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We performed an integrated array comparative genomic hybrid-
ization (aCGH) and expression microarray analysis of 8 normal
gastric tissues and 38 primary tumors, including 25 intestinal and
13 diffuse gastric adenocarcinomas to identify genes whose expres-
sion is deregulated in association with copy number alteration.
Our aim was also to identify molecular genetic alterations that are
specific to particular clinicopathological characteristics of gastric
cancer. Distinct molecular genetic profiles were identified for in-
testinal and diffuse gastric cancers and for tumors obtained from
2 different locations of the stomach. Interestingly, the ERBB2
amplification and gains at 20q13.12-q13.33 almost exclusively dis-
criminated intestinal cancers from the diffuse type. In addition,
the 17q12-q25 gain was characteristic to cancers located in corpus
and the 20q13.12-q13.13 gain was more common in the antrum.
Statistical analysis was performed using integrated copy number
and expression data to identify genes showing differential expres-
sion associated with a copy number alteration. Genes with the
highest statistical significance included ERBB2, MUC1, GRB7,
PPP1R1B and PPARBP with concomitant changes in copy number
and expression. Immunohistochemical analysis of ERBB2 and
MUC1 on a tissue microarray containing 78 independent gastric
tissues showed statistically significant differences (p < 0.05 and
<0.001) in immunopositivity in the intestinal (31 and 70%) and
diffuse subtypes (14 and 41%), respectively. In conclusion, our
results demonstrate that intestinal and diffuse type gastric cancers
as well as cancers located in different sites of the stomach have dis-
tinct molecular profiles which may have clinical value.
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Gastric cancer is the fourth most common cancer worldwide with
almost 1 million people being diagnosed annually, and it is the sec-
ond most common cause of cancer-related death inflicting 700,000
annual deaths worldwide.1 The high mortality rate of gastric cancer
is explained by the fact that the majority of the tumors in the stom-
ach are malignant gastric adenocarcinomas,2 detected often at an
advanced stage and manifested by lymph node invasion and metas-
tasis.3 Therapeutic interventions to treat such late stage carcinomas
are often restricted to non-curative gastrectomy and lymphadenec-
tomy. Thus, 5-year survival rates of gastric cancer patients are only
10 to 30%.4–6 Because the early stages of gastric cancer are usually
asymptomatic, it is of great clinical importance to identify molecular
markers for diagnostic purposes as well as for targeted treatment.

Gastric adenocarcinoma can be divided into 2 main histological
subtypes, intestinal (differentiated) and diffuse (undifferentiated).7

Diffuse gastric cancer is characterized by non-cohesive and scat-
tered tumor cells that infiltrate deep into the stroma and do not
form any glandular structures. In contrast, intestinal gastric cancer
shows distinguishable, albeit distorted, gland formation and grows
by expansion rather than infiltration.8 Chronic gastritis and intesti-
nal metaplasia are risk factors involved in the pathogenesis of in-
testinal gastric cancer, whereas the diffuse type is less associated

with inflammatory stress and pre-malignant lesions. In addition,
the diffuse type usually has a poorer prognosis than the intestinal
type.9 Altogether, diffuse and intestinal types of gastric cancer
represent different disease entities in regard to epidemiological
and biological characteristics.

Gene copy number aberrations are hallmarks of various human
cancers, but their impact on gene expression remains unknown to
a large degree. Recently, integration of genome-wide aCGH and
gene expression microarray data has provided new information
about the molecular mechanisms underlying gene expression alter-
ations. For example, up to 40–60% of the amplified genes have
demonstrated simultaneous overexpression in primary tumors and
cell lines10–13 and 10–15% of all gene expression changes have
been found to be directly associated with gene copy number
changes.12,14 Identification of deregulated genes that are associ-
ated with gene amplification or deletion is likely to reveal targets
for copy number alterations and genes with potential functional
significance in the malignant phenotype.

Here, we performed genome-wide gene copy number and
expression profiling of 46 gastric tissue specimens, including
tumors from 2 histological subtypes and locations of the stomach,
to identify genes in which alteration in gene expression is associ-
ated with a change in gene copy number. We also studied molecu-
lar profiles of different gastric cancer subtypes to identify molecu-
lar markers with potential clinical significance. Our study is one of
the first reports of integrated genome-wide analysis of clinical gas-
tric cancer material enlightening potential target genes for further
clinical and functional validation.

Material and methods

Sample processing and collection of clinical data

This research project has been reviewed and approved by the
Ethical Committee of the Department of Medical Genetics and
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Central Hospital authorized this investigation. Gastric tissue speci-
mens were prospectively collected from patients who underwent
gastric surgery or gastroscopy in the Helsinki University Central
Hospital between 1999 and 2005. Samples that had an unclear or
mixed histology and samples from patients that had received che-
motherapeutic treatment were excluded from further analysis.
Also, we prioritized samples of which both high quality RNA and
DNA could be extracted from 1 tissue homogenate. These criteria
left us with a total of 38 cancer and 8 normal good quality tissue
samples. Normal tissue samples were taken as far away from the
tumor as possible (minimum distance to tumor was 5 cm).
Informed consent was obtained from each participating subject.
All tumors were reviewed for invasion (T), lymph node status (N)
and metastasis (M), and information about sampling location in
the stomach was collected according to standard practice at the
Helsinki University Central Hospital (Appendix 1, supplementary
data).

