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Abstract: Chemotherapy plays a key role in improving disease-free survival and overall survival of gastric cancer
(GC); however, response rates are variable and a non-negligible proportion of patients undergo toxic and costly
chemotherapeutic regimens without a survival benefit. Several studies have shown the existence of GC subtypes
which may predict survival and respond differently to chemotherapy. It is also known that the expression level
of chemotherapy-related and target therapy-related genes correlates with response to specific antitumor drugs.
Nevertheless, these genes have not been considered jointly to define GC subtypes. In this study, we evaluated seven
genes known to influence chemotherapeutic response (ERCC1, BRCA1, RRM1, TUBB3, STMN1, TYMS and TOP2A)
and five receptor tyrosine kinases (RTKs) (EGFR, ERBB2, PDGFRB, VEGFR1 and VEGFR2). We demonstrate signifi-
cant heterogeneity of gene expression among GC patients and identified four GC subtypes using the expression
profiles of eight genes in two co-regulation groups: chemosensitivity (BRCA1, STMN1, TYMS andTOP2A) and RTKs
(EGFR, PDGFRB, VEGFR1 and VEGFR?2). The results are of immediate translational value regarding GC diagnostics

and therapeutics, as many of these genes are curently widely used in relevant clinical testing.
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Introduction

Gastric cancer (GC) is one of the major causes
of cancer-related deaths worldwide. Among the
multidisciplinary treatment approaches, che-
motherapy plays a key role both before and
after surgery in operable GC, improving dis-
ease-free survival and overall survival. Many
antitumor reagents have been shown to be
effective against GC in clinical trials, but
response rates are variable, with a non-negligi-
ble proportion of patients undergoing toxic and
costly chemotherapeutic regimens without a
survival benefit. Several studies have shown
the existence of GC subtypes which may have
different survival and response to chemothera-
py [1-4]. For example, whole genome gene
expression studies of 37 GC cell lines revealed

two major genomic subtypes that are also vali-
dated in GC patients [3]. These subtypes pre-
dict survival and respond differently to chemo-
therapy. Another transcriptomic study identified
three subtypes of gastric cancer designated as
proliferative, metabolic, and mesenchymal [2].
Tumors of the metabolic subtype are more
sensitive to 5-fluorouracil (5-FU) than the other
subtypes, while cancer cells of the mesenchy-
mal subtype are more sensitive to PISK-AKT-
mTOR inhibitors in vitro [2].

A variety of genes can be used to predict che-
motherapeutic sensitivity or prognosis. The
expression level of genes may correlate with
response to specific antitumor drugs. For exam-
ple, an association between TYMS expression
and sensitivity to 5-FU has been demonstrated
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by many studies [5-8]. As only patients with low
TYMS expression can respond to 5-FU, individ-
ualized chemotherapy can be selected accord-
ing to tumor classification by the expression of
TYMS [7, 8]. In this study, we evaluated twelve
genes that are related to chemo-sensitivity and
currently used in clinical practice. Seven of the
twelve genes are known to influence the out-
comes of chemotherapeutic drugs (ERCC1,
BRCA1, RRM1, TUBB3, STMN1, TYMS and
TOP2A), while the other five genes are receptor
tyrosine kinases (RTKs) that have been target-
ed for cancer therapy (EGFR, ERBB2, PDGFRB,
VEGFR1 and VEGFR2). Our results suggest
significant heterogeneity in gene expression
among GC patients and subtypes of patients
can be delineated by the expression profiles.

Materials and methods
Patients and tissue samples

A total of 54 patients who underwent curative
surgery for gastric cancer were enrolled into
this study, including tumor tissues and their
adjacent normal tissues. Among those patients,
only 38 (28 males and 10 females) were inte-
grally described with clinical characteristic.
According to the WHO classification 2010, 4
patients had moderate differentiation and 34
patients had poor differentiation. Five cases
were diagnosed as stage I-ll and thirty-three
cases as stage lll-IV based on UICC/AJCC stag-
ing for gastric cancer. Thirty cases had lymph
node metastasis and eight cases were nega-
tive for lymph node metastasis, while only four
cases had distant metastasis. The present
study was approved by the ethical committee
of Jiangsu Cancer Hospital, Nanjing Medical
University, China.

