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Background

We aimed to identify novel tumor-promoting drivers highly expressed in gastric cancer
(GC) that contribute to worsened prognosis in affected patients.

Methods

Genes whose expression was increased and correlated with worse prognosis in GC
were screened using datasets from the Cancer Genome Atlas and Gene Expression
Omnibus. We examined Claudin-6 (CLDNG) immunoreactivity in GC tissues and the
effect of CLDNG6 on cellular functions in GC cell lines. The mechanisms underlying GC-
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promoting function of CLDN6 were also investigated.

Results

CLDN6 was identified as a gene overexpressed in GC tumors as compared with
adjacent non-tumorous tissues and whose increased expression was positively
correlated with worse overall survival of GC patients, particularly those with Lauren’s
intestinal type GC, in data from multiple publicly available datasets. Additionally,
membranous CLDNG6 immunoreactivity detected in intestinal type GC tumors was
correlated with worse overall survival. In CLDN6-expressing GC cells, silencing of
CLDNG6 inhibited cell proliferation and migration/invasion abilities, possibly via
suppressing transcription of YAP1 and its downstream transcriptional targets at least
in part.

Conclusions:

This study identified CLDN6 as a GC-promoting gene, suggesting that CLDNG6 to be a
possible single prognostic marker and promising therapeutic target for a subset of GC
patients.
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Abstract

Background

We aimed to identify novel tumor-promoting drivers highly expressed in gastric cancer (GC)
that contribute to worsened prognosis in affected patients.

Methods

Genes whose expression was increased and correlated with worse prognosis in GC were
screened using datasets from the Cancer Genome Atlas and Gene Expression Omnibus.
We examined Claudin-6 (CLDN6) immunoreactivity in GC tissues and the effect of CLDN6
on cellular functions in GC cell lines. The mechanisms underlying GC-promoting function of
CLDNG6 were also investigated.

Results

CLDN6 was identified as a gene overexpressed in GC tumors as compared with adjacent
non-tumorous tissues and whose increased expression was positively correlated with
worse overall survival of GC patients, particularly those with Lauren’s intestinal type GC, in
data from multiple publicly available datasets. Additionally, membranous CLDN6
immunoreactivity detected in intestinal type GC tumors was correlated with worse overall
survival. In CLDNG6-expressing GC cells, silencing of CLDNG6 inhibited cell proliferation and
migration/invasion abilities, possibly via suppressing transcription of YAP1 and its
downstream transcriptional targets at least in part.

Conclusions:

This study identified CLDN6 as a GC-promoting gene, suggesting that CLDNG6 to be a
possible single prognostic marker and promising therapeutic target for a subset of GC

patients.
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Introduction

Gastric cancer (GC) is the fifth most frequently diagnosed cancer and third leading cause of
cancer death worldwide [1]. Despite important advances for clarification of the etiology and
molecular basis, as well as development of treatment strategies, survival rates for affected
patients remain poor [2]. Presently, two molecular targets, human epidermal growth factor
receptor-2 (HER2) and vascular endothelial growth factor receptor-2 (VEGFR2), are
available for clinical therapy [3, 4]. However, the heterogeneous nature of GC renders
those as only weakly predictive and the subset of patients that seems to benefit from
therapies targeting them is small [5]. Therefore, identification of novel prognostic markers
and/or therapeutic target genes for better treatment guided by stratification of GC patients
is urgently needed to overcome the biological complexity of this disease and maximize
outcomes.

Histological classification per se is not enough to explain the high complexity of GC
[6]. Recent technical advances along with the efforts of international research consortiums,
such as the Cancer Genome Atlas (TCGA) Research Network and Asian Cancer Research
Group (ACRG), have led to remarkable progress in elucidation of the genomic landscape of
GC [7, 8]. On the other hand, classifications of GC provided by the TCGA and ACRG
cannot be currently used for patient stratification or selection, because many of the
identified mutations remain functionally unknown and undruggable [9]. Variations in gene
expression involved in development and progression of GC may be alternative landmarks
for identification of novel tumor-promoting genes to overcome the currently limited number
of molecular targets for this disease.

Claudin-6 (CLDN®) is one of the 27 members of the CLDN superfamily, located in the
cell membrane and associated with tight junctions of cell adhesion, with expression in
normal tissues restricted to the early stages of development [10-12]. CLDN6 becomes
aberrantly activated in various human cancers including GC [13, 14-18], but its clinical and

biological relevance is poorly understood.
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As an attempt to identify novel tumor-promoting genes involved in GC, we screened
differentially overexpressed genes in tumor samples and their prognostic impact using data
presented in multiple publicly available datasets from the TCGA and Gene Expression
Omnibus (GEO). Those results identified CLDN6 as a gene with one of the greatest
amounts of upregulation in GC tumors as compared with non-tumorous tissues as well as
an independent prognostic factor for worse overall survival (OS), particularly in patients
with Lauren’s intestinal type [19]. In addition, our functional analyses demonstrated growth
and/or migration promotion effects of CLDN6 towards GC cells. Together, these findings
suggest that CLDNS® is a single prognosticator and functions as an oncogene in at least

some GC patient subgroups.