Our tissue material consisted of 2 different histological gastric
cancer subtypes; intestinal (n 5 25) and diffuse (n 5 13). Nine of
the cancer samples represented T1–T2 stage tumors and 29 T3–T4
stage tumors, out of which 11 also showed metastasis (M1).
Lymph node colonization was not seen in 6 tumor samples (N0)
whereas 32 tumors showed colonization in 1–15 regional lymph
nodes (N1–N3). The ages of the studied patients ranged from 30
to 99 years (mean age 68) and equal numbers of females and
males were included in the study. Location distributions of tumor
samples and normal samples were similar, because 50% of the
samples in both groups are from the corpus (19 tumor samples and
4 normal samples) and 50% are from the antrum (19 tumor sam-
ples and 4 normal samples). Clinical and histological information
of all the samples are publicly available at www.cangem.org.

Fresh frozen gastric tissue samples were stored at 270�C. Fro-
zen samples were embedded in Tissue-Tek OCT Compound
(Sakura Finetek, Torrance, CA) and 5 lm frozen ice-sections were
prepared and stained using Alcian Blue-Periodic Acid Schiff (AB-
PAS) and Trypan Blue. Histology of normal tissue and gastric ad-
enocarcinoma subtypes (intestinal and diffuse) as well as tumor
cell content in the samples were evaluated by an experienced pa-
thologist (M.-L. K.-L.).

Nucleic acid extraction

After sectioning, Tissue-Tek was removed from the tissues and
frozen samples were stored at 280�C in RNAlater-ICE reagent
(Ambion, Austin, TX). Because paired DNA and RNA samples
were extracted from the same source, tissue samples were co-ho-
mogenized in RLT (b-mercaptoethanol) lysis buffer of the
RNeasy midi kit (Qiagen, Hilden, Germany) using Ultra-Turrax
homogenizer (IKA Works, Wilmington, NC) to ensure that an
identical sample was taken for both the copy number and gene
expression analyses. Prior to sample homogenization, we verified
that the RLT (b-mercaptoethanol) lysis buffer had no effect on the
quality of DNA or CGH microarray hybridization (data not
shown). After homogenization, DNA extraction was continued
using the DNeasy tissue extraction kit (Qiagen) and RNA was
extracted using the RNeasy midi kit. DNA and RNA concentra-
tions were measured using Eppendorf Biophotometer (Eppendorf
AG, Hamburg, Germany) and nucleic acid quality was evaluated
using Agilent’s 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA) and gel electrophoresis (data not shown).

Array comparative genomic hybridization and gene expression
microarray analyses

Forty-six gastric specimens were selected for the study based
on clinical and histological data. Samples with a majority of tumor
cells with high-quality RNA and DNA were analyzed on array
comparative genomic hybridization (aCGH) and gene expression
microarrays. RNA quality was analyzed using Bioanalyzer 2100
(Agilent), and high-quality total RNA had to have distinct peaks
representing 18S and 28S ribosomal RNA with low background

values. DNA quality was analyzed using a spectrophotometer
(Eppendorf Biophotometer) and the mean 260/280 ratio for high-
quality DNA was 1.88. Labeling and hybridization of the DNA
samples were performed as described previously.10,11 Briefly,
20 lg of genomic DNA from gastric samples and reference sam-
ples (pooled DNA extracted from buffy coat fractions of whole
blood obtained from gender-matched healthy individuals provided
by the Finnish Red Cross) was digested overnight at 37�C using
AluI and RsaI restriction enzymes (Sigma–Aldrich, St. Louis,
MO) and purified using phenol–chloroform extraction. Four
micrograms of digested reference and sample DNA were labeled
using Cy3-/Cy5-dUTP fluorescent dyes, respectively (Amersham
Biosciences, Piscataway, NJ), and RadPrime DNA Labeling Sys-
tem (Invitrogen, Carlsbad, CA). Labeled DNA was then hybri-
dized on Human-1 cDNA Microarray (Agilent Technologies) at
65�C for 16 h. Prior to scanning the slides were washed in 0.1%
SDS (RT, 2 min), followed by 0.53 SSC, 0.01% SDS (RT, 2
min), and 0.063 SSC (RT, 2 min), and dried using centrifugation
(300 3 g, RT, 5 min).