RNA isolation and cDNA synthesis

Total RNA samples were prepared with the
Miracle isolation kit for tissues and cells
(Jinfiniti Biosciences, LLC, Augusta, USA)
according to the manufacture’s instruction.
RNA samples were examined for concentration
and purity using a Nanodrop ND-1000 spectro-
photometer. cDNA synthesis was performed
from total RNA using the TagMan high capacity
reverse transcription kit (Applied Biosystems).
The 20 pl reverse transcriptase reaction sys-
tem containing 1 ug of total RNA was incubated
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for 10 min at 25°C, 2 hours at 37°C and then 5
min at 85°C with the Biometer PCR System.

Quantitative real-time PCR (qRT-PCR)

Each cDNA sample was analyzed in triplicates
using the Applied Biosystems 7900 with cus-
tomized TagMan low density array, containing
twelve target genes and nine reference genes.
gRT-PCR was carried out using TagMan
Universal PCR Master Mix (Applied Biosystems)
containing ROX™ reference dye to normalize
fluorescence values. For thermal cycling, the
following conditions were applied: 10 min at
95°C, then 40 cycles of 15sat 95°C and 1 min
at 60°C.

Normalization of gene expression

Nine candidate reference genes were used and
stability of the candidate reference genes was
evaluated using four different methods
(geNorm [9], NormFinder [10] Delta [11] and
best keeper [12]). The three top performing
genes (ESD, MRPL19 and IPO8) were selected
according to the consensus from four different
programs. The geometric average of these
three genes was used for normalization.

GO biological processes analysis

To investigate the affected biological process-
es by the twelve genes, annotation and enrich-
ment analysis was performed using DAVID
(http://david.abcc.ncifcrf.gov/) functional anno-
tation tool [13].

Statistical analysis

Gene expression Ct (cycle threshold) values
were normalized using geometric average of
the three selected reference genes. Paired
t-test was used to compare the normalized
gene expression between tumor and adjacent
normal tissues. The effect of age on the chang-
es in expression of each gene was determined
using a linear regression of gene expression
with age as covariate. The potential sex specific
differences were examined using a t-test
comparing expression changes in males and
females. All p-values were two-tailed and a
p<0.05 was considered statistically significant.
The pairwise correlation between normalized
gene expressions was computed in adjacent
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Figure 1. Stability analysis of reference genes in gastric cancer. A. CT (cycle
threshold) values for each of the nine candidate reference genes; B. Relative
stability values and ranking of the nine genes based on four different methods.

normal tissues, tumor tissues, normal and
tumor tissues combined, and the tumor versus
normal ratios, using Pearson correlation coeffi-
cient. Clustering and visualization of correlation
matrix was performed using hierarchical clus-
tering method and heat map. To identify the
subtypes based on the gene expression data,
hierarchical clustering analysis was performed
for grouping the individuals exhibiting similar
expression patterns. All statistical analyses
were performed using the R language and envi-
ronment for statistical computing (R version
3.1.1; R Foundation for Statistical Computing;
www.r-project.org).
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Figure 2. GO biological processes significantly affected by genes with significant differential expression in gastric
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Figure 3. Gene expression differences between tumor and adjacent normal in
each patient. Expression difference is expressed as fold change between tumor
and adjacent normal. Each dot represents one patient. Box plots are also shown
for each gene. The p-value and percentages of patients with FC >1.5 and >2.0
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different programs. Any combination of 3-4 of
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examined the gene ontolo-
gy (GO) biological process-
es in which these genes are
involved. The biological pro-
cesses with an enrichment
p-value <0.05 are present-
ed in Figure 2. Five of the
genes (EGFR, ERBB2, PD-
GFRB, VEGFR1 and VEG-
FR2) belong to the receptor
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tyrosine kinase (RTK) signaling pathway, which
plays a critical role in tumor cell proliferation
and/or angiogenesis. The other seven genes
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Figure 4. Heatmaps showing pairwise correlations of expression levels between genes in adjacent normal tissues,
tumor tissues, adjacent normal + tumor (total), and the log, FC of tumor versus adjacent normal (GC/N Log,).

are chemo-therapy associated genes. TUBB3
and STMN1 are involved in microtubule-based
processes, such as cell cycle and intracellular
signaling cascade, while the other five genes
(BRCAL, TYMS, ERCC1, RRM1 and TOP2A) are
involved in the DNA metabolic processes such
as DNA repair (Figure 2).