Methods
Data sources and processing
RNA-sequencing (RNA-seq) data normalized by use of the Expectation-Maximization
(RSEM) software package and related clinical information for GC patients were obtained
from TCGA Research Network (https://cancergenome.nih.gov, discovery cohort). RNA-seq
data of paired tumor/non-tumorous tissue samples and those of tumor samples with
survival data were available from 31 and 394 GC cases, respectively. To validate the
prognostic potential of CLDN6 mRNA expression, four independent datasets (Table S1,
validation cohort) containing gene expression profile data from primary GC with patients’
survival data were obtained from the GEO database (http://www.ncbi.nim.nih.gov/geo/).
Comparisons of differentially expressed genes (DEGs) between matched tumor and
non-tumorous tissues were performed using the DESeq2 package
(https://iwww.bioconductor.org/packages/release/bioc/html/DESeq2.html) [20]. Adjusted P
values were determined using the Benjamini-Hochberg method [21], and values for fold

change (FC) > 2 and false discovery rate (FDR) < 0.05 were considered to indicate
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significance. For analyses of associations between gene expression and OS in the
discovery cohort, the 394 cases were divided into two groups based on the median
expression level of each gene, then compared using the Kaplan-Meier method with a log-
rank test and Cox proportional hazard regression models. In additional analyses of
associations between CLDN6 mRNA expression levels and OS in both the TCGA and GEO
datasets, a minimum P value approach was employed to find the optimal cutoff point in
continuous gene expression measurements for grouping patients. Patients ordered by the
expression level of CLDN6 mRNA were divided into two groups at all potential cutoff points
and the risk differences of the groups were estimated with a log-rank test. The optimal

cutoff point giving the most pronounced P value was selected [22].

Cell lines and primary tissue samples

A total of 14 GC cell lines were used. Seven lines, including KATOIII, IM95, MKN1, MKN?7,
MKN45, MKN74, NUGC-2, NUGC-3, NUGC-4, OCUM-1, RERF-GC-1B, and Takigawa,
were provided by the Japanese Collection of Research Bioresources (Ibaraki, Japan), while
HGC-27 and SH-10-TC were provided by Cell Bank, RIKEN BioResource Center (Tsukuba,
Japan), and AGS by the American Type Culture Collection (Manassas, VA, USA).

GC tumor specimens were obtained from 208 patients with histologically proven
primary GC staged as pT1-4, pNO-3, MO who underwent a gastrectomy procedure at the
Kyoto Prefectural University of Medicine Hospital between 2009 and 2013 (KPUM cohort).
The samples were embedded in paraffin after 24 hours of fixation in 10% buffered formalin.
None of the patients had synchronous or metachronous multiple cancer in other organs.
Relevant clinical and survival data were available for all cases. Disease stage was defined
in accordance with the tumor-lymph node-metastasis (TNM) classification of the
International Union against Cancer [23]. The median follow-up period for the surviving

patients was 57.1 months (range 0.5-60.0 months). Formal written consent was obtained
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from all patients after receiving approval for all aspects of this study from the ethics

committee of Kyoto Prefectural University of Medicine.

Antibodies

Antibodies used in this study are listed in Table S2.

Immunohistochemical staining (IHC) and scoring

Paraffin sections (4-um thick) were subjected to IHC using DAKO EnVision+ Kit/HRP
(Agilent Technologies, Santa Clara, CA, USA) for color development with diaminobenzidine
tetrahydrochloride, as previously described [24].

Tumor tissues were compared with non-tumorous tissues in each case. The
percentage of the total cell population expressing CLDN6 and overall staining intensity in
tumor cells were evaluated using images at 200x magnification. Membranous staining of
CLDN6 was considered positive when the cells exhibited some evidence of staining as
compared with non-tumorous stomach epithelial cells. CLDNG6 expression in tumors was

considered positive when over 10% of examined tumor cells showed strong or diffuse

staining. All stained slides were evaluated independently in a blinded manner by two
different investigators who had no knowledge of the clinicopathological data and any

discrepant cases were resolved by consensus review.

Quantitative reverse transcription-PCR (qRT-PCR)

For quantification of mMRNA levels, gRT-PCR was performed as previously described using
specific primer sets with SYBR Green Master Mix (Applied Biosystems, Waltham, MA,
USA) or a TagMan kit (Applied Biosystems) (Table S3) [25]. Human stomach total RNA
(Takara Bio, Kusatsu, Japan) was used as a normal stomach tissue. For normalization, the
level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was used as an

internal control.
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Western blot analysis

Whole-cell lysate preparations and western blot analysis for each protein (Table S2) were
performed with GAPDH used as a loading control, as described in a previous report [24].

Images were obtained with a GE Amersham Imager 600 (GE Healthcare, Milwaukee, W1,

USA) or FUSION SOLO.7S.EDGE (Vilber-Lourmat, Marne la Vallée, France).

Fluorescent immunocytochemistry (FIC)

FIC was performed as previously described [24].

Transient transfection experiments
Small interfering RNAs (siRNAs) targeting mRNA of CLDNG6 or control siRNA (Table S4)
were transfected into cells at a final concentration of 10 nM using Lipofectamine RNAiMax

reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions.

Cell proliferation and cell cycle analysis

Cell proliferation at various times after seeding (1 x 10* cells/24-well plate) was assessed
using a water-soluble tetrazolium salt assay (Cell Counting Kit-8; Dojindo Laboratories,
Mashikimachi, Japan), according to the manufacturer’s instructions. Results are expressed
as the mean absolute absorbance at the indicated time divided by the mean absolute
absorbance of each sample cultured for 24 hours after seeding.