Gene expression experiments were performed using the Whole
Human Genome Oligo Microarray kit (Agilent Technologies). In
brief, 20 lg of total RNA extracted from gastric samples and ref-
erence RNA (pool of 10 cancer cell lines, non-gastric; ATCC,
Manassas, MA) was labeled using the Fluorescent Direct Label kit
(Agilent Technologies) and Cy5-dCTP/Cy3-dCTP dyes, respec-
tively (Perkin–Elmer, Wellesley, MA). Hybridization was per-
formed with Agilent’s In Situ Hybridization Kit Plus (Agilent
Technologies) and rinsed according to the manufacturer’s instruc-
tions. Microarray slides (both aCGH and expression) were
scanned using DNA Microarray Scanner (Agilent Technologies).

Microarray data pre-processing

Scanned images were analyzed using Feature Extraction Soft-
ware 8.1 (Agilent Technologies). Intensity data were imported
into the GeneSpring 7.3 program (Agilent Technologies) and
aCGH and gene expression microarray normalization was carried
out using the Feature Extraction data import plug-in (Agilent
Technologies). Default parameters in the Feature Extraction data
import procedure for 2-color data normalization were applied.
Probes flagged as outliers by Feature Extraction were ignored in
the normalization. Sample spot intensities were divided by control
channel, and microarrays were normalized to the 50th percentile
and probes to the median value. Microarray results were quality
filtered using outliers determined by the Feature Extraction
Software.

DNA sequence information (30 and 50 end reads) for the cDNA
probes spotted on Human-1 cDNA microarray was obtained from
Agilent Technologies and Incyte (Wilmington, DE). Genomic
map positions for every available cDNA probe and Whole Human
Genome Oligo microarray probes (60-mers) were identified by
aligning them against the human genome (NCBI build 35) by
MegaBlast analysis. Each sequence was mapped separately and all
probe sequences representing a specific annotated gene or tran-
script were combined. If the sequence had multiple hits in the ge-
nome, it was removed from the analysis. Corresponding Ensembl
gene identifiers (EnsGene IDs) were determined for the microar-
ray probes using the genomic positions of the probe sequences.
Probes mapping to exon sequences were prioritized. Secondarily,
the whole gene sequence was used to match the microarray probe
positions with EnsGenes. EnsGene IDs were subsequently used to
collect gene annotation data from the Ensembl database (version
37). Original microarray data, including scanned images and
image analysis output files, are available at www.cangem.org. Al-
together, 11,848 and 37,374 features in aCGH (Appendix 2, avail-
able at www.cangem.org) and expression microarrays (Appendix
3, available at www.cangem.org), respectively, had unambiguous
genomic map positions and were included in the analysis.
Genomic map positions of the probes were used to integrate gene
copy number data with the gene expression data. This was accom-
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plished by selecting the closest copy number value within a 375-
kb distance from the gene expression probe. The middle base pair
position of the probes was used to measure the distance. Integra-
tion of copy number and gene expression data yielded 33,607
gene expression microarray probes that had the corresponding
gene copy number probe within 375 kb (Appendix 4, available at
www.cangem.org).

Gene copy number profiling

The CGH-Explorer software15 was applied to identify gene
copy number aberrations and to produce binary data (0; no gain or
loss, 1; gain and 21; loss) from array CGH measurements. The
ACE algorithm and false discovery rate of 0.002 were used to
identify gene copy number aberrations in individual samples and
to determine aberration frequencies in gastric cancer (Appendix 5,
available at www.cangem.org).

To study whether any copy number alteration clustered into
specific histology or location, we used receiver operating charac-
teristic (ROC) analysis.16 The clinical sample group comparisons
were performed for intestinal (n 5 25) vs. diffuse (n 5 13) and
antrum (n 5 19) vs. corpus (n 5 19) tumors. First, the ROC curve
was estimated for each gene using class labels (histology or loca-
tion) and the information about the gains and losses. The area
under the ROC curve was used to measure which genes were sig-
nificant as classifying the 2 compared sample groups. To ensure
meaningful copy number patterns, at least 30 percent of the sam-
ples had to have classifying gains or losses in at least one of the
compared classes.

Classification of gastric cancers based on multidimensional
copy number patterns

To find a set of genes with good performance of classifying
patients into classes defined by labels histology and tumor loca-
tion, we ran a forward selection algorithm17 on all of the available
variables. In order to take into account the statistical variability in
the forward selection procedure, we performed a 10-fold cross-
validation procedure17 repeated 50 times at each step of the algo-
rithm. From the experiments, we can calculate the average training
error and the average validation error of the resulting 500 repeti-
tions of the experiment trained with different subsamples of the
data. The number of selected variables is the number for which we
achieve the minimum validation error, suggesting the best general-
ization ability. As a base classifier, we used the Na€ıve Bayes clas-
sifier. The basis assumption in the Na€ıve Bayes classifier is that
the observed copy number changes are conditionally independent
of each other given the class label. The parameters of the classifier
were trained in the framework of maximum likelihood.