The twelve genes were analyzed for gastric can-
cer samples and the expression data were
normalized using geometric means of ESD,
MRPL19 and IPO8. Comparison of normalized
data between tumor tissue and adjacent nor-
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mal, including paired t-test p-values, are shown
in Figure 3. Among these twelve genes, PDG-
FRB, TOP2A and STMN1 showed the most sig-
nificant increase in tumor tissues compared to
adjacent normal tissue (p = 3.9x107, 6.2x10°¢,
and 2.1x10°%, respectively). Other genes with
significant increase in tumors include BRCA1
(p = 3x10%), TUBB3 (p = 0.0011), RRM1 (p =
0.017). The remaining five genes (ERCCI,
EGFR, ERBB2, VEGFR1 and VEGFR2) did not
reach significance level; however, a small per-
centage of patients have highly increased lev-
els of EGFR, ERBB2, VEGFR1 and VEGFR2

Am J Transl Res 2015;7(8):1429-1439
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Co-regulation of gene expression in gastric
cancer

Pair-wise Pearson correlation was computed
for each pair of the genes using data in adja-
cent normal tissues, tumor tissues, normal and
tumor tissues combined, and the tumor versus
normal ratios in each patient (Figure 4). Gene
expression correlation data in both adjacent
normal and tumors suggest that three clusters
of genes are co-regulated in the GC tissues.
The first cluster consists of the DNA metabolic
genes (STMN1, BRCA1l, TYMS, TOP2A and
RRM1). The second cluster consists of mainly
three RTKs (VEGFR1, VEGFR2 and PDGFRB)
and two other RTKs (ERBB2 and EGFR) are also
more loosely correlated. The third correlation
group includes two genes (ERCC1 and TUBB?3).

Pair-wise correlations based on the expression
differences between tumor and adjacent nor-
mal tissues revealed two very distinct clusters
of genes, one being the RTK cluster (PDGFR,
VEGFR1 and VEGFR2) and the second being
DNA metabolic cluster (BRCA1, TYMS, TOP2A
and STMIN1). Furthermore, weak negative cor-
relations were also observed between genes in
the two different clusters.

Subtypes of GC patients defined by co-regulat-
ed genes

Eight genes in two co-regulated groups were
selected to identify the subgroups based on
the gene expression patterns (seven genes in
the two clusters of differentially expressed
genes and the EGFR gene). Gene expression
differences (tumor/normal fold change) of
these eight genes are graphically presented as
a heat map (Figure 5), which clearly indicates
the heterogeneity of GC. Each patient has a dis-
tinct pattern of gene expression. PDGFRB and
TOP2A are over-expressed in a larger propor-
tion of patients than all other genes; however,
not all patients are positive for these two genes
or any other gene analyzed here. Despite the
tremendous heterogeneity, subsets of patients
do have similar expression patterns for subsets
of genes. Hierarchical clustering of all GC
patients revealed several subsets of GC defined
by the expression differences (Figure 5). Some
GC patients have increased expression of both
RTK and DNA metabolic genes (cluster 1); some
patients have increased expression for RTKs
only (cluster 2); a larger proportion of patients
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have increased expression for metabolic genes
only (cluster 3), while the fourth and fifth cluster
have unchanged or even lower expression for
both RTK and metabolic genes.