Cell cycle distribution was determined using fluorescence-activated cell sorting
(FACS) with a Muse Cell Analyzer (Merck Millipore, Darmstadt, Germany), according to the
manufacturer’s instructions. Obtained data were converted to FCS files using FCS3
Converter 1.0 (Merck Millipore) and analyzed using the Kaluza software package, v.1.5a

(Beckman Coulter, Brea, CA, USA).
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Transwell migration and invasion assays

Transwell migration and invasion assays were performed using 24-well modified Boyden
chambers (Greiner Bio-One GmbH, Frickenhausen, Germany) precoated without or with
Matrigel (BD Transduction, Franklin Lakes, NJ), respectively, as previously described [25].
Transfectants (1.0 x 10° cells/well) were transferred into the upper chamber and incubation
was performed for 48 hours, after which the number of stained cell nuclei on the lower
surface of the filter were counted, with the examinations performed in triplicate. The
migration and invasive potential of each transfectant was assessed by calculating the ratio

of percentage as compared with the control counterpart.

Expression array analysis

Genome-wide mMRNA expression data were obtained from control and CLDN6 knockdown
AGS cells using a SuperPrint G3 Human GE 8 x 60k Microarray (Agilent Technologies), as
described elsewhere [26]. All microarray data are available in the GEO database
(GSE131787).

Normalized expression data of 42,534 probes were applied to gene set enrichment
analysis (GSEA) using the GSEA software package, v.3.0
(http://software.broadinstitute.org/gsea/login.jsp) with oncogenic gene sets from Collection
6 (C6) in the Molecular Signatures Database (MSigDB) 6.2
(http://software.broadinstitute.org/gsea/msigdb) used as the referenced gene sets [27].
Statistical significance of the enrichment score was performed with a permutation test
(default = 1000 times). Significance for the gene sets was defined as FDR < 0.1.

Sets of genes showing differential expression with > 2-fold changes in CLDN6-
knockdown cells relative to their control counterparts were identified as DEGs. Estimation
of potential transcriptional regulators showing binding around the transcription start sites of

DEGs was performed using ChIP-Atlas (https://chip-atlas.org/) [28].
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Statistical analysis

Clinicopathological variables pertaining to the corresponding patients were analyzed using
Fisher’'s exact test. For survival analysis, Kaplan-Meier survival curves were constructed for
the groups based on univariate predictors and differences between groups were tested
using a log-rank test. Univariate and multivariate survival analyses were performed using
the likelihood ratio test of the stratified Cox proportional hazards model. Differences
between subgroups were evaluated using Student’s t-test and assessed with a two-sided
test, with P < 0.05 considered to demonstrate significance. All statistical analyses were

performed using R version 3.3.3 (R Project for Statistical Computing, Vienna, Austria).

Results

Identification of putative GC-promoting genes using TCGA dataset

In order to identify putative GC-promoting genes, we screened autosomal genes satisfying
both of the following conditions using a TCGA dataset: (1) expression level higher in tumors
as compared with adjacent non-tumorous tissues in 31 paired GC samples and (2)
increased expression level in tumors associated with worse OS in 394 patients with GC
(Fig. S1). Among candidate 83 genes (Table S5), CLDN6 was the second most
differentially overexpressed gene in GC tumors as compared with paired non-tumorous
tissues (Fig. 1a). Multivariate Cox proportional hazard analysis, which used gender, age,
and pathological stage as covariates, demonstrated that CLDN6 but not FEZF1, the top
candidate listed in Table S5, was an independent prognosticator for GC tumors. In addition,
CLDNG6 encodes a cell surface (membrane) protein, which may be useful as a target for
molecular targeted strategies in cancer therapy and diagnosis. Therefore, we focused on
CLDNEG6 in further analyses to elucidate its clinicopathological and functional significance in

relation to GC development.
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Clinicopathological significance of CLDN6 expression in GC using TCGA dataset

A precise review of the CLDN6 mRNA expression status demonstrated that most GC
tumors showed a low CLDNG6 expression level, though some showed a remarkably higher
expression level (Fig. 1b), suggesting the existence of a small subset of GC cases with
highly elevated CLDNG6 expression, which was previously shown by IHC findings of GC [13,
29]. Therefore, instead of using median CLDN6 mRNA level, the optimal cutoff point was
defined as the point with the most significant split for correlation with OS and used as the
cutoff value to divide all samples into two groups for further survival analysis (Fig. 1b, 1c).
Using the optimal cutoff point [logz (RSEM+1) = 5.36], all patients were divided into CLDN6-
low (n = 323) and -high (n = 71) groups, which resulted in the greatest significant difference
of OS (Fig. 1d). Associations between clinicopathological features and CLDN6 mRNA
expression status in the TCGA dataset using the optimal cutoff point for division are
summarized in Table 1. Notably, most cases in the CLDN6-high group were intestinal type
in the Lauren classification, showed the microsatellite stable (MSS) or microsatellite
instability-low (MSI-L) phenotype, and were classified as chromosomal instability (CIN)
molecular subtype using the TCGA classification [7]. Multivariate Cox-proportional hazard
regression analysis identified higher CLDN6 mRNA expression, older age (> 65 years), and
Lauren classification (diffuse type) as independent predictive factors for worse OS (Table
2). Similar findings were obtained even in cases with intestinal type GC (Table S6, S7). By
integrating Lauren classification status with CLDN6 mRNA expression status, we then
conducted survival analysis among 4 groups (intestinal or diffuse, CLDN6-high or -low)
(Fig. 2e). As reported previously [30], cases classified as the intestinal type showed better
OS as compared with the diffuse type using Kaplan-Meier survival estimates (Fig. S2a).
Among cases with intestinal type GC, the CLDN®6-high subgroup had a worse OS rate than
the CLDNG6-low subgroup, while the CLDNG6-high and -low diffuse type subgroups showed

similar rates for OS.

