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1: ABSTRACT

Tight junctions (TJ) are intercellular adhesion complexes of epithelial and endothelial cells that
formavirtually impermeable barrier to fluids. As integral part of TJs, claudins (CLDN) provide
tissue, size and charge selective paracellular sealing. Normally CLDN6 and CLDN9 expression
is restricted to embryonic and fetal gastric development, but their expression is deregulated,
enhanced and associated to Epithelial Mesenchymal Transition (EMT) in Gastric Cancer (GC).
Gastric Adenocarcinoma (AGS) cells transfected with CLDN6 or CLDN9 overexpress these
claudins in the cytoplasm and the membrane compared to non-transfected (wild type) AGS
cells. To further investigate how overexpression of CLDNG in AGS cells might affect pathways
that support cancer growth and survival, microarray-based gene expression analysis was done.
Several differentially expressed genes in AGS-CLDNG6 cells were identified over wild type
AGS cells. Gene Set Enrichment Analysis (GSEA) revealed that these genes are involved in
several cancer hallmark processes like unfolded protein response, MTORC1 signaling,
cholesterol homeostasis, hypoxia, and TNFa signaling. Collectively, the results indicated that
CLDNG6 transfection induces Endoplasmic Reticulum (ER) stress and deregulation of
metabolism. Considering these results, we decided to analyze gastric cancer patient’s database,
defined by the Cancer Genome Atlas Stomach Adenocarcinoma (TCGA-STAD), to

consolidate the observation of CLDNG alterations (mutation and differential expression) in GC.

We used the TCGA-STAD pan cancer atlas data of 440 patients using the cBioPortal to analyse
large cancer datasets as well as other bioinformatic tools such as GSEA and Gene Ontology
(GO) to determine functional enrichment of genes, GeneMANIA to generate genetic networks,
Cytoscape to visualize networks, and MCODE to find gene clusters in the network. Our
analysis determined that CLDNG6 is modified in 34% of GC patients; the main alterations
comprise differential MRNA expression with shallow deletions, diploid and gain. The analysis
also demonstrated that 68.79% of samples with CLDNG6 alterations had Tumor Protein p53
(TP53) mutations. Furthermore, TP53 mutations were also associated to CLDN3 and CLDN9
expression in GC tumor samples. Both, TP53 and CLDNG6 alteration samples principally
accumulate in the chromosomally unstable (CIN, according to the TCGA classification)
subtype of gastric cancer with very similar copy number alterations and overall mutation in
genes used to classify CIN-GC. CLDNG6 alterations were linked to poor overall and
progression-free survival. Additionally, we identified in the CLDNG6 and TP53 altered samples,

a group of 137 common differentially expressed genes mainly involved in epithelium



development and differentiation. Gene interaction network analysis of these common
differentially expressed genes identified Orosomucoid 2 (ORM2) and MAGEA2 (Melanoma-
Associated Antigen2) as most important genes. These results advocate CLDNG6 and TP53 as
critical players in GC development and suggest that jointly with ORM2 and MAGEAZ2 might
serve as prognostic markers for individuals with CIN GC.



Resumen

Las uniones estrechas (TJ) son complejos de adhesion intercelular de células epiteliales y
endoteliales que forman una barrera préacticamente impermeable a los fluidos. Como parte
integral de los TJ, las claudinas (CLDN) proporcionan un sellado paracelular selectivo de
tejido, tamafio y carga. Normalmente, la expresion de CLDN6 y CLDN9 esta restringida al
desarrollo gastroembrionario y fetal, pero en el Céancer Gastrico (GC), su expresion esta
desregulada o incrementada y se asociada a la Transicion Epitelial Mesenquimal (EMT). Las
células de adenocarcinoma gastrico (AGS) transfectadas con CLDN6 o CLDN9 sobreexpresan
estas claudinas en el citoplasma y la membrana en comparacién con las células AGS no
transfectadas. Para investigar mas a fondo como la sobreexpresién de CLDNG6 en las células
AGS podria afectar las vias que participan en el crecimiento y la supervivencia del cancer, se
realizo un analisis de expresion génica basado en microarreglos. Se identificaron varios genes
expresados diferencialmente en células AGS-CLDNG6 en comparacion con células AGS. El
analisis de enriquecimiento del conjunto de genes (GSEA) reveld que los genes
sobrexpresados, estan involucrados en varios procesos caracteristicos del cancer, como la
respuesta de proteinas mal plegadas, la sefializacion de MTORC1, la homeostasis del
colesterol, la hipoxia y la sefializacion de TNFa. En conjunto, los resultados indicaron que la
transfeccion de CLDNG6 induce estrés en el reticulo endoplasmico (ER) y desregulacion del

metabolismo.