Correlation with clinicopathologic variables

Gene expression differences were examined in
subsets of patients with different demographic
or clinical characteristics including age, gender,
TMN stage, differentiation, lymph node metas-
tasis and distant metastasis. Age has a signifi-
cant influence on gene expression differences
between tumor and adjacent normal tissues.
Older patients tend to have larger overexpres-
sion in tumors for the DNA metabolic genes
(TOP2A, p = 0.006; RRM1, p = 0.0016; STMNL1,
p = 0.0042), while younger patients tend to
have larger overexpression in tumors for RTK
genes (PDGFR and VEGFR2) (Figure 6A). Sex
may also have a significant impact on gene
expression differences in GC patients (Figure
6B). Female patients tend to have larger over-
expression of RTK genes in tumors (p = 0.002
for PDGFR and p= 0.027 for VEGFR2), while
male patients tend to have larger overexpres-
sion in DNA metabolic genes although the dif-
ferences did not reach statistical significance
(Figure 6). The other clinicopathologic variables
did not have a significant impact on gene
expression differences in this study.

Discussion

This study was designed to assess the expres-
sion of genes involved in determining respons-
es to chemo- and target-therapies for cancer
using real-time RT-PCR. In order to obtain accu-
rate data, it was necessary to carefully evalu-
ate the performance of reference genes that
can be used for mRNA normalization [14].
Several studies have suggested suitable refer-
ence genes for gene expression studies in vari-
ous human tissues. Among the suggested ref-
erence genes, GAPDH and ACTB (B-actin) are
the most commonly used genes in clinical test-
ing. One recent study compared different genes
and suggested that the best reference genes
differ by tumor tissues and the best performing
genes are GAPDH and B-actin [15]. The stability
of these two genes has been questioned in
some tissue types [16, 17] and the suitability of
selected reference genes must be uncondition-
ally validated prior to each study [18]. In this
study, the stability of nine candidate reference
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genes (ESD, MRPL19 [19], TBP [20], RPLPO
[20], PPIA [20], IPOS8 [21], GUSB [22], GAPDH
and HPRT1 [23]) was investigated with gRT-
PCR in gastric cancer. Our data suggest that
four excellent genes (ESD, MRP19, IPO8 and
PPIA) may be used in combination to obtain reli-
able normalization of RT-PCR data. Our unpub-
lished data also suggest that these genes are
also excellent reference genes for other can-
cers including lung and esophagus.

A major finding of this study is the coordinated
regulation of gene expression in both normal
and tumor tissues from GC patients. As expect-
ed, these co-regulated genes belong to specific
functional groups. One strongly correlated
group of genes is those involved in DNA meta-
bolic processes (TOP2A, STMN1, BRCA1 and
TYMS) and another group of strongly correlated
genes is the RTKs (PDGFRB, VEGFR1 and
VEGFR2). Surprisingly, these two groups of
genes are anti-correlated or negatively corre-
lated, suggesting that the RTKs and DNA meta-
bolic genes are infrequently up-regulated in the
same GC patients as shown in Figure 5.

