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Stomach lineage specific gene products act as a protective barrier in the normal stomach and their
expression maintains the normal physiological processes, cellular integrity and morphology of the gastric
wall. However, the regulation of stomach lineage specific genes in gastric cancer (GC) is far less clear. In
the present study, we sought to investigate the role and regulation of stomach lineage specific gene set
(SLSGS) in GC. SLSGS was identified by comparing the mRNA expression profiles of normal stomach tissue
with other organ tissue. The obtained SLSGS was found to be under expressed in gastric tumors. Func-
tional annotation analysis revealed that the SLSGS was enriched for digestive function and gastric epithe-
lial maintenance. Employing a single sample prediction method across GC mRNA expression profiles
identified the under expression of SLSGS in proliferative type and invasive type gastric tumors compared
to the metabolic type gastric tumors. Integrative pathway activation prediction analysis revealed a close
association between estrogen-o signaling and SLSGS expression pattern in GC. Elevated expression of
SLSGS in GC is associated with an overall increase in the survival of GC patients. In conclusion, our results
highlight that estrogen mediated regulation of SLSGS in gastric tumor is a molecular predictor of meta-
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bolic type GC and prognostic factor in GC.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Stomach lineage specific gene products are mainly involved in
gastric mucosal regeneration and help maintain the integrity of
the gastric mucosal epithelium. Under or decreased expression of
stomach lineage specific genes in stomach tissue positively corre-
lates with the incidence of GC [1-3]. GC arises from inflammation
and is preceded by a lengthy precancerous process, developing via
multiple sequential steps [4]. GC ranks fourth in terms of preva-
lence and second in terms of mortality with a projected 6,50,000
deaths annually [5]. GCs are highly heterogeneous with distinct
pathological patterns and clinical behaviors [6]. Most cases of GC
are diagnosed at late stages with a five year survival rate of 24%.
However, if GC is diagnosed at early stages, the five-year survival
rate is about 61% [7]. Lauren classification is the traditional method
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for classifying GCs into histological subtypes according to the
structural features, histological appearances of the cells and the
level of mucus [8]. The current treatment methods for GC mainly
depend on the Lauren classification based pathological staging of
the disease and TNM staging system [9]. Due to heterogeneity,
treatment methods and prognosis of individual GCs based on the
clinical and pathological classification vary among GC patients.
As an alternate to the pathological staging system in conventional
treatment methods, well-conducted genomic studies have stimu-
lated changes in surgical decision-making and therapy options.
High throughput genomic technologies have been used to identify
gene expression based GC molecular sub-types and prognostic
markers for improved diagnosis, prognosis and therapeutic options
[10-13]. Recent reports have shown various gene expression signa-
tures that can be used to predict clinical endpoints, such as patient
survival and therapy response of various cancers [14,15]. Fewer
studies also identified the gene signatures/gene sets associated
with GC subtype and survival [16-18]. However, investigation of
the SLSGS in GC remains unexplored till date. Understanding the
expression and molecular regulation mechanisms of stomach line-
age specific genes in gastric carcinogenesis may allow the use of
effective targeted therapies. In this study, we have identified the
SLSGS and investigated the role, regulation and prognostic associ-
ations of the gene set in GC.
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2. Materials and methods
2.1. Data set collection

Microarray mRNA expression profiles used in the study were
collected from Gene Expression Omnibus (GEO) [19,20]. The
expression profiles analyzed in the study were normalized and
log, transformed. The platform specific probes were mapped to
gene symbols with appropriate annotation files. Expression values
of genes with multiple probes were considered for analysis after
averaging. Differential expression analysis among stomach tissues
and other organ tissues were done with BRB array tools. Gene
expression changes above 2.5-fold with p-value less than 0.05 were
considered. Supervised clustering analysis was done using Dchip
clustering software.

2.2. Distance Weighted Discrimination

Distance Weighted Discrimination (DWD) was performed using
a DWDSSP 1.0 tool, in order to correct the systemic biases from dif-
ferent microarray expression data sets in a pair wise fashion by
combining the two data sets. In the final step, each microarray
experiment was normalized such that each column/experimental
sample was standardized to N (0,1), and each row/gene was med-
ian centered [21,22].

