect all the
messages from the corresponding genes) were ex-
tracted from the Illumina data. The average fluores-
cence signal intensity of >30 beads was extracted and
the results are shown, side-by-side, with the data
from the SM RT-PCR experiments, in the right col-
umn of Supplementary Figure 1 (available from the
author’s website: http://fiyamamoto.googlepages.com/
geneexpressionsupplementaryinformation). The ex-
pression data were obtained for the 230 genes on the
p-arm of chromosome 8, 195 of which overlapped
with the genes whose expression was determined by
SM RT-PCR. Compared to SM RT-PCR, the results
from the DNA microarray hybridization experiments
exhibited a wider range of intensity, as anticipated.
There were 25 genes whose messages were not de-
tected (fluorescence intensity below 10 in all the
specimens). The number increased to 34 when the
cut-off for fluorescence intensity was set at 15. To-
gether with the results from the SM RT-PCR experi-
ments, a total of 273 genes were covered in our study.
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Figure 2. SM RT-PCR results of breast and prostate cells and tissues. The results of the SM RT-PCR experiments are shown. There are a
total of 26 sets. SM RT-PCR was performed to examine gene expression changes in breast and prostate cancer cells and tissues. The sources
of cDNA are abbreviated: a normal sample (NB) and primary tumor (TB) of breast tissue from an individual; a normal sample (NP), and
primary tumor tissues (TP) of prostate from an individual; a normal prostate tissue (NP) from a third individual; a hyperplastic prostate
tissue (HyP) from a fourth individual; primary cultures of normal mammary (MP) and prostate (PP) epithelial cells; and MCF7 (MCF),
MDA-MB-468 (468), MDA-MB-231 (231), BT-20 (BT), T-47D (T47), PC3 (PC), DU145 (DU), and LNCaP (LN) cancer cell line cells.
The locations of the DNA fragments amplified from the individual genes are also shown at the left side of the gel pictures. The symbol M
denotes DNA fragment size markers, and the symbol G shows the results of genomic DNA control.

Gene Expression Analysis of the Selected Genes and/or the DNA microarray hybridization method.
by Real-Time qRT-PCR The same set of cells and tissues that was analyzed
by DNA microarray hybridization was examined for

We performed real-time qRT-PCR to reexamine the expression of the CH012, CHO13, DEF1, EGR3,
the expression of genes that exhibited consistent ESCO2, FBX25, GON1, GSHR, MYOM?2, NP_065895,
changes in expression by the SM RT-PCR method NP_115712, NP_859074, NP_001034551, NPM2,
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NRG1, PHYIP, PIWL2, Q6P464, Q7Z2R7, Q8NEP6,
Q96KTS, SFRP1, SOX7, TOPK, TPA, TR10D, and
XR_017857 genes. Because of high expression of the
messages in all the samples in both the SM RT-PCR
and the DNA microarray hybridization experiments,
we selected, as a control gene, the ASAH1 gene (15).
This gene encodes N-acylsphingosine amidohydro-
lase, also called acid ceramidase (AC; EC 3.5.1.23),
which catalyzes the synthesis and degradation of cer-
amide. The Ct values obtained by real-time qRT-PCR
were plotted on the x-axis. The log, values calculated
of the measured band intensity and fluorescence in-
tensity of the genes from the corresponding cDNA
samples were plotted on the y-axis. Results from all
the selected genes of importance are shown in Figure
3. The results are shown on the same scale, and the
result of the ASAHI gene was also enlarged and
shown next to the original figure on the top row. A
higher degree of linearity was observed between the
results from the SM RT-PCR experiments and the
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results from the real-time qRT-PCR experiments than
between the DNA microarray hybridization experi-
ments and the real-time qRT-PCR experiments. This
is reasonable considering that both the SM RT-PCR
and real-time qRT-PCR are PCR based and the same
primers were used in those experiments. The differ-
ences observed by SM RT-PCR were confirmed to
be real by real-time qRT-PCR, although some of
them were not observed by DNA microarray hybrid-
ization.

