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Despite the advancements in the cancer therapeutics, gastric cancer ranks as the second
most common cancers with high global mortality rate. Integrative functional genomic
investigation is a powerful approach to understand the major dysregulations and to iden-
tify the potential targets toward the development of targeted therapeutics for various can-
cers. Intestinal and diffuse type gastric tumors remain the major subtypes and the
molecular determinants and drivers of these distinct subtypes remain unidentified. In
this investigation, by exploring the network of gene coexpression association in gastric tu-
mors, mRNA expressions of 20,318 genes across 200 gastric tumors were categorized into
21 modules. The genes and the hub genes of the modules show gastric cancer subtype spe-
cific expression. The expression patterns of the modules were correlated with intestinal
and diffuse subtypes as well as with the differentiation status of gastric tumors. Among
these, G1 module has been identified as a major driving force of diffuse type gastric tumors
with the features of (i) enriched mesenchymal, mesenchymal stem cell like, and mesen-
chymal derived multiple lineages, (ii) elevated OCT1 mediated transcription, (iii) involve-
ment of Notch activation, and (iv) reduced polycomb mediated epigenetic repression.
G13 module has been identified as key factor in intestinal type gastric tumors and found
to have the characteristic features of (i) involvement of embryonic stem cell like properties,
(ii) Wnt, MYC and E2F mediated transcription programs, and (iii) involvement of polycomb
mediated repression. Thus the differential transcription programs, differential epigenetic
regulation and varying stem cell features involved in two major subtypes of gastric cancer
were delineated by exploring the gene coexpression network. The identified subtype spe-
cific dysregulations could be optimally employed in developing subtype specific therapeu-
tic targeting strategies for gastric cancer.
© 2014 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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1. Introduction

Despite the advancements in the cancer research and devel-
opments in cancer therapeutics, gastric cancer remains one
of the cancers with highest annual mortality rate (Nagini,
2012). Potential therapeutic targets and targeted therapeutics
still remain to be identified and developed to tackle different
types of gastric cancers. Heterogeneities and complexities
remain the major limiting factors in identifying the realistic
therapeutic targets (Sehn, 2012; Chen et al., 2003). Stratifica-
tion of gastric cancer patients based on the dysregulations
and identifying the therapeutic targets for the different sub-
groups of patients are the current needs in the development
of next generation diagnostics and therapeutics. Genome-
wide profiling of cancers and integrative functional genomics
approaches are found useful in delineating the complexities
and heterogeneities in various cancers and molecular stratifi-
cation of cancer patients (TCGA, 2012; Schroeder et al., 2013).

With the advent of genomic investigations, several ad-
vancements have been made in understanding the biology
of gastric cancer. Identification of key cancer genes, molecu-
lar stratification of tumors, and identification of predomi-
nant pathways involved in gastric cancer are the major
outcomes (Cho et al., 2011; Ooi et al,, 2009; Zang et al,
2011). Interactions among the genes of a single cell type
and cross talks among various types of cells in the tumor
microenvironment contribute tremendously in cancers and
needs to be investigated (Hanahan and Weinberg, 2011).
However, these interactions could not be investigated by
conventional genomics which often merely
screening the genes differentially altered in tumors. Integra-
tive and multi-dimensional analysis of microarray data,
particularly the transcriptomics data is capable of yielding
system level information (Barabasi and Oltvai, 2004; Stuart
et al., 2003).

Gene coexpression network based gene pattern analysis
from the transcriptomics data by applying the weighted
gene coexpression network analysis (WGCNA) organizes the
whole genome expression data into functional clusters of
coexpressed genes. This is useful to investigate the gene
expression profile in functional contexts and to infer the
expression pattern of gene sets and their regulations
(Horvath and Dong, 2008). Earlier studies involving the con-
struction of coexpression network in gastric cancer had iden-
tified coexpressed modular genes and pathways. PLAG2A, a
prognostic marker, its coexpression with EPHB2 receptor, as-
sociation with Wnt/B-catenin pathway and its B-catenin
mediated regulation were established from the network of
gastric cancer transcriptome (Aggarwal et al., 2006; Ganesan
et al., 2008). Another recent network from gastric tumors has
revealed the enrichment of the stromal cells in diffuse gastric
tumors (Wu et al., 2013). Apart from the mass of proliferating
cancer cells, tumors are composed of multiple distinct cell
types and the aggressiveness of the cancer is influenced by
heterotypic interactions among these cells; in particular, the
stromal cells and stem cells contribute to the development
and progression of cancers upon differentiation and were
inferred from mRNA network (Ben-Porath et al.,, 2008; Wu
et al., 2013; Zhao et al., 2010).

involves

Though multiple networks have been constructed in
gastric and many other cancer types, each of these networks
have their unique potential in identifying novel system level
information in understanding the biology of cancers. In this
study, weighted gene coexpression based network analysis
of the global transcriptome of gastric tumors was performed
to infer the global gene interactions and thus the functional
processes playing crucial role in gastric carcinogenesis. It
was aimed to connect the gene modules with clinical traits
and to understand the gene interactions involved in specific
clinical phenotypes. From the coexpression pattern of genes,
the major molecular cellular factors involved in two different
major subtypes of gastric cancer were identified. Involve-
ments of heterogenous categories of stem cells, varying tran-
scription programs, and different epigenetic dysregulations
have been identified as hallmarks of gastric cancer subtypes.

2. Materials and methods
2.1.  Microarray data preprocessing

Gene expression profile of gastric tumors was collected from
the microarray database Gene expression omnibus (GEO).
Since the aim of the study is to obtain the gene network,
where each node represents the gene, the MAS 5.0 normalized
mRNA profile data was matched with the gene symbol and
gene description provided in the corresponding platform file.
Gene duplicates were removed by considering the average
expression value of multiple probes of genes. The processed
profile data was used for the network construction.

2.2. Coexpression network construction

Gastric cancer mRNA profile datasets were collected from Gene
expression omnibus (GSE15459, GSE22377) (Forster et al., 2011;
Ooi et al.,, 2009). The first network was constructed from the
GSE15459 dataset having the mRNA profile of 200 gastric tumor
samples. A weighted coexpression network of the selected
20,318 genes from the gastric cancer transcriptome was con-
structed by applying the algorithms of WGCNA (Langfelder
and Horvath, 2008; Zhang and Horvath, 2005). The correlations
among gene expressions were measured based on the Pearson
correlation coefficients of all pairs of the genes. The soft thresh-
olding function of WGCNA was used to derive the continuous
value of the gene coexpression from Pearson correlation values.
The correlation coefficients were further converted into adja-
cency matrix, using the power adjacency function. The details
and scripts used for the construction of coexpression network
are provided in Supplemental Method 1.