2.3. Gene set enrichment, gene ontology, disease ontology and co-
expression analysis

SLSGS expression values were extracted from normalized and
log, transformed gastric tumor profiles. Gene set enrichment anal-
ysis (GSEA) was performed for SLSGS across multiple cohorts of GC
mRNA expression profiles. The number of phenotype permutations
involved in the nominal p-value calculation was 1000. A database
for annotation, visualization, and integrated discovery (DAVID)
functional annotation tool was used to identify SLSGS in gene
ontology (GO) biological process category and determine the per-
centage occurrence of SLSGS for each biological process [23,24].
Disease features ontology-based overview system (Gendoo) was
used to identify disease ontology annotation of SLSGS [25,26].
Co-expression analysis of SLSGS in the normal tissue panel and dif-
ferent types of tumors were performed using the Topp cluster tool
[27].

2.4. Single Sample Prediction

The Single Sample Predictor (SSP) is a nearest centroid based
method for classifying an individual sample according to its near-
est centroid as determined by Spearman correlation [22,28]. To
create each GC subtype (proliferative GC, metabolic GC and inva-
sive GC) we averaged the gene expression profiles of GC samples
clearly assigned to each subtype. DWD integrated training and test
data sets were used for SSP analysis. SSP was performed with
DWDSSP 1.0 tool to predict molecular subtypes of GC. Using simi-
lar methods, the SSP was applied to four independent cohorts of GC
mRNA expression profiles.

2.5. In silico pathway activation prediction

Gene sets used for in silico pathway activation prediction (IPAP)
analysis were obtained from molecular signature database
(mSigDB) [29]. The data sets used for the gene set activation pre-
diction were Z-normalized as described earlier [30]. The expression
values of the gene sets were additively combined to get an “activa-
tion score”. Detailed descriptions about the signatures used in the

study are provided in the supplementary material (Table S6).
SLSGS expression with signaling pathway correlation was analyzed
using ‘R’ bio-conductor. Variable graph was plotted using MedCalc
12.7.0.0 statistical platform.

2.6. Survival analysis

We considered overall survival information of the GC patients
for predicting the association between gene expression and patient
survival (GSE4007). Based on the cox coefficient values, patients
were classified into low and high risk groups [31]. Cox regression
coefficient value for each gene and its relation to the survival
was calculated. Survival curve was plotted with ‘R’ bio-conductor.

3. Results
3.1. Identification of stomach lineage specific gene set

A principal component analysis showed the effect of DWD inte-
gration on the first two principal components. DWD removed the
data set bias very efficiently (Fig. 1A). SLSGS was identified from
the DWD integrated (GSE3526 and GSE7307) normal tissue panel
mRNA expression profiles by comparing 12 stomach tissues with
363 other organ tissues. Fifty stomach lineage specific genes with
significant fold change were identified (Fig. 1B). Further investiga-
tion of SLSGS in two independent cohorts of mRNA expression pro-
file comprising various normal tissues of the body confirmed the
stomach tissue specific expression of SLSGS (Fig. 1C, Table S1). Im-
muno histochemical data obtained from human protein atlas data-
base also supported the stomach tissue specific expression of
SLSGS (Fig. 1D, Table S2).

3.2. Analysis of SLSGS expression pattern in GC

The SLSGS expression pattern was investigated in eight inde-
pendent cohorts of GC mRNA expression profiles comprising 263
normal and 407 tumor gastric tissues (Table S3). 33 out of 50 genes
were strongly down-regulated in gastric tumor compared to nor-
mal gastric tissue as inferred from the DWD integrated GC mRNA
expression profiles (GSE13911 and GSE19826) (Fig. 2A, Figure.
S1). Since the expression level changes of the remaining 17 genes
were statistically insignificant (p > 0.05) the remaining 33 genes
(Table S4) were considered for further analysis. GSEA was per-
formed for the SLSGS in six independent cohorts of GC mRNA
expression profiles and highlighted enrichment of SLSGS in normal
gastric tissue (Fig. 2B). Fold change values of SLSGS expression
across normal and gastric tumor profiles identified a distinct down
regulation of these genes in gastric tumors (Table S5).