A second major finding of this study confirms
the tremendous heterogeneity of gene expres-
sion in GC patients. Several DNA metabolic
genes well known to influence chemotherapeu-
tic response are up-regulated in different pro-
portions of GC patients. TOP2A is increased by
more than 2-fold in 54% of the patients. In a
previous study of GC using immunohistochem-
istry, it was found that TOP2A protein was
detectable in 100% of the GC cases [24]. These
results together suggest that TOP2A could be
an excellent therapeutic target for GC. Three
other DNA metabolic genes (STMN1, TYMS and
BRCA1) are highly correlated with TOP2A and
over-expressed by > 2-fold in 48%, 44% and
35% of the GC cases. STMN1 protein expres-
sion was found to be negatively correlated with
recurrence-free survival in the diffuse type of
GC and siRNA knockdown of STMNL1 inhibits GC
cell proliferation, migration and invasion [25].
STMN1 siRNA also regresses gastric tumors in
xenograft models [26]. Thymidylate synthase
encoded by TYMS catalyzes the methylation of
deoxyuridylate to deoxythymidylate, a function
that maintains the dTMP (thymidine-5-prime
monophosphate) pool critical for DNA replica-
tion and repair. TYMS has been of interest as a
target for cancer chemotherapeutic agents and
it is considered to be the primary site of action
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for 5-fluorouracil, 5-fluoro-2-prime-deoxyuri-
dine, and some folate analogs. BRCA1 is a
tumor suppressor gene that encodes a protein
involved in DNA repair. A large number of muta-
tions have been found in patients with various
types of cancer including breast and ovarian
cancers [27]. Among individuals with non-small
cell lung cancer (NSCLC), low expression of
BRCA1 in the primary tumor correlated with
improved survival after platinum-containing
chemotherapy [28, 29]. This correlation implies
that low expression of BRCA1 and the conse-
quent low level of DNA repair may cause vulner-
ability of the tumor cells to treatment by the
DNA cross-linking agents. High BRCA1 may pro-
tect cancer cells by acting in a pathway that
removes the damages in DNA caused by plati-
num drugs. Therefore, BRCAL expression level
is a potentially important tool for tailoring che-
motherapy in lung cancer management [28,
29]. Patients with sporadic ovarian cancer
treated with platinum drugs have longer medi-
an survival times if their BRCA1 expression was
low compared to patients with higher BRCA1
expression [30]. BRCA1 expression is high in
about 30% of the GC patients and its expres-
sion is highly correlated with the other chemo-
therapeutic genes (TOP2A, STMN1 and TYMS).
Analyses of these genes may be potentially
important tool for tailoring chemotherapy in GC
management.

EGFR and ERBB2 are two members of the epi-
dermal growth factor receptor family, which is
implicated in multiple cancers. Genetic altera-
tions in the EGFR gene family have been shown
to contribute to tumorigenesis and tumor pro-
gression in different types of cancer [31]. EGFR
mutations can predict survival of lung cancer
patients treated with EGFR inhibitors [32].
Trastuzumab is the only approved target agent
for a subgroup of GC patients with HER2 over-
expression at present, which represent about
20% of all the patients [33], based on the
results of phase Ill ToGA trial [34]. A subset of
gastric cancer patients with EGFR amplification
and over expression of EGFR responds to ther-
apy with cetuximab, an anti-EGFR monoclonal
antibody [35]. Consistent with previous stud-
ies, we found that EGFR is overexpressed by
2-fold or more in only 26% of the GC patients
and ERBB2 is overexpressed by 2-fold or more
in 30% of the GC patients. An even lower per-
centage of GC patients in this study have higher
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overexpression for EGFR or ERBB2. Similarly,
only 25% of the GC patients have >2-fold over-
expression for VEGFR1 or VEGFR2, two recep-
tors important for angiogenesis.

In contrast to EGFR, ERBB2, VEGFRR1 and
VEGFR2, overexpression of PDGFRB is found in
61% of the Chinese GC patients in this study. It
has been reported that 41% of Japanese GC
patents are positive for PDGFR [1]. PDGFR is
also mutated, amplified or overexpressed in a
large number of tumors [36]. Platelet-derived
growth factor (PDGF) is one of the numerous
growth factors that regulate cell growth and
division. In particular, it plays a significant role
in angiogenesis, a characteristic of cancer.
Upon activation by PDGF, PDGF receptors
dimerize, and are switched on by autophos-
phorylation of several sites on their cytosolic
domains, which serve to mediate binding of
cofactors and subsequently activate signal
transduction through the PI3K pathway or
through reactive oxygen species (ROS)-
mediated activation of the STAT3 pathway.
PDGFR has been targeted for cancer therapy
with some success [36-38] and is probably a
better target than the other RTKs for GC due to
its overexpression in a higher percentage of GC
patients.

Finally and perhaps most importantly, the
expression profile of these RTK and DNA meta-
bolic genes allows the delineation of subsets of
GC patients that have elevated expression for:
1) both groups of genes, 2) only RTKs, 3) only
DNA metabolic genes, and 4) neither group.
Analyses of these genes should be of clinical
value in selecting the most appropriate thera-
pies for each group of patients.
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