2.3. Module detection

The adjacency value of each gene along with its degree of
shared correlation within the weighted network was trans-
formed into topological overlap, based on which the dissimi-
larity measure of the topological overlap matrix of the
highly coexpressed genes were calculated and the genes
were hierarchically clustered into different modules. To sum
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up the entire module gene expression and to know the
strength of the module connections in the network, various
network concepts such as maximum adjacency ratio (MAR),
heterogeneity, and connectivity of the module genes were
calculated by applying the function network concept in
WGCNA (Horvath and Dong, 2008). Modules in the network
were developed as network model using the visualization
tool VisANT (Hu et al., 2008).

2.4. Clustering and analysis of the modules

The genes in the different modules were sorted based on the
MAR value and 25 genes with high MAR value were selected
as hub genes. The unsupervised clustering of the top 25 hub
genes of each of the 21 modules across the gastric tumor
mRNA profiles GSE15459 and GSE22377 were performed in
dChip (Li and Wong, 2001). Distance of the clustering was
calculated based on the 1-correlation value (Eisen et al.,
1998; Golub et al., 1999). Similarly, the expression pattern of
genes of the modules and genes in different signatures were
analyzed in dChip.

2.5. Screening of the module genes across stem cells

The mRNA profile of mesenchymal stem cells (GSE28974) and
embryonic stem cells (GSE29625) were collected from GEO.
These two different profiles were combined by median
normalization and the combined data was then quantile
normalized (Bolstad et al., 2003; Qin et al., 2012). The quantile
normalized data was screened for the expression of individual
module genes. The mean expression of the gene sets in the
samples and subgroups were calculated and the values were
plotted as boxplot by applying the function boxplot in R pack-
age (Murrell et al., 2005). The fold difference and the signifi-
cance values were calculated by applying the difference
between the mean expression of the genes in MSC and ESC,
and the significance was calculated by two-tailed t-test.

2.6. Classification of the gastric cancer cell lines

The gastric cancer cell line profile data GSE22183 was collected
from the database GEO. The average mean expressions of the
duplicate genes were calculated and the duplicates were
merged. The intrinsic subtypes of gastric cancer cell lines
based on the molecular classification were obtained from
the information provided in the article (Tan et al., 2011). The
expression levels of the G1 module genes in intestinal and
diffuse class of cell lines were measured based on Z score
metric. The mean expression level of genes in G1 module
was considered as Xsg; in sample S. X be the mean expression
of all the genes in profile data and the oy is the standard devi-
ation of the X. Z score was derived by applying the formula,
Z score = [((Xsg1) — (Xs))/as] * 1/]g1] (Levine et al., 2006).

2.7. In-vitro reporter assay

In-vitro Notch/Myc/Wnt/E2F reporter assays was performed in
the specified cell lines in 24 well cell culture plates. Upon reach-
ing 70% confluency, the pathway specific firefly luciferase re-
porter plasmid along with CMV-renilla reporter plasmid (SA
Biosciences) were transfected in the ratio of 100:1 using Fugene
transfection reagent (Promega). Upon 24 h of incubation, the
cells were harvested and the pathway/transcription factor spe-
cific transcriptional activity was measured by dual luciferase
assay (Parsons et al., 2000). The basal un-induced pathway/
transcriptional activity of cell lines were calculated in folds by
considering the folds of measurement from negative control
firefly (firefly reporter without enhancer) transfected sample
as one. For SAHA (Suberoylanilide hydroxamic acid) treatment,
24 h after luciferase plasmid transfection, the cells were treated
with SAHA and vehicle control. Upon 24 h of incubation, the
cells were harvested and the Notch transcriptional activity
was measured by dual luciferase assay. For siRNA experiments,
pooled siRNA from Dhramacon were used. The cells were
transfected with siRNA using oligofectamine (Invitrogen). After
24 h, the cells were transfected with reporter plasmids and
further harvested at 24 h after the plasmid transfection. In all
the experiments, the necessary controls were used and the as-
says were performed twice in duplicates or triplicates.

2.8. SAHA treatment, RT-PCR, and Western blotting

AGS cells seeded in 6 well culture plate were treated with
increasing concentration of SAHA and incubated for 48 h. Sub-
sequently, total RNA was extracted using Trizol (Invitrogen)
and ¢cDNA was synthesized from the isolated RNA using
Reverse Transcriptase (Invitrogen) as per the standard proto-
col. The cDNA was used for further semi-quantitative RT-
PCR experiments to analyze the relative gene expression using
gene specific primers. Total cell lysate from the specified
gastric cancer cell lines were used for the analysis of Myc pro-
tein expression by Western blotting. Myc (Santa Cruz) and B-
actin (Sigma Aldrich) antibodies were used for the detection
of cellular levels of protein. The secondary antibodies used
were anti-mouse IgG-HRP (GE Healthcare) and the blots were
developed using ECL Prime reagent (GE Healthcare).

3. Results

3.1. Identification of gene coexpression network modules
playing crucial role in intestinal and diffuse type gastric
tumors

Whole genome expression profiles have unlimited dimen-
sions of information and often remain unexplored. Analysis
of the genes differentially expressed in tumors is the very