3.3. Gene ontology, disease ontology and co-expression analysis of
SLSGS

Subsets of the SLSGS involved in digestion, immune system,
gastric epithelial maintenance, ion transport and digestive system
were highlighted by means of a pie chart. GO analysis of SLSGS also
supported our inferences drawn from annotation indicating the
enrichment of stomach specific biological processes (Fig. 2C). Dis-
ease ontology annotation demonstrated the involvement of SLSGS
in various diseases and a strong association between SLSGS and
gastrointestinal cancer (Figure. S2). Normal tissue atlas based co-
expression network of SLSGS in various normal tissues showed
that significant co-expression occurred only in normal stomach tis-
sues (Figure. S3). Co-expression analysis of SLSGS in various tumor
types indicated a significant co-expression in gastrointestinal tu-
mors as compared to other types of tumors (Fig. 2D).
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Fig. 1. Identification of stomach lineage specific gene set. (A) Principal components of the effect of DWD mediated integration of two independent cohorts of normal tissue
panel mRNA expression profiles. (B) Expression pattern of SLSGS in DWD integrated normal tissue mRNA expression profile. (C) The identified SLSGS showing an elevated
expression in stomach tissue when compared to the other organ tissues in two different cohorts. (D) Immuno histochemical staining pattern of SLSGS showing an elevated
expression in stomach tissue in comparison with other organ tissues.
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Fig. 2. Functional annotation and investigation of SLSGS expression pattern. (A) Heatmap showing the expression pattern of SLSGS in DWD integrated GC mRNA expression
profile. Comparative analysis of SLSGS expression between normal and tumorous gastric tissues reveals decreased SLSGS expression in gastric tumors. (B) GSEA showing an
enrichment of SLSGS in normal gastric tissue in six different cohorts of GC mRNA expression profiles. (C) Pie chart summary of GO biological processes showing an
involvement of SLSGS in gastric mucosal maintenance and digestive function. (D) Co-expression network of SLSGS in various types of tumors showing significant association
between SLSGS expression and gastro intestinal tumors. (E) Cox regression coefficient based survival analysis of SLSGS in GC patients. Low risk represents an elevated SLSGS
expression while high risk represents decreased SLSGS expression in GC. Elevated expression of SLSGS was associated with better clinical outcome in gastric tumors.
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Fig. 3. Analysis of SLSGS expression pattern in molecular subtypes of GC. (A) The expression pattern of SLSGS among proliferative, metabolic and invasive type gastric tumors
reveals the elevated SLSGS expression in metabolic gastric tumors. (B) Sensitivity and specificity analysis of SLSGS in GC mRNA expression profile GSE35809. (C) Schematic
representation of single sample prediction method employed for molecular subtype prediction. (D) Expression pattern of SLSGS in four independent cohorts of GC mRNA
profile showing an elevated expression of SLSGS in metabolic gastric tumors.



544

>

BoR e R
N W bW

il 'l’ |
L “'|' {

11 ]

A
LA UL RN L

||
ju
gL _||

Normalized expression values
[
o

O N O v

N.S. Pandi et al./Biochemical and Biophysical Research Communications 439 (2013) 539-546

GLSGS expression pattern_GSE15459

lmus 5RE AST CANCER ESR1 LASER]
el
ELVIDGE_HIF1A_TARGETS

LUCAS_HNF4A_TARGETS
DOANE_RE SPONSE_TO_ANDROGEN
LANDIS_ERBB2_BRE AST_TUMORS_85
ATF2_SV1

OZANNE_AP1_TARGETS
KENNY_CTNNB1_TARGETS

KARLSSON_TGFB1_TARGETS
KRAS.LUNG V1
HAN_JNK_SINGALING
LEE _LIVER_CANCER_MYC
MCCLUNG_CREB1_TARGETS
LEE_LIVER_CANCER_E2F1
DER_IFN_BETA_RESPONSE
DE R_IFN_ALPHA_RE SPONSE
R_IFN_GAMMA_RESPONSE
PRC2_EZH2V1
MANTO VAN I_NFKB_TARGETS
ALONSO_METASTASIS_EMT
DAUER_STAT3_TARGETS
RAFFE [_VE GFA_TARGETS
MARKS_HDAC_TARGETS
NGUYEN_NOTCH1_TARGETS
KANNAN_TP53_TARGETS
SRC.V1
AFFAR_YY1_TARGETS