10
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Validation of findings in TCGA dataset using GEO datasets

We then validate the findings obtained with the TCGA dataset through pooled analysis
using independent microarray data of four cohorts from the GEO datasets (Table S1).
Similar to the findings in the TCGA dataset, only a part of the GC tumors showed a high
level of CLDN6 mRNA expression (Fig. S3a). Using the optimal cutoff point with the most
significant split for correlation with OS, we obtained results similar to those from the TCGA
dataset (Table S8). More intestinal type cases showed a higher level of CLDN6 mRNA
expression as compared with diffuse or mixed type cases, though no statistically significant
difference was observed among the subgroups. In all cases or those with intestinal type
GC, the CLDN®6-high subgroup showed worse OS than the CLDN6-low subgroup (Fig.
S3b). Furthermore, though intestinal type cases showed better OS as compared with
diffuse type (Fig. S2b), the CLDN6-high subgroup with intestinal type showed the worst OS
(Fig. S3c). Multivariate Cox-proportional hazard regression analysis identified higher
CLDN6 mRNA expression and pathologic stage (stage 1l-IV) as independent predictive

factors for worse OS (Table S9).

Immunohistochemical analysis of CLDN6 expression in GC
Next, we performed IHC using a CLDNG6-specific antibody with 208 surgically resected GC
samples (Fig. 2a). CLDN6 immunoreactivity was not observed in non-tumorous epithelia
from any of those cases or in cancer cells from 180 of the GC samples. However, in 28
samples, membranous CLDN6 immunoreactivity was heterogeneously observed in tumor
cells, with that immunoreactivity sometimes greater in tumor cells located in the invasive
front as compared with those in the center of the tumor.

CLDN6 immunoreactivity was significantly associated with pN category and
pathologic stage in the TNM classification and Lauren classification (Table S10). Kaplan-
Meier survival estimates showed that positive CLDN6 immunoreactivity in tumor cells was

significantly associated with a worse OS in all GC cases (Fig. 2b). Among cases with

11
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intestinal type GC, the CLDNG6-positive subgroup had a worse OS rate than the CLDNG6-
negative subgroup, while the CLDNG6-positive and -negative diffuse type subgroups showed
similar rates for OS (Fig. 2c), although cases with intestinal and diffuse type GC showed
similar rate for OS (Fig. S2c). Using a Cox proportional hazard regression model, univariate
analyses demonstrated that CLDN6 immunoreactivity, age, and pathologic stage of TNM
classification were significantly associated with OS (Table S11). When the data were
stratified for multivariate analysis using Cox regression procedures, only age and
pathologic stage remained significant for OS. Similar findings were obtained even in cases

with intestinal type GC (Table S12, S13).

Knockdown of CLDNG6 suppresses GC cell proliferation, migration, and invasion
Relatively higher CLDN6 mRNA expression was detected in three cell lines, AGS, MKN7,
and NUGC-3, of the 14 GC cell lines, but not detected in normal stomach tissues by qRT-
PCR (Fig. 3a). AGS and NUGC-3 cell lines were derived from poorly differentiated
carcinomas, whereas MKN7 cell line was derived from differentiated carcinomas showing
morphological characteristics of intestinal differentiation. With FIC staining, a larger fraction
of endogenously expressed CLDNG6 protein was found in the plasma membrane, especially
in areas of cell-cell contact, in those cell lines (Fig. 3b). Therefore, we used those for further
analyses to gain insight into the potential function of CLDN®6, as its overexpression was
considered to be possibly associated with the malignant phenotype of GC.

First, we examined the effects of CLDN6 knockdown on cell proliferation. By treating
with two different siRNAs (Fig. 3c), cell proliferation was significantly suppressed in AGS,
MKN7, and NUGC-3 cells (Fig. 4a). Using FACS analysis, an accumulation of cells in the
GO0-G1 phase and a decrease in those in the S and G2—M phases was observed among
CLDNG6 siRNA-treated cells as compared with control siRNA-treated cells (Fig. 4b).
Knockdown of endogenous CLDNG significantly increased p21WAFYCPl and p27¥Pl, and

decreased SKP2 protein levels, each of which is a well-known cell cycle regulator (Fig. 3c).

12
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These results indicated that CLDNG6 silencing in GC cells contributes to cell cycle arrest at
the G1-S checkpoint.