Figure 1 — Coexpressed mRNA network of gastric tumors is defined as 21 modules. (A) Highly correlated genes are grouped into modules of

coexpressed genes by hierarchical clustering of the TOM dissimilarity measure (1-TOM). The topological overlap dissimilarities among the genes

are represented as height. Each branch of the dendrogram represents a module, and assigned a color at the bottom for clear view. Genes (20,318)

are grouped into 21 modules of different colors. Genes that does not fall into any modules are represented in grey. Few closely related modules were

merged into single module by merge dynamics. (B) Visualization of highly connected genes of the selected modules G1 and G13 is shown as

network. Each dot represents a gene and hub genes are highlighted in blue color and in larger size.
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basic outcome of the mRNA profiles. In order to understand
the complex transcriptional regulations in gastric cancers
and to identify potential pathological and therapeutic leads,
mRNA profile of gastric tumors was investigated. The gastric
cancer transcriptome dataset (GSE15459) comprising the
mRNA profiles of 200 gastric tumor samples was selected for
the investigation. Identification of the genes and gene sets
having correlated expression pattern across cancer samples
is an intriguing approach in identifying the gene interactions,
biological processes and global dysregulations in cancers. A
weighted coexpression network (WGCNA) of 20,318 genes in
the gastric cancer mRNA profile data was constructed by
applying the soft thresholding and topological overlap matrix
(TOM) algorithms of WGCNA (Langfelder and Horvath, 2008;
Zhang and Horvath, 2005) (Supplemental Method 1). Gen-
e—gene associations among the genes were measured based
on the Pearson correlation coefficients of all pairs of the genes
in the mRNA profile. In order to identify the weight of the cor-
relations throughout the transcriptome, the correlation coeffi-
cients of all pairs of the genes were converted into adjacency
matrix. The adjacency value of each gene along with its degree
of shared correlation within the weighted network was trans-
formed into topological overlap. Based on this, highly coex-
pressed genes were hierarchically clustered into 21 different
modules (Figure 1A and Supplemental Table 1). The highly
coexpressed genes were clustered based on dissimilarity

A Poor 41/54
p value = 0.009

Moderate 25/46,
p value =0.008.

measure of TOM (1 - TOM). The genes in the modules and their
coexpressed neighbors were viewed as network models in the
visualization tool VisANT (Hu et al., 2008). Individual modules
with top connections are shown in Figure 1B and
Supplemental Data 1. The 21 modules were named from G1
to G21. The numbers of genes across the modules were vary-
ing between 3999 and 22. With the selected criteria mentioned
above, this is the grouping pattern of highly coexpressed
genes in the analyzed gastric tumor mRNA profile. This clus-
tering also means that the transcriptome of gastric tumors
comprise 21 distinct or related functional processes and is
worth investigating in order to understand the driving forces
and molecular patho-biological processes in gastric cancers.
To investigate the modular expression of genes in the clin-
ical contexts of gastric tumors, the expression pattern of
different modules were probed in association with the clinical
phenotypes. The hub genes are the key genes of the modules
connected with majority of the genes in the module and hence
the expression of top 25 hub genes of each module
(Supplemental Table 2) were analyzed in the gastric tumor
mRNA profile GSE15459, comprising 200 gastric tumors. The
analysis revealed a clustered expression of different modules
in gastric cancer subtypes based on their differentiation status
(Figure 2A). Unsupervised clustering of top 25 hub genes of
each module classifies gastric tumors into their subtypes.
Among the 21 modules, the hub genes of G1, G2, G3, G5, G¢,

Intestinal 17/19.
pvalue =0.000002

Diffuse 22/24.

@
3

G21,G6

G4

G12
G15

G13

AR ]

N

Figure 2 — The modular hub genes are differentially expressed in gastric cancer subtypes. (A) Two way hierarchical clustering of the expression of
top 25 hub genes of all modules in the gastric tumor mRNA profile, GSE15459 shows the elevated expression of G1, G2, G3, and G5 modules in
poorly differentiated tumors. G13 module is expressed in moderately differentiated gastric tumors. In all the heat maps highest to lowest expression

is represented by red to green. (B) Expression and clustering pattern of modular genes in an independent cohort of gastric tumors (GSE22377)

indicate the expression of G1, G2, G3, and G5 modules in diffuse type gastric tumors and G13 in intestinal type.
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G16 and G18 modules are highly expressed in poorly differen-
tiated tumors than moderately differentiated samples. On the
other hand, the hub genes of G13 module are expressed in
moderately differentiated tumors. These modular hub genes
also show consistent clustering and expression pattern in an
independent patient cohort of gastric tumor mRNA profile
(GSE22377) with intestinal and diffuse type gastric tumor in-
formation (Figure 2B). Some of the other modular genes are

partially consistent between two mRNA profiles. In large, the
hub genes of the modules are capable of classifying the gastric
tumors based on their differentiation status and also into in-
testinal and diffuse types with significant p values.

The observed striking expression pattern of the modular
genes in correlation with the differentiation status of gastric
tumors gave the motivation to statistically probe the connec-
tions between all modules and the differentiation status. The

A B Diffuse. Intestinal. C Diffuse. Intestinal.
p value = 0.00 p value = 0.00 p value = 0.00 p value = 0.00
Correlation | EEEEEEEEEEEEEEEEE: | E 11 g mm
Modules Petween module Number of — . —
genes and clinical  genes -
trait

Gl 0.26 1247

G6 0.24 241

G4 0.20 142

G2 0.19 199

G3 0.19 1970 =

G8 0.14 90
G14 0.12 67
Gl1 0.11 266

G5 0.10 111

G10 0.10 200

G9 0.09 142

G12 0.07 61

G21 0.06 3997

G18 0.05 104

G16 0.05 401

G20 0.04 22

G15 0.04 27

G19 0.00 107

G17 -0.11 138

G13 -0.16 608

G7 =0.22 32

G modular genes

Figure 3 — G1 and G13 modules play major role in diffuse and intestinal subtype gastric tumors, respectively. (A) Correlation between the

cumulative expressions of modular genes with clinical trait (poor differentiation status) of the samples is listed. Cumulative expression was

computed by applying the principal component (module eigengene value) and the correlation was calculated by Pearson correlation. This was
performed in the gastric tumor mRNA profile, GSE15459. (B—C) Analysis of the mRINA expression pattern of G1 and G13 modular genes in the
profile GSE22377 shows higher level expression of G1 genes in diffuse type tumors (B). G13 modular genes are expressed in intestinal gastric

tumors (C).
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cumulative expression of complete genes of each of all the
modules were computed and correlated with the differentia-
tion status of gastric tumors based on Pearson correlations
as described earlier (Ghazalpour et al., 2006). This analysis
ranked the modules based on their association with the differ-
entiation status (Figure 3A). G1 and G13 modules were found
to be highly associated with the clinical trait, the histopatho-
logical status of the tumors, also in an independent gastric tu-
mor mRNA profile (GSE22377). Also, owing to the number of
genes present in G1 and G13 modules, they were further inves-
tigated. The whole G1 and G13 modular genes show very
distinct expression in intestinal and diffuse type gastric tu-
mors in two different cohorts (Figure 3B and C, and
Supplemental Data 2). This expression pattern confirms that
the genes and the molecular processes conferred by G1 mod-
ule plays major role in poorly differentiated diffuse type
gastric tumors. Similarly, the genes and functions brought
out by G13 module are involved in moderately differentiated
and intestinal subtype gastric tumors.