To assess the statistical significance of the identified variables,
we compared them with randomly selected variables. The Na€ıve
Bayes classifier was trained 10,000 times with randomly selected
variables. The classification performance of the true selected vari-
ables and the performances of the randomly selected variables
were calculated. An empirical p-value was calculated as the pro-
portion of values in the empirical distribution representing sam-
ples of the test statistic under the assumption of the null hypothesis
exceeding the classification performance of the true classifier.

Integration of gene copy number and expression data

Thirty-eight tumor samples were included in the integration
analysis. Normal tissue samples were not used in the integration,
because we compared the gene expression levels of tumor samples
with copy number alterations to tumor samples without copy num-
ber alterations to assess if an alteration in gene copy number is
reflected on the gene expression level in gastric tumors. The inte-
gration of gene copy number and gene expression data was done
as previously reported by Hautaniemi et al.18 Chromosomal
regions of gains and losses were identified using CGH-Explorer
and the ACE algorithm with a false discovery rate of 0.002. Gains
and losses were treated separately in the analysis. First, expression

in tumor samples with a copy number gain was compared to
expression in tumor samples with a normal copy number. Second,
expression in tumor samples with a copy number loss was com-
pared to expression in tumor samples with a normal copy number.
Gene copy number data was specified as a vector of zeros (normal
copy number) and ones (gain or loss) indicating the copy number
status of each gene across all tumor samples. Then, a weight, wg,
was calculated for expression levels of each probe using signal-to-
noise statistics wg 5 (mg1 – mg0)/(rg1 1 rg0), where mg1 and rg1

represent the mean and the standard deviation of the expression
levels of probes in samples showing gain or loss (g1) and mg0 and
rg0 mark the expression level and the standard deviation of probes
in samples showing normal copy number (g0). Random permuta-
tions (n 5 10,000) of the label vectors were then performed to cal-
culate the statistical significance of the association between gene
expression and gain or loss. a-Values (comparable with p-value)
below 0.05 indicated a statistically significant association between
gene copy number and expression. The global effect of gene copy
number on expression was evaluated by calculating the proportion
of probes that showed association between expression and copy
number changes.

Immunohistochemistry of gastric tissues on tissue microarray

Expression of ERBB2 and MUC1 proteins in gastric cancer was
validated using immunohistochemistry and an independent tissue
microarray containing 78 gastric tumor specimens. The prepara-
tion of tissue microarray has been documented previously.19 Five
micrometer sections were cut from the tissue microarray block.
The microarray slides were first stained with hematoxylin to eval-
uate the histology of the samples. In brief, tissue array slides were
pre-treated with Tris-EDTA (pH 9.0) or with citrate (pH 6.0) for
24 min in a microwave oven prior to staining with ERBB2 and
MUC1 antibodies, respectively. Slides were then stained using
1:500 dilution of NCL-CBII (c-erbB-2 Oncoprotein) and 1:25
dilution of NCL-MUC-1-CORE (Muc-1 Core Glycoprotein)
mouse monoclonal antibodies (Novocastra Laboratories, Newcas-
tle, UK). Immunoreactivity of the tested samples was scored as
negative, weak positive, positive, or strong positive. Significance
of the differences in the frequencies of immunopositive samples
between intestinal and diffuse types and samples from distal
(antrum) and proximal (corpus and cardia) stomach were eval-
uated using a z-test for 2 proportions.

Results

Gastric cancers of different histology and location show
specific copy number alterations

Our gastric cancer samples showed a number of copy number
alterations, with the most frequent gains at 17q12-q21, 20q, 8q,
and X, and losses at 4q (Fig. 1). 17q12-21 was the only highly
amplified region in our material and was only present at the intes-
tinal type (Appendix 6, supplementary data). ROC analysis was
applied to identify genes that classify intestinal and diffuse type
gastric cancers and tumors located in antrum and corpus. We iden-
tified 125 genes with increased copy number that classified intesti-
nal and diffuse types of gastric cancers (Appendix 7, supplemen-
tary data). These include gains of ERBB2 at 17q12 and gains at
19q13.32, 20q11.22-q13.33 and Xp. Gains at 19q13.32 were char-
acteristic to diffuse type gastric cancer, whereas all other gains at
the specified regions were more common in the intestinal type. On
the other hand, 138 genes classified gastric cancers located in
antrum and corpus (Appendix 7). These genes were located at
8q24.13-q24.21, 17q21.2 and 20q13 regions. Gains at 17q21.2
were specific for corpus located gastric cancers and gains at 8q24
and 20q13 were specific for gastric cancers located in the antrum.
No deletions classified gastric cancers based on histology or loca-
tion.

819GENE COPY NUMBER AND EXPRESSION ANALYSIS OF GASTRIC CANCER



Specific copy number patterns classify gastric cancers of
different histology and location

We identified six amplified genes that discriminated intestinal
from diffuse gastric cancers by Na€ıve Bayes model. These genes
included ERBB2, NAPA, GNAS, XK, PTGIS and 1 unknown gene
(ENSG00000104866). With these genes, the percentage of
correct classification was 81.6% with a p-value of 0.0002 as com-
pared to the randomly selected variables. On the other hand, a pat-
tern of 5 amplified genes discriminated cancers located in antrum
from corpus located gastric cancers. These genes included
SLC35C2, BCAS1, NEURL2, CYP24A1 and 1 unknown gene
(ENSG00000131747). The corresponding percentage of correct
classification was 73.7% with a p-value of 0.0003.