Teniendo en cuenta los resultados anteriores, decidimos analizar la base de datos de pacientes
con cancer gastrico, definida por el Cancer Genome Atlas Stomach Adenocarcinoma (TCGA-
STAD). Utilizamos los datos de TCGA-STAD pan-cancer atlas de 440 pacientes; utilizamos
el cBioPortal para analizar grandes conjuntos de datos de cancer, asi como las herramientas
bioinformaticas, Gene Set Enrichment Analysis (GSEA) y Gene Ontology (GO) para
determinar el enriquecimiento funcional de genes; GeneMANIA para generar redes genéticas,
Cytoscape para visualizar redes y MCODE para encontrar grupos de genes en la red. Nuestro
analisis determin6 que CLDNG6 se modifica en el 34% de los pacientes con GC; las principales
alteraciones comprenden expresion diferencial de ARNm con deleciones de un alelo, diploidia
0 ganancia de funcion. El analisis también demostré que el 68,79% de las muestras con
alteraciones de CLDNG6 tenian mutaciones en la proteina p53 (TP53). Ademas, la alteracion de
TP53 también se asocio con la expresion de CLDN3 y CLDN9 en muestras de tumores de GC.

Las muestras con alteracion de TP53 y CLDN6 se acumulan principalmente en el subtipo



cromosomicamente inestable (CIN, segun la clasificacion TCGA) de cancer gastrico con
alteraciones en el nimero de copias y mutacion en los genes utilizados para clasificar CIN-GC.
Las alteraciones de CLDNG se relacionaron con una baja supervivencia y baja supervivencia
libre de progresion. Ademas, identificamos en las muestras alteradas CLDN6 y TP53, un grupo
de 137 genes comunes expresados e involucrados principalmente en el desarrollo y
diferenciacion del epitelio. El analisis de la red de interaccion de genes identifico al
Orosomucoide 2 (ORM2) y al MAGEA2 (Antigeno asociado al melanoma 2) como los genes
mas importantes. Estos resultados sugieren que CLDNG6 y TP53 como actores criticos en el
desarrollo de GC e indican que junto con ORM2 y MAGEA2 podrian servir como marcadores
de prondstico para individuos con CIN GC.



1: Introduction

Gastric cancer (GC) is one of the most important cancer of the gastrointestinal tract that
contributed, 5.6% of total cases worldwide and 7.7% mortality of a total number of deaths due
to cancer in the year 2020 (GLOBOCAN 2020)(1). Eastern Asia followed by central and
eastern Europe tops in the number of cases and mortality of stomach cancer cases while other
countries also follow with a significant number of cases worldwide in both sexes (The Global
Cancer Observatory -December 2020).

1.1: Gastric cancer classification

GC can be classified on behalf of different parameters- Anatomical, Histological, or molecular.
Based on anatomy it is important to differentiate cancer in non-cardia (true GC) from the cancer
of gastro-esophageal cancer which develops in the cardia, as they differ in incidence,
geographical distribution, cause, and treatment. Tumors can be best categorized by Siewert
classification (as type I/11/111) (2) in assistance with TNM classification, depending upon the

epicenter location and tumor mass extension regions (3).

The majority (95%) of the cancers of the stomach are adenocarcinomas which can be further
classified into three different histological forms- Intestinal, Diffuse, and mixed type as per
Lauren classification (4). The intestinal subtype of GC is linked with atrophic gastritis and is
associated with infectious agents including H. pylori and Epstein-Barr virus (EBV), while the
diffuse subtype is unrelated with H. pylori and typically develops from normal gastric mucosa
without atrophic gastritis (5). Intestinal carcinomas are well differentiated with well to
moderate gland formation while the diffuse type is composed of solitary or feebly cohesive
cells that develop poorly differentiated carcinomas. With a broad perspective WHO classifies
GC in 5 different histopathological classes based on histological patterns of carcinoma (tubular,
papillary, mucinous, poorly cohesive, and rare variants). WHO classification provides
improved harmonization with other cancers of the gut. However, histologically poorly cohesive

GC belong to diffuse-type GC and papillary and tubular carcinomas resemble to the intestinal
type (6).
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Figure 1 Molecular characterization of subtypes of Gastric carcinomas. CIN=chromosomally instable tumors,
EBV=Epstein-Barr virus-infected tumors. CIMP=CpG island methylation phenotype. MSI=microsatellite

unstable tumors (7).

The Cancer Genome Atlas (TCGA) research network extended GC classification to the
molecular level with help of complex statistical analysis of complete genetic profiling of 295
primary gastric adenocarcinomas. TCGA classifies GC into 4 subgroups- Epstein-Barr virus
(EBV), microsatellite unstable tumors, genomically stable tumors, and chromosomally
unstable tumors (CIN) (8). Relatively newer in the classification system, it has advanced
rapidly in the past few years and is expected to assist in prognosis determination and customize

treatment options in the future (Figure 1).