We next examined whether the same differences in
the expression level that were observed in breast and
prostate cancer cell lines were also present in the
clinical specimens of cancer. Our primary research
focus was breast cancer, so we analyzed the expres-
sion of the selected genes in matched normal and tu-
mor pairs of breast tissues from a dozen breast cancer
patients by real-time qRT-PCR. To normalize the Ct
values of the individual specimens, we subtracted the
Ct values of the ubiquitously expressed ASAHI1 gene
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Figure 3. Correlation between the band intensity obtained from the SM RT-PCR or fluorescence intensity obtained from DNA microarray
hybridization and the Ct values obtained from the real-time qRT-PCR experiments. The log, values of the band intensity and fluorescence
intensity were calculated and plotted along the y-axis with black diamonds and gray squares, respectively, against the Ct values on the x-
axis. The ASAH1 gene was used as a control, because this gene was ubiquitously expressed in large quantity in all the cells and tissues that
were examined in both the SM RT-PCR and the DNA microarray hybridization experiments. Negative and zero values obtained by micro-
array hybridization experiments were assigned the value of 0.1 for these graphs. The portion of the ASAHI results was enlarged and is also

shown on the top row.
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from those values. Downregulation was observed
with the following genes in a majority of 12 breast
cancer cases: MYOM2, PHYIP, SOX7 (10 cases),
DEFI1, FBX25, NP_001034551 (9 cases), CHO12,
GON1, NP_859074, NRGI1, PIWL2, Q7Z2R7,
SFRP1 (8 cases), QSNEP6, Q96KT8, and XR_017857
(7 cases). Similarly, upregulation was observed in a
majority of breast cancer cases with the following
genes: TOPK (10 cases), Q6P464 (9 cases), ESCO2,
NP_115712 (8 cases), GSHR (7 cases). For the re-
maining genes, downregulation was observed in 4
(NP_065895), 5 (TPA), or 6 cases (CHO13, EGR3,
NPM2, TR10D). Figure 4 illustrates several signifi-
cant results with the plotting of normalized Ct values
of tumor tissues less the corresponding values of the
normal adjacent tissues.

DISCUSSION

Previously, we established the SM RT-PCR sys-
tems of families of glycosyltransferases (40), HOX
homeoproteins (38), and integrins (39). We also grad-
ually increased the size of coverage from a few dozen
genes (37) to more than a hundred genes in a few
cytobands (36). Here we attempted to establish the
SM RT-PCR system of more than 200 genes on the
entire arm of a chromosome. Excluding the DNA mi-
croarray hybridization approach, this SM RT-PCR
analysis is one of the largest attempts to understand
the expression of the genes on a chromosomal arm-
wide scale. We aimed to incorporate as many genes
as possible into the system.

Because the defensin genes were highly homolo-
gous to one another and possessed short coding se-
quences, we were unable to design primers that selec-
tively amplified a single species of the gene members
for several members of the defensin gene family.
Nonetheless, we included 254 genes in 26 multiplex
reactions as shown in the primer list in Supplemen-
tary Table 1 (available from the author’s website: http://
fiyamamoto.googlepages.com/geneexpressionsupplemen
taryinformation) and the genomic DNA lanes (G) in
Figure 2. However, the Ensembl database was not
finished at the time that we retrieved the gene and
sequence information. When we aligned our results
in the most recent version, 43, we found that 11
genes that were previously mapped in the region did
not exist any longer. Furthermore, a few dozen addi-
tional genes that were not previously mapped have
been added. These include novel protein-coding genes,
pseudogenes, miRNA genes, snRNA genes, and sno
RNA genes; 195 of the 238 genes whose expression
was determined by SM RT-PCR overlapped with the
genes whose expression was determined by DNA mi-
croarray hybridization experiments. A generally good
correlation was observed in the results between the
SM RT-PCR and DNA microarray hybridization ex-
periments, except that the expression of approxi-
mately 40 genes were detected only by SM RT-PCR.
We think that the probes of these genes used in the
DNA microarray hybridization were either inappro-
priate or not functioning as expected.