Gene copy number changes are associated
with alterations in gene expression

Altogether, 5.9% of the probes (n 5 1980) were deleted in at
least 10% of the cancer samples, and 6.3% of these probes (n 5
125) showed an association between copy number loss and under-
expression (a-value < 0.05). On the other hand, 27.8% of the
probes (n 5 9336) were gained or amplified in at least 10% of the
cancer samples. Of these probes, 9.6% (n 5 895) showed an asso-
ciation between copy number gain and overexpression (a-value
<0.05).

Statistical analysis of the dependencies in the aCGH and gene
expression microarray measurements revealed 657 individual
genes that showed an association between overexpression and
copy number gain and 95 genes that showed an association
between underexpression and copy number loss (Appendix 8,
available at www.cangem.org). Natural logarithm of the ratio of
mean expression levels between samples labeled with 1 (denoting
amplification or deletion) and 0 (denoting no copy number
change) (ln[mg1/mg0]) were plotted to visualize the genes that had
an association between the gene copy number aberration and
altered gene expression in gastric adenocarcinoma (Fig. 2). Only
those genes that had at least a 2-fold change in the gene expression
ratio (ln[mg1/mg0] > 0.7 or < 20.7) between the samples with
amplification or deletion and normal copy number are shown in
Figure 2 and Table I. Integrated analysis of copy number and
expression pinpointed several known gastric cancer genes such as
PPP1R1B, STARD3, PNMT, PERLD1, ERBB2, GRB7, JUP
(17q12-21),20–24 MUC1 (1q22),25 VEGF (7p21.1)26 and MYC
(8q24)27 (Table I). Novel genes included PPARBP, SMURF1,
HOXA9, HOXA10, MYO6, MYST4, SMAD1, NARG1, FGFR3,
VDAC2, GSDML, KRT23 and MALT1 with no previous associa-
tion with gastric cancer (Table I).

ERBB2 and MUC1 protein overexpression is associated
with intestinal cancers

Protein expression levels of ERBB2 (HGNC Id: 3430) and
MUC1 (HGNC Id: 7508) were investigated on a tissue microarray
to identify differences in the protein expression between the dif-
ferent histological subtypes or tumor location (Fig. 3; Appendix 9,
supplementary data). The analysis was successful for 64 and 68
samples stained with MUC1 and ERBB2, respectively. According
to the z-test for 2 proportions, both ERBB2 (z-score 1.98, p <
0.05) and MUC1 (z-score 3.06, p < 0.001) showed positive stain-
ing more frequently in the intestinal type gastric cancer (31% and
70%, respectively) than in the diffuse type (14% and 41%, respec-
tively). Furthermore, ERBB2 and MUC1 were not differentially
expressed in tumors located in the proximal (corpus and cardia)
and the distal (antrum) sections of the stomach. These data suggest
that ERBB2 and MUC1 overexpression may have clinical value in
the intestinal type gastric cancers, regardless of the location of the
tumor in the stomach.

Discussion

Several studies have provided insights into the importance of
specific copy number alterations in the development of solid
tumors, showing that these alterations may lead to the altered
expression of cancer critical genes.11,28 Our aim was to integrate
the genome-wide gene copy number and expression microarray
data of 46 surgical stomach specimens to identify genes whose
expression is deregulated due to altered copy number. Using
aCGH, gene expression and tissue microarrays as well as custom-
developed bioinformatics tools, we pinpointed genes whose
altered expression was associated with increased or decreased
copy number. Our data also showed distinct genomic profiles in
gastric cancers depending on histology (intestinal and diffuse) or
site (antrum and corpus), implicating genes with specific biologi-
cal or therapeutic roles in gastric cancer.

Different carcinogenetic pathways have been suggested for in-
testinal and diffuse gastric cancer and also our data revealed dif-
ferences in molecular genetic alterations in 2 histological sub-
types. Well-differentiated intestinal adenocarcinoma is proposed
to arise through chronic gastritis–intestinal metaplasia-carcinoma
sequence whereas genetic risk factors are thought to be associated
with the diffuse type.9 According to our results, intestinal type
gastric cancers could be differentiated by gains of ERBB2 at
17q12, as well as gains at 20q11.22-q13.33 and Xp, whereas gains
at 19q13.32 were more common in the diffuse type. We and others
have previously reported the higher frequency of 17q12 and 20q