We next assessed the effects of CLDN6 knockdown on cell migration and invasion
abilities using Transwell assays. In three cell lines, the number of CLDN6 siRNA-
transfected cells that migrated into the lower chamber through an uncoated membrane was
significantly lower as compared with the control cells (Fig. 4c). Since MKN7 and NUGC-3
cells showed a low amount of invasion, we used AGS cells for invasion assays. The
difference in invasion ability of those three cell lines might be explained by different
expression levels of endogenous CDH1 and SNAI1 (Fig. 3c), which are negative and
positive markers, respectively, of epithelial-to-mesenchymal transition (EMT). In the AGS
cell line, the number of cells that moved to the lower chamber through a Matrigel-coated
membrane was reduced by CLDNG6 knockdown. In western blot analysis, CLDN6
knockdown induced an increase in CDH1 protein expression in NUGC-3 and a decrease in
SNAI1 protein expression in AGS and MKN?7 cells (Fig. 3c), suggesting that EMT may also

be inhibited by CLDN6 knockdown.

CLDN®6 knockdown suppresses transcription of YAP1 and its transcriptional targets
In order to better elucidate the molecular mechanisms of the tumor-promoting function of
CLDNS6, we performed expression-array analysis to determine the effects of CLDN6
knockdown on the AGS cell transcriptome.

We initially applied GSEA to detect the signatures of oncogenic pathway activation
gene sets (C6) correlated with CLDNG6 expression status, and identified 19 sets significantly
enriched in control cells as compared with the CLDN6-knockdown cells (Table S14). The
YAP1 conserved signature named ‘CORDENONSI YAP CONSERVED SIGNATURE’ was
the most significantly enriched (Fig. 5a), though other signatures related with cell
proliferation, migration, and invasion, e.g., signatures of genes positively regulated by

E2F1, MEK, and mTOR, and negatively by RB, were also enriched. We then screened the

13
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functional downstream modules related to 804 differentially downregulated genes based on
the criterium of at least a 2-fold change in CLDN6-knockdown cells as compared with the
control cells by estimating enriched potential transcriptional regulators, which bind around
transcription start sites of these differentially downregulated genes, using the ChiP-Atlas.
Among transcription factors or cofactors whose targets were significantly downregulated by
CLDNE6 silencing, components of the Hippo signaling pathway transducer YAP/TAZ-TEAD
complex, YAP1, TEAD1, and TEAD4 [31-33], were found (Table S15). Because results of
two different analyses demonstrated that the downstream molecules of the YAP/TAZ-TEAD
complex were enriched as downregulated genes by CLDN6 knockdown at the transcript
level and the expression-array analysis detected YAP1 as the only molecule whose mRNA
level was significantly downregulated by CLDN6 knockdown among components of the
YAP/TAZ-TEAD complex, we further focused on YAP1 and transcriptional targets of the
YAP/TAZ-TEAD complex. CLDN6 knockdown-induced decreases in YAP1 mRNA and
protein were validated by gRT-PCR and western blot analysis results, respectively (Fig. 5b,
5c¢). In addition, CLDN6 knockdown-induced decreases of several known cancer-related
genes transcriptionally regulated by the YAP/TAZ-TEAD complex, such as ANKRD1,
CTGF, CYR61, and EDN1 [31-33], were detected at mMRNA level, although smaller or the
opposite effects of CLDN6 knockdown were observed in MKN7 cells compared with other

two cell lines (Fig. 5a, 5c).

Discussion

In the present study, we demonstrated that high CLDN6 expression observed in a subset of
GC tumors, particularly those from intestinal type GC cases, is associated with worse OS.
Recently, CLDN6 was reported to be expressed in a subset of GC cases that
predominantly consist of intestinal type adenocarcinoma with a fetal gut-like phenotype, as

well as to be one of markers for the primitive enterocyte phenotype of GC associated with
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tumor aggressiveness [29]. Our results suggest the significance of higher CLDN6
expression alone as a biomarker for aggressiveness and/or poor patient prognosis of
intestinal type GC.

Results contrary to findings of the present study have been reported for GC as well
as several other types of cancers. In GC, (1) lower CLDNG6 protein [34] and mRNA [35]
levels in tumors as compared with non-tumorous tissues, (2) an association of lower
CLDN6 mRNA expression in tumors with worse prognosis [35], and (3) an increased
CLDNS® protein expression in both intestinal and diffuse types [36] have been reported. In
breast cancer patients, tumor-specific downregulation of CLDN6 expression and its
association with lymphatic metastasis have also been noted [37]. Although it is possible
that CLDNG6 has a tissue- or lineage-dependent function in relation to carcinogenesis,
substantive reasons for the inconsistent findings obtained in the same cancer type remain
unclear. Because most GC tumors and adjacent non-tumorous tissues showed a very low
CLDNG6 expression level, an erroneous determination/grouping based on heterogeneous
CLDNG6 expression in tissue samples. In addition, because only a small subset of GC cases
shows highly elevated CLDN6 expression (Fig. 1b) and this subset are more frequently
observed in intestinal type GC as compared with diffuse type GC (Table 1), the sample
sizes of intestinal and diffuse type GC cases may affect the results of analyses. The
differences between the present results of mMRNA analyses of data from the TCGA/GEO
datasets and those of IHC analysis of the KPUM cohort, e.g., independent significance of
CLDNG6 as a prognostic marker, might be explained in the same way, indicating that further
analyses using larger cohorts are needed to determine better analytical methods, as well
as cutoff values and definitions for CLDN6 expression status.