3.2 Identification of the involvement of different types of
stem cells in different subtypes of gastric cancer

To understand the molecular and cellular functional features
conferred by the selected subtype specific modules, the G1
and G13 modular genes were analyzed for gene set enrich-
ment. In addition to the gene ontology (GO) database, curated
gene sets of MsigDB and gene sets collected from multiple
publications and online pathway databases (Liberzon et al,,
2011; Subramanian et al.,, 2005) also were probed for this
gene set enrichment analysis. Curated gene set analysis in
MsigDB shows the enrichment of mesenchymal stem cell fea-
tures with G1 module genes. On the other side, G13 module is
enriched with embryonic stem cell property (Supplemental
Table 3). The gene ontology analysis in DAVID database
(Huang da et al., 2009) shows the involvement of extracellular
matrix, angiogenesis, cell cycle, immune response related fea-
tures among the genes in G1 and few of its related modules.
Analysis of the transcription factor binding sites in the pro-
moter region of G1 and G13 modular genes using the tool
Dire (Gotea and Ovcharenko, 2008) showed the enrichment
of OCT1 binding sites in G1 module and the enrichment of
MYC and E2F transcription factor binding sites in G13 module
(Supplemental Table 4).

Since both of the contrasting G1 and G13 modules are
enriched for varying types of stem cell features, these modular
genes were further extensively screened for the differing stem
cell properties by investigating with multiple stem cell signa-
tures established to date. Gene signatures in GenesigDb data-
base (Culhane et al., 2010) and from publications (Ben-Porath
et al., 2008; Mizuno et al., 2010) were used for this analysis.

In total, 184 stem cell signatures were collected and the G1
and G13 modules were investigated (Supplemental Table 5).
To find out the profound biological dissimilarities between
these contrasting modules, the stem cell features that are
distinctly enriched in G1 and not in G13 and vice-versa were
explored (Supplemental Table 6). This analysis reveals that
G1 module is enriched with mesenchymal stem cell (MSC) fea-
tures and G13 module with embryonic stem cell (ESC) fea-
tures. Further, G1 modular genes found enriched with the
features of hMSC, chondrogeneic markers, endothelial differ-
entiation, and hypoxia induced genes (Supplemental Table 6).
Indeed these are the known common features of mesen-
chymal stem cell maintenance and differentiation (Abdollahi
et al,, 2011). On the other side, the G13 genes are enriched
for the ontological features such as hESC, hypoxia repressed
genes, and MYC target genes. This observation compelled us
to hypothesize that two varying stem cell types are enriched
and involved in intestinal and diffuse subtypes of gastric can-
cer in an exclusive manner.

In order to verify the involvement of MSC like and ESC like
features embedded in G1 and G13 modules, the available
mRNA profiles of mesenchymal stem cells and embryonic
stem cells were analyzed. The mRNA profiles (GSE28974,
GSE29625) from two different studies (Giritharan et al., 2011;
Kuijjer et al., 2012) were quantile normalized, compiled and
used for investigating the expression pattern of G1 and G13
genes. The mean expressions of the module genes were
analyzed. The mean expression of the G1 modular genes
show elevated expression in mesenchymal stem cells. Simi-
larly, the G13 modular genes show higher expression in em-
bryonic stem cells with significant p value and fold
difference (Figure 4 A-D). Analysis of the expression patterns
of G1 modular genes in multiple mRNA profiles of ESC and
MSC (GSE28974, GSE29625 and GSE2248) also showed their
enriched expression in MSC. Interestingly, G1 and G13 genes
were found capable of classifying the mRNA profile
comprising the samples of ESC and MSC origin even in unsu-
pervised clustering (Figure 4E—H). Thus the expression pattern
and enrichment screening of G1 and G13 modules across
different stem cell derived expression profiles reveal the
MSC related features conferred by G1 modular genes and their
involvement in diffuse type gastric tumors. In contrast, G13
module has the features resembling ESC and is involved in
the carcinogenesis associated with intestinal type gastric
cancer.

We further investigated the selective expression of previ-
ously defined (i) mesenchymal stem cell specific markers,
and (ii) mesenchymal migration factors (Spaeth et al., 2008)
in G1 modules and diffuse type gastric tumors and observed
the elevated expression of mesenchymal markers in diffuse
type tumors (Figure 5A). Normally, these migration factors

Figure 4 — G1 and G13 module genes show the characteristics of varying stem cell features. (A) Box plot showing the mean expression of G1

modular genes in mesenchymal stem cells (MSC) and embryonic stem cells (ESC). (B) The mean expression of G1 modular genes in diffuse and
intestinal subtype gastric tumors. (C—D) G13 genes are expressed in ESC (C) and intestinal subtype gastric tumors (D). (A—D) The GEO profile
used for the analysis, p value and fold changes are shown on the top of box plots. The sample numbers of different groups are shown in parenthesis.
(E—H) Majority of the G1 genes are highly expressed in MSC (E and G) and G13 genes are highly expressed in ESC (F and H) in multiple nRNA
profiles. The stem cell profiles used are: MSC — GSE28974 and ESC — GSE29625, MSC and ESC — GSE2248. The number of samples in

different subgroups and p value for enriched genes in sample cluster are shown on the top of heat maps.
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favor the MSC localization to the site of tissue damage as well
as tumor microenvironment (Karnoub et al., 2007). Similarly,
chemokine genes also were found over expressed in diffuse
type tumors (Figure 5B). Altogether, expression of mesen-
chymal genes, expression of MSC markers, and migration fac-
tors including chemokine/receptor genes are the
characteristic feature of diffuse type gastric cancer samples
and was identified through genome-wide transcriptional
networking.