FIGURE 1 – Frequency plot of DNA copy number changes in 38 gastric adenocarcinomas using CGH microarrays and CGH-Explorer soft-
ware. Frequencies of copy number aberrations of each clone have been plotted on the Y-axis. Gains are marked in red and losses in blue.
Genomic positions of the probes are marked on X-axis.
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amplifications in intestinal gastric cancer.23,29,30 Moreover, we
identified 2 sets of genes with copy number gains that classified
gastric cancers based on histology and location. ERBB2 was
included in the gene set that separated intestinal from the diffuse
type gastric cancers. Additionally, ERBB2 was shown to be spe-
cifically expressed in the intestinal type by immunohistochemistry
and tissue microarray. The differences in copy number of the dif-
fuse and intestinal tumor components were recently investigated
in mixed types of gastric tumors by Carvalho et al.31 In their
study, no differences in copy number profiles were identified
between the intestinal and diffuse components of the mixed type
gastric cancers. These findings support the idea that the mixed
type is a third histological subtype in gastric cancer with specific
phenotype and genomic changes and that the intestinal and diffuse
types are separate entities. The identified patterns of copy number
gains could be valuable biomarkers in diagnostics and in selecting
treatment modalities for different gastric cancer subtypes.

Most gastric cancers occur in the distal third of the stomach, the
antrum. Other common gastric cancer sites are the cardia (upper
third) and corpus (middle third). In our study, all the samples were
obtained either from the corpus or antrum to ensure exclusion of
esophageal tumors expanding to gastric cardia. Our results show
that 17q12.2 region is gained in gastric cancers of the corpus
whereas gains at 8q24 and 20q13 were more frequent in antrum-
derived gastric tumors. Interestingly, proximal gastrointestinal
tumors (e.g., Barrett’s adenocarcinoma) also have amplifications
at 17q, whereas distal gastrointestinal tumors (e.g., colorectal can-
cer) have frequent amplifications at 20q.32 We hypothesize that
their location in the gastro-intestinal tract and a similar cell-of-ori-
gin33 might explain comparable molecular genetic alteration for
these cancer types.

Although gene expression and copy number profiles specific to
gastric cancer and its histological subtypes have been identi-
fied,34–37 gene expression or copy number profiling alone is not

FIGURE 2 – Genes showing highest statistical association between gene copy number and expression in gastric cancer. Gene expression and
copy number data sets were integrated using genome positions of the arrayed probes. Genes with consistent copy number and expression values
were then analyzed using signal-to-noise statistics and random permutation test. Genes with an a-value <0.05, altered copy number in at least
10% of the cancer samples, and at least a 2-fold change in gene expression ratio are shown. Genomic position of each probe is plotted on the
X-axis and the natural logarithm of mean gene expression ratios of samples with copy number alteration to samples without alterations are
shown in the Y-axis. (a) Genome-wide image and (b) a zoomed-in image of the 17q12-q21 region from position 34,653 to 37,277 kb.
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optimal in identification of specific targets for therapeutic applica-
tions. We integrated both the copy number and gene expression in-
formation to define the genes whose altered gene copy number is
associated with gene expression change and which might therefore
be critical in gastric cancer development. We identified 752 puta-
tive gastric cancer target genes with altered copy number (gain or
loss) present in more than 10% of the cancer samples and whose
expression was attributable to copy number alteration (a-value <
0.05). Overall, the impact of gene copy number on gene expres-
sion in gastric cancer was in line with previous reports of other
solid tumors10–13 as our data showed that 10% and 6% of the
genes within the regions of copy number gains or losses were
over- or underexpressed, respectively. For example, PFDN4 and
GATA5 were amplified and overexpressed at 20q13.2, which is
one of the most commonly amplified regions in gastric cancer, and
MUC1 copy number had the most significant impact on gene
expression at 1q22. We then compared our results to a recent copy
number and gene expression microarray study of 30 gastric
tumors.38 The overlapping genes included GATA6, ANKRD11,
CDC6, MAZ, MFHAS1, GATA4, PPARBP, GRB7 and SEC22L3,

of which GRB7 (18.4 %), CDC6 (15.8%), MAZ (13.2%) and
PPARBP (10.5%) were the most frequently amplified genes in our
material. The frequency of copy number alterations in the other
genes ranged from 5.3 to 7.9 % in our study and from 3.3 to 6.7 %
in the study by Yang et al.38 Although the frequencies reported by
Yang et al. were relatively low, these results might point to the bi-
ological role of these genes in gastric cancer.