1.2: Symptoms and diagnostics

Patients are usually diagnosed for GC in the advanced stages and according to the Cancer
Staging Manual, 8th edition, of the American Joint Committee on Cancer, only 30% of the
cases are diagnosed before metastasis. The symptoms generally include anorexia, dyspepsia,
weight loss, and abdominal pain. Endoscopy and biopsy are principal diagnosis methods and
ultrasonography, and CT of the chest/abdomen are primary means for the staging of locally

advanced gastric adenocarcinoma (9).
1.3: Tight junctions, claudins, and Gastric adenocarcinoma

Epithelial and endothelial cells make a protective barrier over organs and allow the
establishment of homeostasis. Cells adhere to other cells and to the extracellular matrix through
transmembrane proteins like Integrins, cadherins, selectins, and immunoglobulins. Several

such proteins usually attach to each other and form large macromolecular adhesion complexes-

6



known as cell junctions. According to morphology, adhesion molecules and their interaction
with the cytoskeleton, cell junctions are classified into 4 different categories- Tight junctions,
Adherent junctions, desmosomes, and gap junctions.

Tight junctions (TJs) also known as zonula occludens are intercellular adhesion complexes of
epithelial and endothelial cells that form close membrane-membrane contacts among cells
lining corporeal compartments (10). TJs deliver several functions like- selective barrier
functions on epithelial and endothelial cell layers over organs to facilitate specialized organ
functions such as regulation of air-fluid balance in the lungs and appropriately concentrated
urine in the kidney (11).

1.4: TJ structure

TJs were firstly identified as physical barriers at the apical surface of epithelial cells. They are
composed of more than 40 proteins that mechanically link adjacent cells and regulate tension,
solute transport, selectivity along with cell signaling and gene expression (13). Among several
components, three transmembrane proteins are common to all TJs (Figure 2): claudins,
MARVEL domain proteins, and junctional adhesion molecules (JAMs) (10). The claudin
family has 27 different members and is known to regulate the perm selectivity of TJs (discussed
below in detail). MARVEL domain proteins include tetra-membrane spanning proteins like
occludin and tricellulin, which regulate the recruitment of signaling complex proteins to TJs
(14). JAMs (typically JAM-A, -B, -C) are members of the immunoglobulin superfamily (IgSF)
and belong to the CTX subfamily which is characterized by two extracellular Ig-like domains,
a single transmembrane domain and a small cytoplasmic tail (15). JAMs interact with their
extracellular domains to other IgSF members, other JAM members, and with Integrins-
notably, leukocyte-specific B integrin family such as-aLB2 and aMP2 integrins. The
cytoplasmic domain of JAMs has a PDZ binding domain motif that in turn interacts with
proteins like- ZO-1, ZO-2, Afadin, Par3, and MUPP1 (15). JAMs regulate a multitude of
molecular interactions, and so regulate cell-cell contact formation, cell migration, and mitotic
spindle orientation contributing to several biological processes like- epithelial and endothelial
barrier formation, homeostasis, angiogenesis, hematopoiesis, germ cell development, and the

development of the central and peripheral nervous system (15).



Figure 2 Structure of TJs.1 a) Transmission electron microscopy (TEM) image of an ‘apical junctional complex’
(polarized T84 human colorectal carcinoma epithelial cells) (16). b) Schematic drawing of TJ structure at the
apicolateral membranes of the paracellular space. TJ’s transmembrane proteins such as claudins, occludin,
junctional adhesion molecules (JAM), and tricellulin establish intercellular interactions at paracellular spaces.
Cytoplasmic plaque proteins such as three zonula occludens (ZO) proteins and cingulin facilitate interaction

between transmembrane proteins and cytoskeleton (17).

1.5: Claudins and their role in GC

1.5.1: Claudin structure

Claudins form the backbone of tight junctions. It’s a multigene family, comprised of 27
different members which express in a tissue-specific manner (18). Most of the claudins are 20—
34 kDa size range and though they differ genetically, all claudin members share a structural
topology of 4 transmembrane segments, a large extracellular loop, and a short secondary
extracellular loop (19). CLDN1-10, 14, 15, 17, and 19 share great sequence homology and so
are grouped as classical claudins while others are named as non-classic claudins (20).
Intracellularly mammalian claudins are composed of N-terminal (7 amino acid), loop (12
amino acid), and C- terminal (25-55 amino acid), while CLDN12, 16, and 23 are exceptions to
this general distribution of amino acid with 25- loop, 73- N-terminal, 111- C-terminal, amino

acids sequentially (21).

Recently Hiroshi et.al. expressed various claudin subtypes in Sf9 insect cells and assessed their
capability to form TJ-like strands (22). X-ray crystallographic studies of modified mouse

Cldn15 construct (22) revealed insights of claudin structure (Figure 3), with 4 transmembrane
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segments (TM1-TM4), typical left-handed four-helix bundles, two large extracellular loops
that form B-sheet structure (Figure 3).

Figure 3 Structure of mouse CLDN15. (a, b) Ribbon presentation of monomeric mouse CLDN15 views parallel

to the membrane. (c) Secondary structure diagram of mouse CLDN15.