3.3.  Mesenchymal stem cell differentiation rich cell niche
is the hallmark of diffuse type gastric tumors

The expression pattern of G1 modular genes in a unique
mRNA profile comprising multiple cell lineages derived from
mesenchymal stem cells (GSE9451) shows that the genes in
the G1 module are heterogeneously expressed in multiple lin-
eages such as fibroblasts, adipocytes, chondrocytes, and oste-
oblasts differentiated from mesenchymal stem cells
(Figure 6A). Since the G1 modular genes are predominantly
expressed in diffuse type gastric tumors, occurrence and
involvement of these multiple mesenchymal stem cell derived
cell lineages and likely the differentiation stems from the MSC
seems the hallmark of diffuse gastric tumors. Transcription
factor binding site enrichment analysis among G1 modular
genes also supports the occurrence of transcription factors
associated with these lineages. Specifically, the binding se-
quences of the transcription factors like OCT1, GATA1, and
CEBPB which are known to induce the endothelial and osteo-
blast differentiation (Bhasin et al., 2010; Qi et al., 2003; Stains

and Civitelli, 2003) occur at higher frequency among G1 genes
(Supplemental Table 4). Similarly, the binding sites of the
transcription factors PPARG and SOX5 known to involve in
the induction of adipocyte and chondrocyte differentiation
(Akiyama et al., 2002) are enriched in the promoters of G1
genes (Figure 6B). This shows that stromal cell rich tumor
microenvironment stemming from mesenchymal stem like
cell differentiation is the key molecular process in diffuse
type gastric tumors. From this, it can be inferred that occur-
rence and differentiation of MSC into chondrocyte, osteoblast,
fibroblast, endothelial, and adipocyte lineage (Figure 6C) like
cells are obviously responsible for the aggressiveness of the
diffuse type gastric tumors. However, since this observation
is from mRNA profiles of gastric tumors, the number of cell
types present in diffuse type gastric tumor microenvironment
is not clear and needs to be identified.

3.4. Involvement of epigenetic and Myc mediated
dysregulations in diffuse and intestinal tumors

Upon analyzing the G1 and G13 modular genes for their over-
lap in a massive panel of 184 stem cell signatures collected
from GeneSigDb and literature (Supplemental Table 5), multi-
ple epigenetic and polycomb repression related gene sets were
found enriched in G1 modular genes. Notably, the genes
which are targets of polycomb repressive complex 2 (PRC2),
EED, EZH2 and SUZ12 are found enriched among G1 modular
genes (Figure 7A). In addition to the polycomb repressed
genes, the genes with H3K27 trimethylation marks in their
promoter are also enriched among G1 genes. PRC2, EED,
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EZH2 and SUZ12 target genes present in G1 module were in poorly differentiated gastric tumor and the constructed
analyzed for their expression across gastric tumors and found network is exclusively with the positive associations among
to express highly in diffuse type gastric tumors (Figure 7B). Itis the genes. The redundant and independent identification of

worth mentioning that the G1 genes show elevated expression four different epigenetic signatures (i) SUZ12 repressed genes,
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(ii) EZH2 repressed genes, (iii) EED repressed genes, and (iv)
genes with H3K27 trimethylation marks in their promoter,
which all indicate the reduced polycomb target gene repres-
sion as the characteristic dysregulation of the G1 module.
Since five signatures point toward the same phenomenon,
this observation could be considered very authentic. More-
over, analysis of the mean mRNA expression of PRC2 subunit
genes SUZ12, EED, and EZH2 reveals their under-expression in
diffuse type gastric tumors (Figure 7C). This shows that epige-
netic dysregulation due to reduced polycomb (PRC2), EED and
SUZ12 mediated suppression of G1 genes and the concomitant
loss of H3K27 trimethylation in the promoters of target genes
as the features of diffuse type gastric tumors. This implies that
these are the hallmarks of poorly differentiated and diffuse
subtype gastric tumors. This observation also independently
supports the major involvement of epigenetic regulation in
mesenchymal stem cell differentiation which yields multiple
lineages and confers poorly differentiated and aggressive tu-
mor microenvironment.

On the other hand, the G13 module is enriched with the
target genes of MYC (Figure 7A). This shows the MYC medi-
ated transcription program as the key dysregulation driving
the G13 modular gene expression. Accordingly, these Myc
target genes in G13 module are found highly expressed in in-
testinal type gastric tumors (Figure 7D). Thus the key driving
dysregulations of G1 and G13 modules or diffuse and intesti-
nal subtypes of gastric cancer were identified.

3.5. Suppression of polycomb mediated repression is
associated with elevated notch signaling

As mentioned earlier, G1 and G13 modular genes are capable
of stratifying the gastric tumors into intestinal and diffuse
types. Molecular stratification of gastric tumor samples into
intestinal and diffuse subtypes based on the expression of
G1 modular genes was also found reproducible in a panel of
gastric cancer cell lines. The mRNA profile of 37 gastric cancer
cell lines (GSE22183) (Tan et al., 2011) was investigated and the
combined expression pattern of all G1 genes across cell lines
were measured based on the Z score metric (Levine et al,,
2006). The analysis of the expression of G1 genes in 37 gastric
cancer cell lines classified the cell lines into intestinal and
diffuse types (Figure 8A). G1 genes are highly expressed in
diffuse type gastric cancer cell lines Hs746T, MKN1, YCC20,
RerfGC1B, and YCC16, whereas found relatively downregu-
lated in intestinal type cell lines YCC3, and IM95. Similarly,
the expression pattern of G13 genes also was analyzed. How-
ever, G13 genes were not capable of stratifying the cell lines
based on their histological types (Supplemental Data 3). As
mentioned earlier, G1 genes were found to be good classifiers.
Upon comparing the specific and exclusive expression of G1
and G13 genes, YCC16 was identified as a good representative
model cell line expressing G1 modular genes. On the other
side, YCC3, and IM95 were identified to express lesser levels
of G1 genes and more of G13 genes (Figure 8A—B). The most
commonly used gastric cancer cell line model AGS was found
to be an intermediate.