In our study, the only frequent high-level amplification occurred
at 17q12-21 (Appendix 6). A number of genes are previously sug-
gested as 17q12-21 targets in gastric cancer.19,24 In our study,
PPARBP, PPP1R1B, PERLD1, STARD3, PNMT, ERBB2, GRB7
and JUP showed the most significant overexpression associated
with copy number gain, suggesting that the 17q12-21 gain and its
reflection on gene expression is instrumental in gastric carcinogen-
esis. PPP1R1B is a previously suggested target gene in the 17q
amplicon in gastric cancer.19 The amplification of 17q12-21 has
been previously studied in upper gastrointestinal adenocarcinomas
and the genomic region from PPP1R1B to GRB7 showed the high-
est correlation between amplification and gene expression.23 The
analysis was carried out by FISH using a BAC clone, which spans

TABLE I – PUTATIVE GASTRIC CANCER TARGET GENES IN 38 PRIMARY GASTRIC ADENOCARCINOMAS IDENTIFIED USING
CGH AND EXPRESSION MICROARRAY ANALYSES

Probe name Gene symbol Chromosome band a ln[mg1/mg0]
Copy number
aberration
frequency

Examples of ssociated cancers PubMed ID

A_23_P137856 MUC1 1q22 0.0107 1.28 0.11 Gastric, ovarian,
breast, colorectal

16403482, 16880776,
16846534, 16857798

A_23_P148768 F5 1q23 0.0027 1.51 0.13 – –
A_23_P409988 PHC3 3q26.2 0.0061 1.28 0.13 Osteosarcoma 17001316
A_23_P9574 ECT2 3q26.31 0.0248 0.80 0.13 Esophagus 15761962
A_24_P165949 CLDN1 3q28 0.0022 0.95 0.11 Colorectal 16253248
A_23_P110167 MGST2 4q28.3 0.0026 20.75 0.13 – –
A_24_P12401 VEGF 6p21.1 0.0001 1.46 0.11 Gastric, ovarian, breast,

osteosarcoma
16761623, 16835828,

16596190, 16528367
A_23_P500998 HOXA9 7p15.2 0.0057 1.13 0.13 ALL 11314021
A_23_P253368 HOXA10 7p15.2 0.0071 0.87 0.13 Endometrium, breast 15627890, 15044858
A_23_P353316 SMURF1 7q22.1 0.0055 0.75 0.13 Pancreatic 16036106
A_32_P223327 CYP3A4,

CYP3A5
7q22.1 0.0284 0.70 0.13 Prostate 15548719

A_23_P146284 SQLE 8q24.1 0.0027 1.11 0.21 Lung 17316888
A_24_P941586 MYST4 10q22.2 0.0077 0.78 0.11 AML 15147375, 16626284
A_24_P87036 TMEM16A 11q13.3 0.0376 1.12 0.11 Breast, pancreatic, gastric,

parathyroid, head and neck
12739008

A_23_P64879 KCNJ8 12p11.23 0.0000 21.18 0.11 – –
A_23_P425704 PPARBP 17q12 0.001 1.42 0.11 Breast, gastric 10485914, 12430186,

11691784
A_23_P129835 PPP1R1B 17q12 0.0007 2.12 0.18 Gastric,

UGC
12124342, 14991576,

16825313, 15188007
A_24_P224538 STARD3 17q12 0.0025 1.36 0.18 Breast, UGC 16708353, 1682531
A_23_P100642 PNMT 17q12 0.016 1.15 0.18 Gastric, breast, adrenal 15010812, 12727839,

16047163
A_24_P275828 PERLD1 17q12 0.0002 2.07 0.18 Gastric, breast 12739007, 15010812,

14578197
A_23_P89249 ERBB2 17q12 0.0035 1.30 0.21 Gastric, breast, lung 16718853, 14991576,

16622439, 16847810
A_23_P163992 GRB7 17q12 0.0002 0.88 0.18 Gastric, pancreatic, TGCT 11980659, 16595785,

16354586
A_23_P207850 TNS4 17q21.2 0.0008 0.73 0.18 Lung 12711115
A_23_P78248 KRT23 17q21.2 0.0011 1.12 0.13 Pancreatic 11135429
A_23_P501822 JUP 17q21.2 0.0001 1.65 0.13 Gastric, TGCT 11980659, 11956097,

14612934
A_23_P380954 ZNF407 18q23 0.0057 20.73 0.11 – –
A_23_P166023 PFDN4 20q13.2 0.0032 0.87 0.21 Breast 11381030
A_23_P371835 GATA5 20q13.33 0.0192 0.73 0.24 Gastric, colorectal,

ovarian, lung
14612389, 16337738,

15585625
A_23_P259901 TKTL1 Xq28 0.0454 0.81 0.11 Colon, urethelial 16465194

a Value reports the significance of the association between gene copy number alteration and expression. ln[mg1/mg0] corresponds to natural logarithm
of mean expression ratio of samples with copy number alterations (mg1) to samples with no copy number alterations (mg0). Positive values correspond
to a gain or amplification related overexpression and negative values to loss related underexpression. The examples of associated cancers indicate the
cancer types in which mutations, altered RNA expression, protein expression, or copy number have been reported with corresponding PubMed IDs.