Length of TM1/2/4 helices is consistent with lipid bilayer except for T3, which is longer. Two
extracellular segments (ESC) contribute 5 B- sheets, 4 from ESC1 and 1 from ESC2 (Figure
3c). Homology modeling studies have revealed that the four-helix bundles and ECH regions

are well conserved among claudins with slight variation in B sheets (22).

TJs can form paracellular ion channels with distinct charge selectivity or a strict barrier against
paracellular diffusion of solutes. These functions depends largely on the type of claudins TJs
constitute (23). The charge selectivity for ion permeation through TJs is determined by specific
residues in the C-terminal half of the first extracellular domain of claudins (7,11,24). C-
terminal of claudins has a PDZ binding motif which provides interaction with PDZ domain
proteins like, PDZ1 of ZO-1, Z0O-2, and ZO-3 bind with CLDN1-8, MUPP1 bind with CLDN1
and CLDNB8 and Pals1- associated TJ protein- PATJ binds with CLDN1(20). Among the classic
claudins, the —Y—V motif in the C-terminal positions -1 and 0 exhibit 100% conservation, while

non-classic claudins demonstrate a greater variety of motives (H/S/Y/D/E/R-VI/L).

Claudins have a short half-life in comparison to other transmembrane proteins for e.g. CLDN4
has a half-life of about 4 hours, which also indicates their tightness and pore functions are
highly dynamic (25,26). Short term regulation of claudins is also pointed by many fold
phosphorylation, which is primarily catalyzed by mitogen-activated protein kinase (MAPK)
(Thr203, rat) (27) and protein kinase C (PKC) (28) in CLDNL1, or by protein kinase A (PKA)



in CLDN3 (Thr192, human) (29) and CLDN5 (Thr207, rat) (30). Threonine/serine kinase
WNK4 also phosphorylates CLDN1-4 (31) while receptor tyrosine kinase EPHAZ2
phosphorylates the PDZ binding C-terminus of CLDN4 (Tyr-208, human) and results in its
dislocation from cell-cell junction (32). Moreover, phosphorylation of claudins may also
decrease TJ strength as seen in the case of CLDN3 and -5 in ovarian cancer cells and
endothelial cells, sequentially (29,30). Besides phosphorylation claudins also undergo s-
acylation (reported in CLDN14) and palmitoylation at conserved cysteine residues proximal to
membrane following TM1&2 in epithelial and fibroblast cells. Palmitoylation is essential for
efficient localization and trafficking of TJ but not for stability and strand assembly (33). So
besides slight differences in claudin structures post-translational modifications like
phosphorylation and palmitoylation contribute to diverse functions of claudins in different
tissues. Though the studies had put forth deep ideas about the claudin structure and their
assembly and contribution to TJ formation, yet studies are in need to unveil further

complexities about claudin assembly, and dysregulations in transformed cells.

1.5.2: Claudin functions

As part of the TJ, claudins contributes to the formation of tissue, size, and charge selective
paracellular sealing. CLDNL1, -5, -11, and -14 found to be involved in tightening functions as
in blood-brain barrier (34), myelin sheaths, Sertoli cell layers (35), and epithelium in the inner
ear (36) respectively. A tightening potential for CLDN3 has been observed in ovarian cancer
cell lines, where a mutation mimicking phosphorylation of CLDN3 decreases TJ strength and
indicate its role in tightening (29). Several claudins in TJs form paracellular channels selective
to anion, cation or to neutral molecules. For example, CLDN15 forms a paracellular channel
permeable to mono/divalent ions and to small uncharged molecules like water. In-vivo and in-
vitro experiments confirmed that CLDN2, 10b,15, 16 and 21 form cation-selective channels,
while CLDN10a, and 17 form anion-selective paracellular channels (37,38). On the other side
some claudins contribute to barrier functions of TJs. So far CLDN1 (37), 4 (39), 5 (40), 8 (41),
11 (42), 14 (36), 18 (37) and 19 (43) has shown barrier functions in different experiments.
Functions of CLDNS®, 9, 12, 13, 17, 18, and 20-24 is relatively unexplored and is under study.
In MDCKII cells CLDNG6 and 9 regulates chloride and sodium permeability and increases
transepithelial electrical resistance (44). They also have a Ca*" independent cell adhesion
activity. CLDNG is a global marker of definitive endoderm development and the development
of organs like pancreas, lung, and liver (45). CLDNG6 plays a major role in epithelial