Upon identifying the representative cell line models for the
modules, it was further attempted to explore and evaluate the
major signaling pathway dysregulations playing key role in

the G1 and G13 modules. Recently, quantitative analysis of
the in-vitro activities of 45 transcription factors/signaling path-
ways in 8 gastric cancer cell lines was achieved (Periasamy
et al,, 2014) and comparison of all these transcription factor
activities in the cell lines in accordance with the expression
of G1 genes showed relative higher level Notch transcriptional
activity in YCC16 cell line while compared to YCC3 and IM95
(Figure 8C). This shows that Notch might be a key pathway
involved in regulating G1 modular genes and thus also being
a critical pathway involved in diffuse type gastric cancers.
Interestingly, one of the Notch family genes, NOTCH2, was
found among G1 modular genes. On the other hand, the poly-
comb genes EZH2, EED and SUZ12 were found to have reduced
expression in diffuse gastric tumors (Figure 7C). Therefore we
hypothesized the suppression of the expression of polycomb
repressor genes (EZH2, EED, SUZ12) as the cause for activated
Notch signaling in diffuse type gastric tumors. In AGS cells,
one of the cell lines with diminished Notch transcriptional ac-
tivity, siRNA mediated silencing of EED and EZH2 resulted in
the elevation of Notch transcriptional activity (Figure 8D).
AGS cells were transfected with EED or EZH2 siRNA separately
and 24 h after transfection, the cells were transfected with the
Notch reporter plasmid (Notch enhancer driven firefly lucif-
erase reporter construct, SA Biosciences) and CMV-renilla
luciferase reporter plasmid. The firefly and renilla luciferase
reporter activities were measured by dual luciferase assay at
24 h after reporter plasmid transfection. The normalized
Notch enhancer driven firefly reporter activity was measured
as Notch transcriptional activity and found elevated at 48 h af-
ter EED and EZH2 siRNA transfection. Concordantly, one of the
notch family genes NOTCH2 was found elevated at mRNA level
upon EED silencing in AGS cells (Figure 8E). Here, in AGS cells,
at 48 h after EED siRNA transfection, RT-PCR was performed
and the elevated NOTCH2 gene expression due to EED
silencing was inferred.

Histone deacetylase (HDAC) inhibitors are also known to
deplete polycomb repressive complex 2 (PRC2) proteins EED,
EZH2 and SUZ12 (Fiskus et al., 2006). Therefore, the same
gastric cancer cell line AGS was treated with SAHA, one of
the HDAC inhibitors. Upon SAHA treatment, the impact on
the expression of the PRC2 complex genes EZH2, SUZ12, and
EED genes were analyzed by RT-PCR and found diminished
(Figure 8F). Subsequently, the impact of the SAHA treatment
on Notch transcriptional activity was assessed by Notch re-
porter activity. HDAC inhibitor treatment which has been
identified to mediate the repression of the expression of
PRC2 complex genes EZH2, SUZ12, and EED results in the
elevation of Notch transcriptional program in AGS cells
(Figure 8G). Thus both siRNA mediated genetic silencing and
chemical mediated inhibition of PRC2 genes result in the
elevation of Notch transcriptional activity in AGS gastric can-
cer cells, a cell line with basal non-activated Notch transcrip-
tional activity. This shows that the expression of polycomb
genes and the histone deacetylation are capable of repressing
Notch activity. Reduction in polycomb gene expression results
in the elevated Notch activity. In diffuse gastric tumors, the G1
modular genes are highly expressed and are indicative of
reduced polycomb repression and elevated Notch activity.
Therefore, PRC2 complex gene expression and elevated Notch
transcriptional activity are potential therapeutic targets for
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diffuse type gastric tumors or patients with elevated G1
modular genes, and hence modulation of PRC2 complex or
Notch activation is the possible targeted therapeutic approach
for diffuse type gastric cancer patients in large and more spe-
cifically to the gastric tumors with elevated G1 modular genes.

While Notch activation and reduced polycomb gene
expression were identified as major dysregulations in diffuse
type gastric tumors, the signaling dysregulations in intestinal
type gastric tumors was investigated using the G13 modular
genes and G13 modular gene expressing cell lines. Myc and
E2F binding sites are enriched among the G13 modular genes
(Supplemental Table 4). This shows Myc and E2F mediated
transcriptional programs as critical drivers of G13 module
and intestinal type gastric tumors. Upon referring the mRNA
profile of gastric cancer cell lines (GSE22183), the quantity of
Myc mRNA was found higher in the G13 model cell lines
IM95 and YCC3 in contrast to the G1 model cell line YCC16
(Figure 9A). Myc protein also was found to express highly in
IM95 and YCC3 cells (Figure 9B). AGS cells, the non-G1 and
non-G13 cell line was found to highly express Myc at protein
level. Though there is discordance between relative Myc
expression at mRNA and protein levels in AGS cells, this is
known for many genes and might be due to post-
transcriptional or post-translational stabilization. Similarly,
YCC16 also shows more Myc transcriptional activity but
with less Myc mRNA and deserves a separate investigation.
However, G13 modular model cell lines IM95 and YCC3, along
with the Myc expressing AGS cells are already known for their
inherent Wnt signaling pathway activation (Periasamy et al.,
2014). Accordingly, TCF/LEF mediated Wnt transcriptional ac-
tivity is high in YCC3, IM95, AGS cells and found less in YCC16
(Figure 9C). Interestingly, the basal Wnt transcriptional activ-
ity of the cell line panel is very well correlating with the Myc
expression pattern. It is known that Myc and E2F transcription
factors are regulated by Wnt/p-catenin mediated regulation
(Calvisi et al., 2005). Further, in AGS cells, silencing of p-cate-
nin (CTNNB1) resulted in the down regulation of Myc and
E2F mediated transcriptional activity (Figure 9D—E). As
described earlier, Myc and E2F transcriptional activity were
measured using pMyc-Luc and pE2F-Luc reporter plasmids
(SA Biosciences) by dual luciferase assay. Moreover, it is
known that Wnt is often activated in intestinal type gastric tu-
mors (Ogasawara et al., 2006) and also in embryonic stem cells
(Van Camp et al., 2013). This shows Wnt/p-catenin mediated
transcriptional regulation involving Myc and E2F mediated
transcription program is the major dysregulation in intestinal
gastric tumors and has been identified from the features of
G13 module of gastric cancer coexpression network. Wnt-

Myc-E2F signaling cascade is the potential therapeutic target
for intestinal gastric tumors and more precisely for gastric tu-
mors with elevated G13 modular gene expression.