CLDNG6 is known to be a tight junction membrane protein. Although several of the 27
claudin molecules including CLDN6 harbor a putative nuclear localization sequence [38],
the present IHC and FIC results demonstrated that the endogenous CLDNG6 protein is

mainly localized in the membrane of GC cells in both primary tumors and cultured cells. In
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addition, CLDN® is not expressed in most of normal adult tissues, but expressed in various
types of embryonic epithelia [10-12]. Therefore, CLDN6 seems to be an ideal target for an
antibody-based approach for GC therapy with high potency. Several reagents have been
developed and are currently being subjected to evaluation, including a currently ongoing
phase I/ll trial of IMABO27, an immune effector mobilizing antibody shown to kill tumor cells
through antibody-dependent cell-mediated cytotoxicity, for patients with recurrent advanced
ovarian cancer [39]. Additionally, highly efficient therapeutic effects of 6PHU3, a T-cell
engaging bispecific single-chain molecule with anti-CD3/anti-CLDN®6 specificities, on
CLDN6-expressing ovarian cancer cells have been reported from results of a preclinical
validation [40]. The present investigation revealed the CLDN6 knockdown-induced anti-
cancer effects on CLDN6-expressing GC cells, thus reagents that silence expression or
inactivate the biological effects of CLDN6 even without mobilization of immune effectors
may be effective for CLDN6-expressing aggressive GC tumors. Further developments and
clinical trials of novel reagents targeting such tumors are eagerly anticipated.

This study demonstrated accelerated effects of endogenously overexpressed CLDN6
on GC cell proliferation, migration, and invasion. In a previous study using AGS cells,
similar effects of CLDN6 towards cell proliferation, migration, and invasion were shown as a
result of its exogenous overexpression [41]. AGS is a cell line with relative overexpression
of endogenous CLDNG, thus our results with the present CLDN6 knockdown model
suggest that endogenously overexpressed CLDN6 may have an essential function as a
driver for malignant phenotypes of this cell line. NUGC-3 and MKN?7 cell lines, which also
show relative overexpression of CLDNG, have a less invasive phenotype possibly due to
low expression of endogenous effector molecules essential for an invasive phenotype
including SNAI1. In addition, weaker or the opposite effects of CLDN6 knockdown on
transcription of YAP1 and its target genes were observed in MKN7 compared with other
two cell lines, although a similar effect was observed in the YAP1 protein among three cell

lines. These results suggest that the different status of dependency on CLDN6 among cell
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lines may be determined by endogenous activities of the effector molecules and/or
responsiveness of the target molecules required for each phenotype. Indeed, endogenous
CLDNS6-induced cell proliferation and migration have been reported regarding HEC-1-B, an
endometrial carcinoma cell line [42], whereas inhibition of cell migration and invasion by
restoration of CLDN6 was shown in the breast cancer cell line MCF-7 [43]. Additional
studies are needed to clarify the detailed molecular mechanisms underlying the tumor-
promoting activity of CLDNG6 in association with GC.

Our expression-array analysis using the CLDN6-knockdown GC cells revealed that
CLDN6 may exert tumor-promoting function via activation of the YAP/TAZ-TEAD complex
by an increase in YAPL1 transcription, at least in part, though the pathways between CLDN6
expressed in the cell membrane and regulators for YAP1 transcription remain unknown
(Fig. 5d). In the TCGA and GEO datasets, a small subset of GC tumors with very high
CLDN6 mRNA expression tended to show higher YAP1 mRNA expression, although many
tumors showed high YAP1 mRNA expression regardless of CLDN6 mRNA expression level
(Fig. S4), suggesting that CLDN6 may not always be necessary but one of multiple
factors/mechanisms to activate YAP1 transcription. In GC, YAP1 mRNA and protein
overexpression, nuclear localization of YAP1, and their prognostic values have been
reported previously [44-47]. Various molecules including microRNAs also have been
reported as regulators of YAP1 expression level [48-50]. Embryonic-like stemness of
cancers, e.g. polyploid giant cancer cells, expressing various embryonic stem cell markers
has been reported to be associated with nuclear accumulation of YAP1 [51], suggesting
that it will be needed to clarify functional role of YAP1 in GC with primitive enterocytic
phenotype.

In conclusion, our systematic and integrative analyses demonstrated that tumor-
specific upregulation of CLDN6 expression results in a relatively malignant phenotype,

which is mediated, at least in part, through activating YAP1 transcription in GC, particularly
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a subset of intestinal type cases. Therefore, CLDN6 might be a novel single prognostic

marker and promising therapeutic target for a subset of GC patients.
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Figure legends

Fig. 1. (a) CLDN6 mRNA expression in 31 GC tumors and paired non-tumorous tissues
from TCGA dataset. The y-axis represents the log ratio of RSEM determined by RNA-seq.
(b) Histogram of CLDN6 mRNA expression values for GC patients from TCGA dataset. The
cutoff point to discriminate patients with CLDN6-high from those with CLDN6-low GC
tumors was determined using the median value of 394 GC samples [logz (RSEM+1) = 1.58,
median value model] or optimal value that resulted in the most pronounced P value for risk
difference between the two groups with a log-rank test [logz (RSEM+1) = 5.36, minimum P
value model]. (c) Kaplan-Meier curves for OS rates of 394 GC patients classified into
CLDN6-high and -low expression groups according to median value model (described in
Fig. 1b). A log-rank test was used for statistical analysis. (d) Kaplan-Meier curves for OS
rates of 394 GC patients classified into CLDN6-high and -low expression groups according
to minimum P value model (described in Fig. 1b). (e) Kaplan-Meier curves for OS rates of
394 GC patients classified into intestinal type with CLDNG6-high, intestinal type with CLDN6-
low, diffuse type with CLDN6-high, and diffuse type with CLDNG6-low expression groups.
The cutoff point to discriminate patients with CLDN6-high from those with CLDN6-low GC

tumors was determined using the minimum P value model (described in Fig. 1b).