The results shown in Figure 3 also illustrate this
problem. To calculate the log, values of fluorescence
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Figure 4. The expression of the selected genes in matched normal and cancer breast tissues and cell lines. The gene expression was
determined for the selected genes with real-time qRT-PCR using cDNA prepared from 12 matched normal and cancer breast tissues. The
Ct values of individual genes were normalized by subtracting the Ct values of ASAH1 from the same specimens. The difference in gene
expression among normal and tumor tissues was calculated by subtracting the normalized normal Ct values from the normalized tumor Ct
values from the same individuals. The results are shown in filled circles. The difference was also calculated for cancer cell lines using the
Ct values shown in Figure 3. The normalized Ct values of primary cultures of normal cells were used for the subtraction segment, and the
results are shown in open squares and filled triangles for breast and prostate, respectively. The dots above the zero line indicate downregula-

tion in tumor, whereas dots below denote upregulation.
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intensity from the DNA microarray hybridization re-
sults, we used 0.1 for the values below this number.
Still, when the fluorescence signal was weak, as in
the cases of NP_001034551 and PHYIP, no correla-
tion was observed between real-time qRT-PCR and
DNA microarray hybridization. However, when the
fluorescence signal was strong, both SM RT-PCR
and DNA microarray hybridization exhibited linear
correlation with real-time qRT-PCR as shown with
the GSHR, SFRP1, and TOPK genes. We concluded
that the use of two different methods was beneficial
in increasing the coverage of genes and decreasing
the chance of missing potentially important candidate
genes.

In addition to the cell lines, we also examined the
expression of the selected genes in the clinical speci-
mens of breast cancer. As opposed to the in vitro
cultured cancer cell lines, which consist of a rela-
tively uniform population of cells, tissues are made
of several different types of cells and their ratios vary
among different specimens. Therefore, measurement
of the Ct values without standardization was not in-
formative. We used the expression of the highly and
ubiquitously expressed ASAHI1 gene as a standard.
By subtracting the Ct values of the ASAH1 gene, we
compared the relative ratios of the gene messages
among different specimens. Rather than comparing
normal and cancer tissue specimens in two groups,
instead we plotted the results from the individual
pairs of cancer tissue specimens and their corre-
sponding normal adjacent tissue specimens by sub-
tracting the normalized normal value from the nor-
malized tumor value. The tendencies of up- and
downregulation in gene expression were easily con-
firmed with most of the genes examined. For several
genes, the tendencies were not clear with the breast
clinical specimens. Several potential reasons can be
speculated. One possibility is that the cancer cell
lines may have acquired downregulation in expres-
sion of those genes after they were brought into in
vitro culture. Another possibility is that cells, other
than cancer cells, that were present in the tumor tis-
sues express these genes. Therefore, losses/decreases
in cancer cells may have been masked.

Among the genes that exhibited a matched ten-
dency of upregulation in the breast tumor tissues and
breast cancer cell line cells, the tendency was striking
with the ESCO2, TOPK, NP_115712, and Q6P464
genes. Because the ESCO2 gene is required for the
establishment of sister chromatid cohesion during the
S phase of the cell cycle (12), the TOPK gene en-
codes serine/threonine kinase that binds to the PDZ2
domain of Drosophila Discs-large (DIg) tumor sup-
pressor protein that regulates the cell cycle and/or
cellular proliferation (9), the NP_115712 protein is a
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component of the GINS complex that is essential for
the initiation of DNA replication (32), and the
Q6P464 gene is associated with cell division cycle,
upregulation of these genes in tumors and cancer cell
lines may simply be a reflection of a higher number
of dividing cells in those specimens. These four
genes were elevated in gene expression in all five
breast and three prostate cancer cell lines that were
examined, suggesting that this is a likely possibility.