4. Discussion

Integrative functional genomic analysis of the transcriptomes
of tumors improves our understanding of the molecular het-
erogeneity and complexity of cancers (Gerlinger et al., 2012).
Network modeling based on coexpression pattern analysis of
genes have been employed in various cancers to understand
the biology of cancers, cancer microenvironment and to gain
clinical insights (Cho et al., 2012; Doig et al., 2013). Cancer pro-
gression is correlated with series of changes in gene expression
patterns, gene interactions, and changes in cells and their
microenvironment. While compared to gene focused studies,
gene set and gene signature focused functional genomic inves-
tigations seem much rewarding in gaining functional insights
(Ponomarev et al., 2012). The concept of network has led to the
discovery of novel functions and functional interactions of
BRCA1 in breast cancer (Pujana et al., 2007), novel pathways
involved in cancer subtypes (Teschendorffetal., 2010) and het-
erogeneity within breast cancer subtypes (Fredlund et al,
2012). The known biomarkers have been expanded to prog-
nostic biomarker panels in Chronic lymphocytic leukemia
(CLL) based on coexpressed genes of a reported biomarker
ZAP70(Zhangetal., 2010). Coexpression network has identified
the involvement of epigenetic components in alcohol induced
changes in brain gene expression (Ponomarev et al., 2012).
Recently, network based coexpression analysis of gastric
cancer transcriptome has resulted in the identification of
enriched stromal cell population in diffuse gastric tumors
(Wu et al.,, 2013). However, the heterogeneities among the
stem cell types and factors associated with stromal cell enrich-
ment were not explored. In the current investigation, weighted
coexpression network was constructed to investigate the tran-
scriptome of gastric cancer. From the clustering pattern of
20,000 genes, 21 coexpressed modules were derived. Like histo-
pathology based clinical classification of gastric cancer sub-
types, the 21 network modules and the selected hub genes
from the modules could classify gastric cancer into subtypes
in unsupervised manner. Thus, from the network, set of mod-
ules clearly associated with diffuse subtype of gastric tumors
and modules related to intestinal subtype of gastric tumors
were identified. Lauren’s classification of gastric tumors as in-
testinal and diffuse subtypes is the current classification and
the intestinal type has the characteristics of cohesive,

Figure 8 — Reduced expression of polycomb component genes and elevated Notch mediated transcription are the features of G1 modular genes.

(A) Overall expression of G1 modular genes across 37 gastric cancer cell lines shows the predominant expression in diffuse type gastric tumors. The

combined expression of G1 genes was calculated based on Z score from the mRNA profile GSE22183. (B) Upon comparing the exclusive and

selective expression of G1 and G13 genes, YCC16 was identified as good representative model for G1 modular expression and, IM95 and YCC3 as

models for G13 expression. (C) Basal and un-induced Notch in-vitro transcription factor reporter activity measured across selected gastric cancer

cell lines. Reporter activity was measured by dual luciferase assay and expressed in folds of reporter activity in comparison to the firefly reporter
without enhancer. (D) RNAi mediated silencing of PRC2 components EED and EZH? results in activation of Notch reporter/transcriptional
activity in AGS cells. (E) EED silencing results in elevated Notch2 gene expression in AGS cells. (F) HDAC inhibitor SAHA treatment results in
a reduction in the expression of polycomb component genes EED, EZH2, and SUZ12 in AGS cells. (G) Modest elevation in Notch reporter/
transcriptional activity in AGS cells upon treatment with HDAC inhibitor SAHA.
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investigation for their association and involvement in intestinal and diffuse subtypes of gastric tumors. These are the novel molecular and cellular
hallmarks of gastric cancer subtypes identified from the current investigation.
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moderately differentiated, glandular cells with precursor le-
sions. In contrast, the diffuse type has the features of non-
cohesive, highly infiltrating, poorly differentiated -cells,
without glandular and precursor lesions (Hamilton and
Meltzer, 2006; Lauren, 1965). Apart from these extensively
studied features of gastric cancer subtypes, other published
gene expression analysis based molecular classifications did
recapitulate the histological subtypes with additional sub
grouping possibilities. In these studies, tumors were stratified
into tumorigenic, reactive, and gastric-like subtypes indepen-
dent of Lauren’s classification. Also gastric cancer cell lines
were subgrouped into proximal, distal gastric cancers-
intestinal type, and diffuse/signet cell subtype based on cancer
location in association with the Lauren’s classification (Shah
etal, 2011; Tay et al., 2003). However, the current investigation
was aimed to characterize the gene sets toward identifying
their molecular dysregulations. Nevertheless the selected
modules show close association with Lauren’s classification.
More specifically, the analyses led to the identification of new
molecular characteristics such as differential stem cell proper-
ties among these known gastric cancer subtypes.

Among the modules, G1 modular genes are highly expressed
in poorly differentiated/diffuse type tumors and of G13 mod-
ules are expressed in well and moderately differentiated tu-
mors. G1 module shows the features of mesenchymal and
mesenchymal stem cells with the signs for mesenchymal
stem cell differentiation. G1 modular genes also comprise
some of the MSC markers. Thus the involvement of these fea-
tures in diffuse type gastric tumors has been identified. Apart
from the enriched representation of mesenchymal markers
and mesenchymal lineage specific genes, G1 modular genes
reveal the presence of mesenchymal stem cells and mesen-
chymal stem cell derived multiple cell lineages or cell types as
the hallmark of diffuse gastric tumors. For the first time,
mRNA expression revealing the occurrence of different cell
types in diffuse type gastric tumors and specifically, the occur-
rence of the diversified mesenchymal stem cell derived cell
types has been identified. The mesenchymal stem cell derived
fibroblasts and endothelial cells in tumors indicate the kind of
tumor microenvironment that favors differentiation, invasions
and cancer progression. G1 genes such as IL-6, IGF1, FGF, and
ACVR1 are known for their expression in stromal cell type
(Deng et al., 2008; Sung et al., 2007). G13 module shows some
of the features of embryonic stem cells with an elevated expres-
sion in intestinal tumors. This module shows the features of
high proliferation driven by E2F and Myc transcription factors.
Altogether, the differential and varying stem cell properties
observed in different gastric cancer subtypes is a notable and
novel observation in gastric cancer and also in any cancers.