Fig. 2. (a) Representative images of immunohistochemically detected CLDNG6 protein in
normal gastric mucosa and advanced intestinal type GC. In one case with positive CLDN6
immunoreactivity, images with different magnifications were shown. HE stained image with
low magnification was also shown in the same case. Scale bars in each image represent
indicated length. (b) Kaplan-Meier curves for OS rates of 208 patients (103 intestinal type
and 105 diffuse type GC) classified into CLDN6-positive and -negative expression groups
according to CLDN6 immunoreactivity of tumor. (c) Kaplan-Meier curves for OS rates of
208 GC patients classified into intestinal type with CLDN6-positive, intestinal type with

CLDN6-negative, diffuse type with CLDN6-positive, and diffuse type with CLDN6-negative

25



670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696

expression groups.

Fig. 3. (a) Expression levels of CLDN6 mRNA in a panel of GC cell lines and the normal
stomach tissue (NT) were determined using qRT-PCR and normalized by GAPDH. Values
are expressed as fold change (mean £+ SD, N = 4) as compared with values for the
Takigawa cell line (mean £ SD, N = 4). n.d., not detected. (b) Representative images of
AGS, MKN7, and NUGC-3 cells subjected to FIC using an anti-CLDN6 antibody as a
primary antibody (green). Nuclei were counterstained with 4',6-diamidino-2-phenylindole
(blue). Scale bar, 50 um. (c) Protein expression levels of p21WAFICiPL n27Kipl SKP2, CDH1,
and SNAI1 in GC cell lines with a relatively high level of expression of endogenous CLDN6

after treatment with 10 nM control (-) or CLDN6-specific SiRNAs.

Fig. 4 (a) GC cells were transfected with 10 nM of the control or CLDN6-specific SiRNAs for
24 hours, then cell proliferation was determined using a WST-8 assay at the indicated
times. Values are expressed as fold changes (mean + SD, N = 6) as compared with the
respective values for the control cells (0 h). *P < 0.05. (b) Representative results of cell
cycle analysis by FACS using GC cells after treatment with 10 nM CLDN6-specific or
control siRNA for 48 hours. Raw data were quantified using the Kaluza software package
(v.1.5a). (c) GC cells were treated as described in Fig. 4a, then placed in Boyden chambers
precoated without (migration assay, left) or with Matrigel (invasion assay, right). Following
incubation for 48 hours, the number of cells on the lower surface of the filter was counted

as described in the Materials and Methods section (mean + SD, N = 6). *P < 0.05.

Fig. 5. Effects of CLDN6 knockdown on YAP1 and its downstream target molecules in GC
cell lines. (a) Heat map of gene expression changes in the gene set 'CORDENONSI YAP
CONSERVED SIGNATURE' in GSEA analysis when comparing CLDN6-knockdown AGS

cells with the control cells. Colors range from dark red to dark blue representing
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respectively the highest and lowest expression of a gene. Arrowheads indicate genes
whose expression was validated by qRT-PCR in AGS, MKN7, and NUGC-3 cells as shown
in Fig. 5c¢. (b) YAP1 protein levels in CLDN6 knockdown cells were determined by western
blot analysis. (c) Expression levels of ANKRD1, CYR61, CTGF, EDN1, and YAP1 mRNAs
were determined by qRT-PCR and normalized by GAPDH. Values are expressed as fold
change (mean + SD, N = 4) as compared with the respective values obtained with control
siRNA-transfected cells. *P < 0.05. (d) Model depicts the possible mechanism whereby
CLDN®6 promotes proliferation and migration/invasion of GC cells, though signaling

pathways from CLDNB® to transcriptional regulators for YAP1 remain unknown.

Supplementary Figure Legends
Fig. S1. Outline of strategy used to identify candidate GC-promoting genes with systematic

bioinformatic analysis.

Fig. S2. (a) Kaplan-Meier curves for OS rates of 231 GC patients whose Lauren
classification data were available from TCGA database. The patients were classified into
the intestinal and diffuse groups according to the Lauren criteria. A log-rank test was used
for statistical analysis. (b) Kaplan-Meier curves for OS rates of 573 GC patients with Lauren
classification data available from the GEO datasets. The patients were classified into the
intestinal and diffuse groups according to the Lauren criteria. A log-rank test was used for
statistical analysis. (c) Kaplan-Meier curves for OS rates of 208 GC patients from the
KPUM cohort. The patients were classified into the intestinal and diffuse groups according

to the Lauren criteria. A log-rank test was used for statistical analysis.