differentiation and epidermal permeability barrier assembly/maintenance during embryonic
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development (45-47). Role of CLDNG6 as an important regulator of adipogenesis and fat
deposition has also been discussed. Mice fed on fat diet differentially expressed Cldn6 mRNA
in different adipose tissues (48). Levels of Cldn6 transcripts were increased during
differentiation of 3T3-L1 cells (fibroblast cell line, chemically induced to differentiate into
adipocyte-like cells) in vitro which was reverted by small interfering RNA-mediated reduction
of Cldn6 mRNA (48), further confirms the role of CLDNG6 in adipogenesis. CLDN6 and
CLDN9 expression in the neonatal proximal tubule results in an increased transepithelial
resistance, decreased chloride permeability, and decreased relative sodium-to-chloride
permeability (P(Na)/P(Cl)) and P(HCO3)/P(CI) (44). Epigenetic regulators such as TSA, 5-
aza, and DMSO significantly enhance the expression of CLDN9, trans endothelial electrical
resistance and thus enhancing the corneal barrier function, in murine experimental corneal
trauma (49). Barrier functions of CLDN9 are also essential for hearing. A nonsense mutation
in CLDN9 eliminated its localization in cochlear tight junction and resulted reduced
paracellular permeability to Na" and K™ and loss of sensory hairs (50). Hence, different claudins
impart different functions in different tissues. Moreover, they contribute to biological functions
which get affected by deregulation of claudins and cause tissue specific disease including

tumors and cancers of different organs (Table 1) as discussed in the next section.
1.5.3: Claudins and Cancers

Most of the cancer incidence and associated deaths (~95% cases) represent cancers originating
from the epithelium for example cancers of oral cavity, esophagus, stomach, colon, rectum,
prostate, ovary, bladder, kidney, lung, pancreas, breast, and liver (51-55). Irrespective of
variable morphology and specialized functions of differentiated epithelium in different tissues
and organs, few traits like polarized architecture, are shared among all. When an epithelial cell
transformed to cancer cell it undergoes Epithelial Mesenchymal Transition (EMT) that includes

disruption of cell-cell adhesion structures, altered polarity, and reorganized cytoskeleton.
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Figure 4 Roles and regulations of claudins in cancer progression. Claudin expression and localization is regulated

by epigenetic factors, growth factors, and cytokines and their dysregulation leads to loss of the gate and barrier

function which contributes in inflammation, EMT, and cancer progression.

As a result, cells become isolated and motile and do Metastasis i.e. move from the primary
tumor site to distant vital organs and initiate secondary tumors (56,57). As integral part of TJs,
claudins play a major role in EMT and metastasis and their deregulation has been documented
in several cancers, for example upregulation of CLDN3 and -4 in multiple cancer types
including prostate, pancreatic and ovarian cancer (58-60), increased however mislocalized
(cytosolic/nuclear) expression of CLDNL1 in colorectal cancer (61) and downregulation of
CLDN1 in lung adenocarcinomas, prostate and breast cancer (Table 1). Recent studies have
further suggested that claudin expression may even be distinct within specific subtypes of the
cancers. This highlight claudins may partner with different proteins and involvement of diverse
molecular mechanisms for regulation of claudin expression in different tissue

microenvironments.

Table 1 Claudin expression and association with different cancers.

Cancer type Family member | Expression Clinical association

Lung Claudin-1 Downregulation | Poor survival
(adenocarcinoma

Lung (squamous cell | Claudin-1 Downregulation | LN metastasis, TMN stage, disease
lung carcinoma) progression, Poor survival
Lung Claudin-3 Upregulation Poor survival
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Lung (NSCLC)

Claudin-6

Downregulation

LN metastasis, Higher TMN stage, Poor

Claudin-7 survival
Prostate Claudin-1 Downregulation | High tumor grade, disease recurrence
Claudin-2 Downregulation | Advanced disease
Claudin-3 Upregulation Advanced stage, disease recurrence
Claudin-4 Upregulation Advanced stage disease, Lower-grade
Claudin-5 Downregulation | Advanced disease
Claudin-7 Downregulation | High tumor grade
Claudin-8 Downregulation | Advanced disease
Ovarian Claudin-3 Upregulation Disease progression, poor survival
Claudin-4 Upregulation Disease progression
Claudin-7 Upregulation Disease progression, poor survival, poor
progression-free survival, poor sensitivity
to platinum-based chemotherapy
Gastric Claudin-1 Downregulation | Poor survival, advance disease, LN
metastasis
Claudin-4 Upregulation Histological differentiation, LN
metastasis, higher TNM stage, poor
survival
Claudin-6 Upregulation Poor survival, advance disease
Claudin-9 Upregulation Poor survival, advance disease
Colorectal Claudin-1 Downregulation | LN metastasis, higher TNM stage,
lymphatic invasion, poor survival, poor
progression-free survival, poor survival
recurrence
Upregulation Disease progression
Tumor invasiveness, poor progression-free
survival
Liver metastasis recurrence, disease
Claudin-7 Upregulation progression,
Poor survival
Downregulation
Poor survival
Claudin-23 Downregulation
Breast Claudin-1 Upregulation Basal sub-type poor survival
Downregulation | Poor progression-free  survival, poor
Claudin-2 Upregulation survival
Downregulation LN metastasis, ILC, liver metastasis
Claudin-3 Downregulation | LN metastasis and liver metastasis
Claudin-4 Downregulation | LN metastasis
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Claudin-7

Upregulation

Downregulation

Upregulation

LN metastasis

Poor progression-free survival, poor
survival, Basal sub-type poor survival,
Basal sub-type cellular differentiation