Using molecular signatures, occurrence of stem cells across
breast, glioma, bladder and other cancers have been exten-
sively demonstrated (Ben-Porath et al., 2008). The stemness
associated with cancer cells and its association with poor dif-
ferentiation status of cancers are well established (Sell, 2004;
Zhang et al., 2013). However, it has not been described beyond
that (Ben-Porath et al., 2008; Wong et al., 2008). There are re-
ports stating the existence of multipotent stem cell property
in gastric stem cells, the Lgr5" mutation in stem cells leading
to the intestinal gastric cancer, tissue stem cells in the resident
organ acting as candidate of cancer stem cells, involvement of

bone marrow derived stem cells in epithelial cancers and
increased metastasis through CCL5 secretion (Milne et al,,
2009). Recent in-vitro and in-vivo studies reveal the involvement
of normal stem cells, mesenchymal cells, and cancer stem cells
in gastric cancer and tumor growth (Kitadai, 2010; Lei et al.,
2013; Saikawa et al., 2010; Singh, 2013; Yang et al., 2011).
Possible targeting of the stromal interactions also has been
suggested as cancer therapeutic strategy (Yashiro and
Hirakawa, 2010). However, this is the first report for the occur-
rence of two distinct stem cell types and their varied expres-
sion in cancer subtypes. Specifically, the differential
occurrence and involvement of embryonic stem cell like cells
and mesenchymal stem cell like cells in intestinal and diffuse
type gastric tumors has been identified with molecular biolog-
ical approaches (Figure 9F). This tremendously adds to the
developing concepts in stem cell research and in delineating
the molecular processes involved gastric carcinogenesis.

Mesenchymal stem cells are the essential and funda-
mental components in developing the tumor microenviron-
ment and the presence of the scattered population of cells
like cancer associated fibroblast (CAF), endothelial cells, im-
mune cells, and other stromal cells in tumor microenviron-
ment are emerging (Alphonso and Alahari, 2009). The
involvement of CAF in angiogenesis through the production
of factors like VEGF, FGF and the role of endothelial cells in
forming new vessels with these factors have been reported
in gastric cancer (Augsten et al., 2010). In addition, our anal-
ysis reveals the possible presence of few other cell types like
osteoblast and chondrocytes in tumor microenvironment.
Since this inference is from the global mRNA expression
pattern, the involvement of osteoblast like and chondrocyte
like cellular features is very clear. However, whether this is
due to the expression of these genes by other types of cells
or the different types of cells occurring in the diffuse gastric
tumor is not known. From the current data, this could not
be discriminated and needs to be investigated.

The regulatory mechanisms of the stromal cells are under
exploration (Tuxhorn et al., 2002). Till now, involvement of
histone modification in regulating tumor microenvironment
has not been defined (Dey, 2011). The current study shows
the involvement of epigenetic regulatory mechanism in the
identified mesenchymal stem cell derived cellular differentia-
tion involving the occurrence of endothelial like, osteoblast
like and chondrocyte like features/cells in diffuse type gastric
tumors. Reduced expression of polycomb repressive complex
genes was found associated with the tumor microenviron-
ment of diffuse type gastric cancer. Silencing of tumor sup-
pressor genes by epigenetic regulation is known to be
involved in carcinogenesis and cancer progression (Ron-
Bigger et al., 2010). The polycomb repressive complex is regu-
lating the genes involved in maintaining the stem cells and
genes playing crucial role in lineage specific differentiation
(Aranda et al., 2009). The major regulators of the complex
SUZ12, EED, and EZH2, all found suppressed in diffuse type
gastric tumors and has been identified as the features of G1
module. Loss of H3K27 trimethylation (H3K27me3) repression
mark in the promoters of the target genes is known in multi-
ple cancers and low level of H3K27me3 in promoters show
poor survival (Ellinger et al., 2012). Among the investigated
184 gene signatures, a gene set indicative of H3K27me3
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repression marks in their promoter is found upregulated
among G1 modular genes (MAN1C1, SPON1, PTGFR, PODN,
PDGFRA, FBLN5, and SMAD11). Strikingly, multiple signatures
point toward the dysregulated polycomb repression as the
feature of G1 module and diffuse type gastric tumors.

Among the gastric cancer cell lines, YCC16 is the cell line
with the elevated expression of G1 modular genes and the
reduced expression of polycomb genes (EED, EZH2). This
further supports the loss or reduced expression of the poly-
comb genes SUZ12, EED, and EZH2 is the major dysregulation
in diffuse type gastric tumors. However, whether this is the
primary cause for carcinogenesis or the consequence of
some other dysregulation is a key question in cancer genetics
and needs to be determined. Our experiments in gastric can-
cer cell lines show the elevated level of Notch signaling
upon the loss of polycomb repression.

The degree of epigenetic silencing of genes varies across
different cell types and in stem cells the differentiation
inducing genes are repressed by H3K27 trimethylation repres-
sion mark (Aranda et al., 2009). Recently, it has been found
that the cell adhesion and cell communication genes in endo-
thelial cells favor angiogenesis upon EZH2 silencing (Dreger
et al., 2012). Studies on the epigenetic regulation of stem cells
reveal that embryonic stem cells exert high repression marks
and repress the differentiation genes whereas in mesen-
chymal stem cells, there is a reduction in repression marks
and hence the differentiation genes are active (Aranda et al,,
2009). This supports the identified lower level expression of
PRC2 complex genes in diffuse type gastric tumors enriched
with mesenchymal stem cell like cells while compared to in-
testinal type tumors with embryonic stem cell like cells.
Thus the under-expression of the factors inducing epigenetic
repression switch the mesenchymal stem cells toward the dif-
ferentiation of endothelial cells and favors the cell—cell
communication, invasion, metastasis and angiogenesis in
diffuse type gastric cancers. This deserves a sequential and
extensive investigation in animal models.

Mesenchymal markers IGF1 and TGFB1 were reported to be
involved in epithelial to mesenchymal transition (EMT) in
prostate cancer (Graham et al., 2008), and VCAM1 is known
to confer high invasiveness to gastric cancer (Ding et al,
2003). Notably, IGF1, TGFB1 and VCAMI1 all being the G1
modular genes and supporting the aggressive features associ-
ated with diffuse type gastric tumors. All these imply that
selected G1 genes may be developed as molecular markers
for the stratification of gastric tumors.

5. Conclusion

Upon investigating gene coexpression pattern in the gastric
tumor mRNA profile, the key and contrasting stem cell fea-
tures and dysregulations involved in intestinal and diffuse
subtypes of gastric tumors have been identified. Investigation
of G1 and G13 modules across stem cell factors has extended
the cancer stem cell research with a new paradigm that
different gastric cancer subtypes have different stem cell
properties. Diffuse tumors are found to have the features of
mesenchymal stem cells, their differentiation to multiple
cell types along with the dysregulations involving Notch and

polycomb repressors. On the other hand, embryonic stem
cell like features with Wnt-Myc-E2F mediated transcriptional
dysregulations have been found to be the driving factors in in-
testinal type gastric tumors.
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