Fig. S3. (a) Histogram of CLDN6 mRNA expression for GC patients from GEO datasets.
The cutoff point to discriminate patients with CLDN6-high from those with CLDN6-low GC

tumors was determined using a minimum P value model obtained from log-rank test results
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of 633 GC samples (normalized signal intensity = 5.10). (b) Kaplan-Meier curves for OS
rates of 633 GC patients classified into CLDN6-high and -low expression groups according
to values using the method described in Fig. S3a. (c) Kaplan-Meier curves for OS rates of
633 GC patients classified into intestinal type with CLDNG6-high, intestinal type with CLDNG6-
low, diffuse type with CLDN6-high, and diffuse type with CLDN6-low groups. The cutoff
value for discriminating patients with CLDN6-high from those with CLDN6-low GC tumors

was determined using the method described in Fig. S3a.

Fig. S4. Relationship between CLDN6 and YAP1 mRNA expression for GC patients from
TCGA (a) and GEO (b) data sets. The horizontal and vertical red dotted lines indicate
median of YAP1 and CLDN6 mRNA expression, respectively. Modified histograms of
CLDN6 mRNA expression for GC patients from TCGA (Fig. 1b) and GEO (Fig. S3a) data

sets are shown below the scatter plots.
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Table 1

Table 1. Association of clinicopathological features with CLDN6 mRNA expression status in GC
cases from TCGA dataset

CLDN6 mRNA expression

Factors n High (%) Low (%) P value®
Total 394 71 (18.0) 323 (82.0)
Age (years), mean = SD 65.4 +10.7 67.2+9.2 65.0+£11.0 0.119
Gender
Male 258 45 (17.4) 213 (82.6) 0.681
Female 136 26 (19.1) 110 (80.9)
Pathologic T stage
T 21 2 (9.5) 19 (90.5) 0.459
T2 83 14 (16.9) 69 (83.1)
T3 177 38 (21.5) 139 (78.5)
T4 109 17 (15.6) 92 (84.4)
Pathologic M stage
MO 351 59 (16.8) 292 (83.2) 0.409
M1 25 6 (24.0) 19 (76.0)
Pathologic N stage
NO 118 15 (12.7) 103 (87.3) 0.339
N1 110 22 (20.0) 88 (80.0)
N2 76 15 (19.7) 61 (80.3)
N3 81 17 (21.0) 64 (79.0)
Pathologic stage
| 54 7 (13.0) 47 (87.0) 0.385
Il 121 18 (14.9) 103 (85.1)
1 174 37 (21.3) 137 (78.7)
\% 40 9 (22.5) 31 (77.5)
Lauren classification
Intestinal 168 31 (18.5) 137 (81.5) 0.023
Diffuse 63 4 (6.3) 59 (93.7)
Mixed 19 5 (26.3) 14 (73.7)
MSI status®
MSS 264 54 (21.6) 210 (78.4) 4.23x10°
MSI-L 57 16 (28.1) 41 (71.9)
MSI-H 73 1(1.4) 72 (98.6)
Molecular subtype (TCGA classifioation)b
CIN 128 35 (27.3) 93 (72.7) 4.08x107
EBV 25 1(4.0) 24 (96.0)
GS 52 4(7.7) 48 (92.3)
MSI 53 0 (0.0) 53 (100.0)

Survival data are available for the 394 GC cases in the TCGA dataset.

Clinicopathological features, except for gender, MSI status, and molecular subtype, include
missing values.

aMSI, microsateliite instability; MSS, microsatellite stable; MSI-L, microsatellite instability-low; MSI-H,
microsatellite instability-high

°CIN, chromosomal instability; EBV, Epstein-Barr virus; GS, genomically stable

°Bold font indicates statistically significant value (P < 0.05) obtained by analysis with Student’s t-
test or Fisher's exact test.



Table 2

Table 2. Cox proportional hazard regression analysis for overall survival status in GC cases from TCGA dataset

Fact Univariate Multivariate
actors
Hazard ratio 95% ClI P value Hazard ratio 95% ClI P value
CLDN6 mRNA expression
. P 2.004 1.391-2.887 0.0002 2.506 1.430-4.391 0.0013
High (n = 71) vs Low (n = 323)
Age (years)
1. 1.138-2.161 . 1. .991-2.592 .002
> 65 (n = 212) vs < 65 (n = 179) 568 38-2.16 0.0060 603 0.991-2.59 0.0029
Gender
1.245 0.890-1.744 0.2013 1.244 0.757-2.046 0.3895
Male (n = 258) vs Female (n = 136)
Pathologic stage
9 N 2.164 1.224-3.825 0.0079 2.244 0.949-5.304 0.0657
Stagell-IV (n = 335) vs | (n = 54)
Pathologic T stage
9 K 5.238 1.29821.14  0.0200 - - -
T2-4 (n =369)vs T1 (n =21)
Pathologic M stage
2.345 1.374-4.003 0.0018 - - -
M1 (n = 25) vs MO (n = 351)
Pathologic N stage
g K 1.919 1.302-2.828 0.0010 - - -
N1-3 (n =267)vs NO (n = 118)
Lauren Classification
1.624 1.014-2.600 0.0435 1.741 1.044-2.904 0.0337

Diffuse (n = 61) vs Intestinal (n = 168)

Cl, confidence interval.
Bold font indicates statistically significant value (P < 0.05).
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Mini abstract

Mini abstract

Our study demonstrated that overexpressed CLDNG6 functionally contributes to malignant

phenotype and is a possible prognostic marker and therapeutic target for a subset of

intestinal type GC.
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