SCC, squamous cell carcinoma; ALL, acute lymphoid leukemia; MM, malignant mesothelioma; UGC, upper gastrointestinal cancers (gastric and
esophageal); AML, acute myeloid leukemia; TGCT, testicular germ cell tumor.
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the whole region, and therefore, the copy number ratios of
the individual genes could not be studied in great detail. In our
data, PPP1R1B, PERLD1 and JUP showed the highest copy
number and gene expression levels (Fig. 2). Amplification and
overexpression of PPARBP, located proximal to PPP1R1B-GRB7
locus, is a novel finding in gastric cancer but it has previously
been shown to be amplified and overexpressed in breast cancer.39

Additionally, frameshift mutations of PPARBP have been
observed in gastric cancer with a high-frequency of microsatellite
instability.40 A number of genes in the 17q12-q21 amplicon
play pivotal roles in cell cycle regulation, cell signaling, and cell–
cell interactions, which all act as integral parts in tumori-
genesis.20,41–44 Our results show that the distribution of amplifica-
tions appears to be non-random and confined to specific genomic
sites. The most commonly amplified region was at chromosome
17, which is gene-rich (>15 genes/Mb) and abundant in open
chromatin fibers.45 The open conformation of chromatin observed
in chromosome 17 might render it susceptible to DNA double-
strand breaks. Amplifications at 17q12-q21 could be explained by
elevated frequency of DNA breaks leading to initiation of the
amplification mechanism.46

To determine the clinical relevance of the genes that showed an
association between copy number and expression, we studied 78
clinical tumor samples using a tissue microarray. The expression
levels of MUC1 and ERBB2 proteins were shown to associate
with the intestinal gastric cancer more than with the diffuse type.
MUC1 immunoreactivity was positive in the majority of gastric
tumors. It was remarkably higher than would be expected based
on genomic profiling analysis, suggesting that, in addition to gene
copy number gain, MUC1 expression is increased also due to
other mechanisms. Interestingly, erbB receptor tyrosine kinases
have been shown to phosphorylate MUC1,47,48 which then inter-
acts with b-catenin.49 Furthermore, H. pylori has been shown to
bind tandem repeat domain of MUC1 on the surface of gastric epi-
thelium50 and activate b-catenin in gastric epithelial cells.51 b-
Catenin has been shown to enhance invasiveness and promote pro-
liferation in gastric cancer cell lines.52 Based on these data we
speculate that MUC1 might be involved in gastric carcinogenesis
by promoting proliferation and invasion through interaction with
b-catenin after being activated by copy number gain, ERBB2 ki-
nase or H. pylori infection. Moreover, MUC1 has been shown to
inhibit cell–cell and cell–stroma interactions and facilitate cell

FIGURE 3 – Immunohistochemistry for ERBB2 and MUC1 proteins on a tissue microarray. (a) Scoring of the ERBB2 and MUC1 staining.
Monoclonal antibodies and tissue microarray were applied to determine the expression of ERBB2 and MUC1 in gastric cancer. Immunoreactiv-
ity was scored as weak positive, positive, or strong positive. (b) Analysis of ERBB2 and MUC1 immunohistochemistry on tissue microarray.
Proximal refers to corpus and cardia, whereas distal denotes antrum. ** indicates statistically significant difference (p < 0.05) and *** denotes
statistically highly significant difference (p < 0.001) according to the z-test test of 2 proportions.
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spreading and metastasis53 and MUCI expression has been used as
a marker of circulating tumor cells in the peripheral blood of gas-
tric cancer patients.25 31% of the analyzed gastric cancers were
positive for immunohistochemical ERBB2 staining, which is in
line with the results obtained from gene expression microarrays. A
clear indication of ERBB2 involvement in gastric cancer was
established when trastuzumab (ERBB2 tyrosine kinase domain
binding monoclonal antibody) treatment was shown to inhibit tu-
mor growth in gastric cancer cell lines and in a patient with
ERBB2 amplification and overexpression.43,44 Strong positive or
positive staining of ERBB2 was only detected in the intestinal gas-
tric cancer. Furthermore, ERBB2 was the only gene at 17q12
amplicon discriminating intestinal and diffuse cancers supporting
the importance of ERBB2 in the intestinal type. Altogether, the
immunohistochemical analysis of MUC1 and ERBB2 confirmed
the results from the gene copy number profiling, integrated copy
number and gene expression analysis and illustrated that gene
overexpression associated with a copy number gain also leads to
higher protein expression.

In conclusion, we carried out genome-wide gene copy number
and expression microarray profiling of gastric adenocarcinoma
and applied statistical analysis to identify putative target genes
that are deregulated in association with a copy number alteration.

Intestinal and diffuse types of gastric adenocarcinoma with dis-
tinctive clinicopathological features showed different molecular
genetic profiles, which may have a diagnostic value. Furthermore,
tumors located in the antrum and corpus were clearly 2 separate
disease entities in regard to their molecular genetic characteristics.
Integration of genome-wide information by CGH and expression
microarrays allowed us to identify genes that are likely to be
involved in gastric carcinogenesis and to discover potential thera-
peutic and clinical targets for gastric cancer. To further validate
the clinical and biological significance of the identified targets,
subsequent studies of these genes should include investigation of
protein level alterations and functional properties.
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