Poor progression-free survival, higher
tumor grade, cellular decohesion, disease

progression

1.5.4: CLDN6 and -9 in GC

CLDNS6 and -9 are closely related with gastric cancer pathogenesis and their overexpression
(mRNA and protein) is documented in GC tumors and in several cell lines (62-64).
Overexpressed CLDNG6 and -9 mis localized from TJ to cytoplasmic fractions over weaker

expression in cytoskeleton and membrane (Figure 5) (63).

a b
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Figure 5 Overexpression of CLDNG6/7/9 in gastric cancer patients. a) Normal gastric tissue (left panels) and gastric
adenocarcinoma (right panels). b) Western blot analysis of whole cells protein lysate isolated from normal gastric
tissue (NGT), diffuse-type gastric adenocarcinoma (DTGA), and intestinal-type gastric adenocarcinoma (ITGA)
biopsies. (63)

CLDNG6 interferes with the Hippo signaling pathway by reducing the phosphorylation of
LATS1/2 and enhance the entry of YAP1 (Yesl Associated Transcriptional Regulator) into the

nucleus, which consequently effect the transcription of downstream target genes like CYR61,
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CTGF, AREG, and AMOTL2 (64). YAP1 interacts with snaill to affect the process of EMT
and enhance the invasive ability of GC cells (64). Knockdown of CLDNG6 significantly affect
snaill but not zebl and twistl (also seen in our lab’s unpublished data) that further confirms,
CLDN6 promoted EMT in GC depends on YAP1 and YAP1-snaill axis (64). In our
experimental model, CLDN6 and -9 transfected AGS cells (individually) demonstrate
increased proliferation, cell migration, and invasiveness (65). AGS-CLDNG6 cells overexpress
CLDN1 which was found to be colocalized with MMP-2 and MMP-14 with a significant
increase in the membrane and cytosolic concentrations of MMP-14. Moreover, an increased
amount of pro-MMP-2 was noticed in transfected cells which later secrete and provide a strong
MMP-2 activity in culture supernatants (66). CLDNG6 and -9 transfection seem to induce stem
cell-like properties in AGS cells evident from increased CD44 expression on membrane and
cytoplasm, and a significant increase in expression of transcription factors SOX-2 and SNAIL
(unpublished results) in the nucleus. These studies indicate overexpressed CLDNG6 and -9 in
GC tumors mis localize in cytoplasm, promote EMT via YAP1-snaill axis and help in acquire

of an intermediate stem cell state to help cancer progression.

2: Natural Killer cells

Natural Killer (NK) cells belong to innate immune cells that respond with spontaneous cytolytic
activity against cells under stress such as transformed cancer cells and virus-infected cells.
They constitute 2-7% of lymphocytes in mouse peripheral blood and 5-15% of human
peripheral blood mononuclear cells (PBMCs). Under physiological conditions NK cells are
present in the skin, gut, liver, lung, uterus, kidney, joints, and breast. NK cells develop from
common lymphoid progenitor cells (67) in bone marrow however, they can also develop in the
liver and thymus (68,69). The development of NK cells happens through various stages of
maturation, expansion, and acquisition of specific receptors and depends on several intrinsic
factors (like transcription factors) and external signals (like cytokine and growth factors). NK

cell receptors are independent of RAG-mediated recombination (70).

NK cells express a diverse receptor pool on their surface and fate of NK cell activation depends
on engagement of these receptors with cognate ligands on target cell. These receptors can be
group into two categories- activation receptors and inhibitory receptors (Figure 6). Normal
healthy cells express MHC class | (MHCI) molecules which interact with inhibitory receptors
of NK cells and refrain NK cells from activation and cytotoxic activity. However, viral

infection or tumor transformation of cells results in loss of MHCI expression and
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simultaneously increases expression of ligands linked with DNA damage response, stress,
senescence, etc. These cumulatively interact with activating receptors and triggers the cytotoxic
activity of NK cells (71).

Activating receptors

Inhibitory receptors
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Figure 6 a) Important activation and inhibitory receptors on NK cell membrane and respective adaptors. b) Model

of NK-Target contact and receptor ligand interaction following the killing of the target cell.