IGARASHI_ATF4_TARGETS

. E—
-1.0-0.3 0.3 1.0
B os- 1 I I
. ] 1 I | O AFFAR_YY1_TARGETS
ERa'm : : ER_G: I ALONSO_METASTASIS_EMT
sx4) | ® DAUER_STAT3 TARGETS
06 1 w | A -l /\ DER_IFN_BETA RESPONSE
I ER-a @I I | DOANE_RESPONSE_TO_ANDROGEN
' : A : * : A ELVIDGE_HIF1A TARGETS
H 1 1 | O HA K siNGALING
[ ] ®
044 Ay i i KANNAN_TP53_TARGETS
= I 1© 1 | B KARLSSON_TGFB1_TARGETS
] | I 1 | ® KENNY_CTNNB1_TARGETS
O 1 1 1 KRAS LUNG V1
® 1 1 I | & LANDIS_ERBB2_BREAST_TUMORS_65
S 024 Ae 'O ] || B | | A LEE_LIVER_CANCER_E2F1
2 ] = 1 I | @ LEE_LIVER_CANCER_MYC
k] 1 1 @ 1 1 LUCAS_HNF4A TARGETS
3 1 ol 1 I MANTOVAN|_NFKB_TARGETS
g 00+ A A 1 1 1. | @ MARKS_HDAC_TARGETS
I e 1 I | A MCCLUNG_CREB1_TARGETS
1o Py I A Ie I | W NGUYEN_NOTCH1_TARGETS
PUEN : " : : /A OZANNE_AP1_TARGETS
02 A@ 1o - B A  |errcaeznav
- a | A 4 1 | O RAFFEL_VEGFA TARGETS
SRC.V1
1= * : -EI‘ & : V'S © : YANG_BREAST CANCER_ESR1_LASER
1 1 ?} 1
04 1A 1 A 1
1 1 L 4 1 | * Correl: 0.662667;p-value:2.2e-16
1 1 1 I | » Correl: 0.562667;p-value:0.00674
. ! An 1] ** Correl: 0.575922; p-value: 1.825¢-07
GSE15459 GSE22377 GSE35800

Fig. 4. Identification of signaling processes associated with SLSGS expression in GC. (A) Regulation of multiple signaling pathways in 200 samples of GC mRNA expression
profile represented as a heat map. Multiple signaling pathways were analyzed and the comprehensive activation (red) and inactivation (green) pattern across samples is
depicted. The black color line graph represents the corresponding expression pattern of SLSGS in same GC mRNA expression profile. (B) Variable graph representing the
association of various signaling pathways with the SLSGS expression pattern in three different GC mRNA expression profiles reveal a correlation between SLSGS and estrogen
signaling. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.4. Exploration of prognostic association of SLSGS in GC

A prognostic association of SLSGS was investigated in GC mRNA
expression profile (GSE4007). Survival analysis of SLSGS identified
that the low-risk group was associated with elevated expression of
SLSGS while the high risk group displayed decreased expression of
SLSGS (Fig. 2E). Thus, survival analysis strongly suggests that ele-
vated expression of SLSGS is associated with better overall survival
of GC patients.

3.5. Investigation of SLSGS expression pattern in molecular subtypes of
GC

The SLSGS expression pattern was investigated in a GC mRNA
profile (GSE35809) comprised of 15 metabolic type, 29 prolifera-
tive type and 26 invasive type gastric tumors. Elevated expression
of SLSGS was observed in metabolic type GC (MGC) with significant
fold change compared to proliferative and invasive type gastric tu-
mors (Fig. 3A). Receiver operating characteristic (ROC) analysis of
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SLSGS showed 86.7% sensitivity and 86.2% specificity in predicting
metabolic type gastric tumors (Fig. 3B). The SLSGS expression pat-
tern was analyzed in subtype predicted four independent cohorts
of GC mRNA expression profile comprised of 455 GC samples. Anal-
ysis supported that elevated expression of SLSGS was significantly
associated with metabolic type gastric tumors (Fig. 3D).