Among the genes that were downregulated in a
majority of breast cancer cases, four genes, GONI,
NRGI1, PIWL2, and Q7Z2R7, were also downregu-
lated in all five breast and three prostate cancer cell
lines. Additionally, four genes (NP_859074, NP_
001034551, PHYIP, and SOX7) exhibited downregu-
lation in all five breast cancer cell lines examined
and one gene (SFRP1) exhibited downregulation in a
majority of breast and prostate cancer cell lines. Two
genes, CHO12 and XR_017857, exhibited downregu-
lation in a minority of cell lines, and five genes
(DEF1, FBX25, MYOM2, Q8NEP6, and Q96KT8)
showed decreased expression only in the breast can-
cer cell lines. Among these downregulated genes, sta-
tistically significant tendencies were observed with
the MYOM2, NP_859074, NP_001034551, NRGI,
PHYIP, Q7Z2R7, SFRP1, and SOX7 genes, shown
in Figure 4.

The tumor-suppressing role has been well estab-
lished for the NRG1 gene. The gene encodes neureg-
ulin 1 (heregulin) that interacts with the NEU/ERBB2
receptor tyrosine kinase to increase its phosphoryla-
tion on tyrosine residues (11). The purified protein
induces phenotypic differentiation of breast and pros-
tate cancer cells and inhibits cell growth (10,23). The
SFRP1 and SOX7 genes play a similar role in carci-
nogenesis by repressing the Wnt signaling inside the
cell. The SFRP1 gene encodes a secreted apoptosis-
related protein that interferes with the Wnt-frizzled
signaling pathway (7,20). The potential role of the
SFRP1 gene in tumor suppression of breasts and
prostates was previously suggested (19,34). The SOX7
gene encodes a transcription factor that possesses a
functional transactivation domain in the C-terminus
and significantly reduces Wnt/beta-catenin-stimu-
lated transcription (31). The identification of three
genes, NRG1, SFRP1, and SOX7, which are known
to be involved in carcinogenesis among the candi-
dates, indicates that the approach is working as ex-
pected.

In addition to those cancer-related genes, we also
identified MYOM?2, PHYIP, and three poorly charac-
terized candidate genes. The MYOM?2 and PHYIP
genes encode myomesin 2, an M-band protein of sar-
comeres (35), and phytanoyl-CoA hydroxylase-inter-
acting protein (17), respectively. The NP_859074
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gene predicts to encode a protein with the EF-hand
domain (14), and the NP_001034551 and Q7Z2R7
genes predict proteins of 121 and 83 amino acid resi-
dues, respectively. Little else is known of those
genes; however, the Q7Z2R7 gene is separated from
the NRGI1 gene by only 1577 bp and the expression
profiles of those genes were similar in the cells and
tissues that were examined. Because the orientations
of these genes are the same, there is a possibility that
the Q7Z2R7 sequence may be transcribed run-off in
the 3’ untranslated region of the NRG1 gene mes-
sages rather than transcribed independently from its
own promoter. Preliminary attempts to identify so-
matic mutations in the downregulated genes in sev-
eral clinical cases of breast cancer were unsuccessful
(data not shown). Even if we increase the number
of specimens to be analyzed, we may not find any
mutations, considering that none of those genes are
included on the lists of cancer genes with mutations
that were identified from a massive sequencing effort
of 13,023 genes in 11 breast cancer cases (30) or that
have been deposited in the Catalogue Of Somatic
Mutations In Cancer (COSMIC) database (http://www.
sanger.ac.uk/genetics/CGP/cosmic/). Nonetheless, the
candidacy of those genes remains intact without de-
valuation because downregulation alone or downreg-
ulation in combination with decreased copy number
is sufficient for inactivation of tumor suppressor ac-
tivity. Final determination will require further studies

based on functional characterization of the individual
candidate genes.

In summary, we have shown that the SM RT-PCR
approach is successful in the identification of genes
with altered expression through scanning of the genes
at the subchromosomal level. It should be empha-
sized that by performing multiplex reactions of 10
genes, on average, the number of reactions was re-
duced by 10 times in the SM RT-PCR experiments,
compared with real-time gqRT-PCR of individual
genes. Together with more flexibility in designing the
SM RT-PCR system than DNA microarrays and us-
ing preconfirmed primers, this advantage may allow
the SM RT-PCR system to find its niche between the
discovery method of higher-throughput DNA micro-
array hybridization and the quantification method of
more quantitative real-time qRT-PCR.
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