2.1: Inhibitory and activating receptors on NK cells

NK Inhibitory receptors have immunoreceptor tyrosine-based inhibitory motifs (ITIM), present
in cytoplasmic tail, which upon ligand engagement undergo phosphorylation and recruitment
of phosphatases- Src homology-containing tyrosine phosphatase 1 (SHP-1), SHP-2, and lipid
phosphatase SH2 domain-containing inositol-5-phosphatase (SHIP). These phosphatases
dephosphorylate the immunoreceptor tyrosine-based activation motif (ITAM) bearing Vav-1
molecules under inhibitory signal and prevent following downstream signaling (72,73).
Humans express the killer cell immunoglobulin-like receptor (KIR) family of proteins (74)
which are functional homolog of Ly49 (type Il glycoprotein of C-type lectin-like superfamily)
of mice. KIRs are type-1 transmembrane proteins with two or three 1gG-like domains and a
short or long cytoplasmic tail. KIRs bind to HLA -A, -B, and -C molecules at their peptide-
binding region. Individual NK cells express different KIRs, and their heterogeneity enhances
further due to allelic variation in KIR genes in different individuals. Inhibitory KIRs include
KIR2DL1-3, KIR2DL5, and KIR3DL1-3 (75). Another C-type lectin family of the inhibitory
receptor-CD94-natural-killer group 2, member A (NKG2A) also contains the ITIM motif.
NKG2A is expressed as a heterodimer with CD94 and it identifies non-classical MHC
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molecules such as HLA-E (76,77) on target cells. CD94/NKG2A engagement protects host
cells from inappropriate NK cell activation (78,79).

Lack of MHCI is not sufficient to trigger NK cell activation and it needs recognition of stress-
induced molecules by activation receptors. Most activating receptors signal through ITAMs
and engagement of receptor-ligand complexes leads to phosphorylation of ITAM by the Src
family of tyrosine kinases such as Lck, Fyn, Src, Yes, Fgr, and Lyn. Phosphorylation of the
ITAM subunit leads to recruitment and activation of the tyrosine kinase Syk and Zap70. The
downstream signaling pathway of Zap70 phosphorylation involves phosphorylation of
different proteins such as SLP-76, Shc, and phosphatidylinositol-3-OH kinase [PI3K],
assembly of Grb2, linker for the activation of T cells (LAT), Vav-1, and Vav-2, activation of
MAPKSs and extracellular signal-regulated kinases (ERKS). These signals result in the elevation
of calcium levels and reorganization of actin cytoskeleton which triggers transcription of
cytokine and chemokine genes and release of perforin and granzymes containing cytolytic
granules (80).

First in the most important activation receptors- Natural-killer group 2, member D (NKG2D)
is a C-type lectin-like type Il transmembrane protein. NKG2D is expressed as a homodimer on
the surface of all murine and human NK cells, NKT cells, and activated CD8* T cells in mice,
and all CD8* T cells and a subset of yd T cells in humans(81). A single NKG2D homodimer
along with two DAP10 homodimers forms a hexameric complete receptor of NKG2D (81).
DAP10 adaptors contain YINM motif which get phosphorylated by Jak3 or Src family of
kinases following recruitment of p85 subunit of PI3K or Grb2 adaptor protein. Phosphorylation
of Grb2 induces phosphorylation of Vavl, PLC-y2, and SLP-76. Such activation PI3K and
Grb-Vav1 signaling induces phosphorylation of Jak2, STAT5, Akt, MEK1/2, and Erk (82-84).
Effector functions of DAP10 and DAP12 differ from each other in both mice and humans.
Deficiency studies have revealed that NKG2D-DAP10 signaling induces cytotoxicity while
DAP12 can induce both cytotoxicity and cytokine secretion (85-87). NKG2D expression on
NK and CD8" T cells is affected by several cytokines, for example- IL-7, IL-12, and IL-15 can
upregulate the NKG2D expression, whereas interferon gamma (IFN-y) and transforming
growth factor-p (TGF-B) can reduce it (88-90). The NKG2D molecule in humans binds with
several structural homologs of MHC class | molecules, which are organized into two families-
MHC class | chain-related protein A (MICA) and B (MICB) and UL16-binding proteins
(ULBP1-6) (91). Healthy adults express very low levels of NKG2D ligands (91,92) however,
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they are highly upregulated in tumor cells such as leukemia, glioma, neuroblastoma,
melanoma, breast, lung, colon, kidney, and prostate tumors (93-96). NKG2C and NKG2E, two
other members of the NKG2 family, express as a heterodimer with CD94 and act as an
activation receptor (97,98) and recognize class Ib molecule Qa-1b and interact with DAP12
and activate downstream signaling (98,99).

Natural cytotoxicity receptors (NCRs) are another important activating receptor of NK cells.
They contain an extracellular immunoglobulin-like domain for ligand binding. Mouse NK cells
express only NKP46 while human NK cells express three distinct types of NCRs- NKp46
(CD335), NKp44 (CD336), and NKp30 (CD337) (100). NKp44 expression is limited to
activated NK cells, whereas NKp46 and NKp30 are expressed by both resting and activated
NK cells. NCRs can bind to adaptor proteins FceRI-y and CD3-( which then transduce the
signal through ITAM. NCRs recognize a wide variety of ligands on target cells ranging from
viral, bacterial, and parasite proteins to molecules from tumor cells and other host cells (100).

CD38 is another molecule expressed by NK cells and other lymphocytes. CD38 is an
ectoenzyme that catalyzes the conversion of beta-Nicotinamide adenine dinucleotide (beta-
NAD+) and Beta-Nicotinamide Adenine Dinucleotide 2’-Phosphate (beta-NADP+) into cyclic
adenosine diphosphate-ribose (CADPR), adenosine diphosphate-ribose (ADPR), and nicotinic
acid adenine dinucleotide phosphate (NAADP). CD38 and ADPR get localized in cytolytic
granules, promotes granule polarization and degranulation in tumor-activated NK cells (101).