3.6. Identification of possible regulators of SLSGS in GC

In order to explore the possible regulators of SLSGS in GC, gene
signature based IPAP was employed in the mRNA expression pro-
files of three GC cohorts comprised of 313 GC samples. Twenty-
nine oncogenic signatures comprising of both up and down regu-
lated genes representing various oncogenic pathways collected
from mSigDB were used for this analysis (Table S6). Three GC pro-
files (GSE15459, GSE35809 and GSE22377) were analyzed to score
the activation of pathway signatures using gene set based IPAP ap-
proach. Hierarchical supervised clustering was performed for sig-
nature based activation scores (Fig. 4A, Figure. S4). Pattern
simulation analysis was used to identify the correlation between
SLSGS and oncogenic signaling pathways. Correlation values were
calculated for SLSGS with all 29 signatures. Signature based IPAP
method identified a significant positive association between SLSGS
gene expression and ER-a signaling in all three gastric tumor co-
horts (Fig. 4B, Table S7).

4. Discussion

SLSGS mRNA expression pattern and immuno histochemical
scores from human protein atlas highlighted the stomach lineage
specific expression of SLSGS. Few members of SLSGS have been al-
ready reported as digestive enzymes and stomach mucosal se-
creted proteins, which are involved in mucosal repair and
suppression of the stomach tumor formation [1,32-34]. Analysis
of SLSGS in GC mRNA expression profiles revealed that expression
of SLSGS was down regulated in GC tissue compared to the normal
gastric tissue. Epigenetic and oncogenic signaling pathways are the
major factors for the decreased expression of stomach specific
genes in gastric tumors. In close agreement with previous studies,
our study also identified the down regulation pattern of stomach
lineage specific genes in GC [35,36].

Functional annotation analysis of SLSGS, confirmed the gastro-
intestinal tissue specific biological functions. Functional annota-
tion also revealed the essentiality of SLSGS expression in
stomach epithelium maintenance. Disease ontology analysis iden-
tified that a few genes of SLSGS were also involved in other cancer
types [37-39]. However, SLSGS was majorly involved in gastroin-
testinal tumors [40,41]. Co-expression analysis of SLSGS in normal
tissue types identified stomach tissue specific co-expression pat-
tern supporting our earlier findings in terms of tissue specificity.
Similarly, SLSGS co-expression in various tumor types identified
the distinct co-expression pattern in gastrointestinal tumors. Sur-
vival analysis of SLSGS in GC showed SLSGS has prognostic value
in patients with GC. Analysis revealed that elevated expression of
SLSGS was associated with better overall survival of GC patients.
Further investigation with different cohorts is required to validate
the identified association between SLSGS expression and survival
of GC patients. The cumulative results of functional annotation,
disease annotation, co-expression and survival analysis support
the stomach specific protective role of SLSGS.

Elevated expression of SLSGS was largely specific to MGC as
compared to the PGC and IGC. SSP method applied to four indepen-
dent cohorts of the GC mRNA expression profile also revealed the
elevated expression of SLSGS in MGC. Recent molecular sub typing
of GC identified that metabolic subtype of GC is partially associated

with the characteristic of normal gastric mucosal gene expression
[11]. Furthermore, GO based biological process annotation identi-
fied the enrichment of digestive function [11] in these genes.

Unravelling the factors regulating SLSGS by signaling based
pathway activation prediction revealed closer positive association
of ER-o signaling with elevated expression of SLSGS in GC. IPAP
analysis identified a strong positive association between ER-o
and elevated SLSGS expression in three independent GC cohorts.
Previous studies have also suggested a relationship between ER-
o signaling and GC. Significant amounts of estrogen receptor were
expressed in gastric mucosa while expression levels were signifi-
cantly lower in GC. Additionally, estrogen has also been associated
with protection against GC in women [42,43]. Few genes of SLSGS
were already reported as estrogen responsive in different cancer
types [44,45]. Concordant with the expression pattern of estrogen,
SLSGS expression was also enriched in normal stomach phenotype
and down regulated in GC clearly suggesting an estrogen mediated
regulation.

The cumulative findings of study data strongly suggest that,
SLSGS expression is stomach tissue specific and SLSGS is a molec-
ular predictor of metabolic type GC. Elevated expression of SLSGS
in GC shows strong positive association with ER-o signaling and
is associated with better survival of GC patients. Additional mech-
anisms involved in the regulation of SLSGS in GC tissue require fur-
ther investigation. These genes with expression patterns capable of
distinguishing GCs of molecular subtype will provide useful infor-
mation towards developing a gene expression-based grading sys-
tem for GC and might provide new opportunities for therapeutic
intervention.
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