(CD38 is discussed in detail in the later sections.)

NK cell-mediated cytotoxicity and cytokine-chemokine secretion involve a synergistic
combination of several receptors. Intriguing, only CD16 alone could trigger degranulation of
resting human NK cells while most activating receptors such as NKG2D and NCRs can
perform activation of NK cells only with synergistic activation of several other receptors that
lead to convergence to achieve activation of central signaling molecule beyond the threshold
(102,103).

2.2: Cytotoxicity of NK cells

The NK cell cytotoxic response is divided into four major steps-

(1) Formation of immunological synapse between the target cell and NK cell and

reorganization of the actin cytoskeleton.
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(2) Polarization of microtubule organizing center (MTOC) and secretory lysosome toward
lytic synapse.
(3) Docking of secretory lysosome with the plasma membrane of NK cells.

(4) Fusion of secretory lysosome with the plasma membrane of target cells.

The entire process that results to the release of cytotoxic molecules such as perforin and
granzyme is known as degranulation and is often used for indirect measurement of NK cell’s
cytotoxic activity (104). During degranulation, lysosomal-associated membrane protein-
1(LAMP-1 or CD107a) and -2 (LAMP-2 or CD107b) transiently appear on the surface of
NK cells and for the same reason, LAMP-1 expression on NK cell surface is used as an indirect
measurement of NK cells cytolytic function (105).

Perforin- a pore-forming cytolytic protein, once released it polymerizes, and forms the pores
on the target cell membrane to facilitate the entry of granzymes (serine proteases). Granzymes
activate caspases that induce apoptosis in target cells. Perforin-dependent cytotoxicity is crucial
for NK cell-mediated control of several tumors but is also supplemented with death receptor-
induced target cell apoptosis. NK cells express TNF receptor ligand—Fas ligand (FasL),
Tumor necrosis factor (TNF), and Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) and their engagement to cognate receptors induces conformational changes in the

receptors and recruitment of adaptor proteins leading to apoptosis of target cells.
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3: CD38

3.1: Structure

CD38 is a 45 Kd type Il transmembrane glycoprotein with a single transmembrane segment
near its N-terminus. It shares a 20-30% sequence identity with Aplysia ADP-ribosyl cyclase,
BST-1 also termed CD157, and a GPI-anchored protein found in Schistosoma mansoni (106—
108). It is formed by two identical monomers that favor a physiologically stable structure with
a pocket at the middle of the cleft that is the enzyme active site(109). The crystal structure of
the extra-membrane domain, which is fully active enzymatically and is crystallized as head-to-

tail dimers, has been well determined (110-115).
3.2: CD 38 function

CD38 functions as a lymphocyte receptor and transducer of signals(116) and an ectoenzyme
that generates CADPR involved in intracellular calcium mobilization(112). First, thought to be
expressed only on thymocytes and activated T cells, CD38 was later found to be widely
expressed on B cells, circulating monocytes, dendritic cells, granulocytes, plasma cells, both
resting and circulating NK cells, neutrophils, and granulocytes (117-120). CD38 is also found
on the surface of erythrocytes and platelets (121,122) where it plays an essential role, together
with platelet/endothelial cell adhesion molecule 1 (CD31), in microenvironment retention of
cancer cells(123). CD38 is also expressed in the cytoplasm and nucleus of non-lymphoid cells
such as normal prostatic epithelial cells, pancreatic islet cells, smooth and striated muscle cells,

renal tubules, retinal gangliar cells, and cornea(112,113).

As a surface receptor, CD38 is necessary for the activation and proliferation of immune cells.
It establishes a weak and dynamic interaction with the non-substrate ligand CD31(113,124), in
an interaction necessary for leukocyte adhesion and migration(125). CD38 has a very small
cytoplasmic tail(126) suggesting it is unable to initiate a signaling cascade and so it associates
with other signaling receptors such as TCR/CD3 in T cells(127,128), BCR (CD19/CD21 in B
cells(129) and CD16/CD61 in NK cells(130). In addition, CD38 ligation with a counter ligand
induces the expression and secretion of IL-1p, IL-6, IL-10, and IFN-y from monocytes and T
cells(131,132). NAADP, produced through the enzymatic activity of CD38(133) regulates T
cell activation(134,135), proliferation(136,137) and chemotaxis(138). CD38 is found in

recycling endosomes that contain perforin and granzymes(139) in the immunological synapse
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when the TCR of cytotoxic T cells is engaged(140). CD38 is expressed on membrane rafts
where it promotes cell signaling via Akt and Erk activation and it is exported out of the cells
through the exocytic pathway(141). CD38 association to the signaling complex CD16/CD61
in NK cells membrane has a critical role in transducing activating signals(112). CD38"s"CD8*
T cells suppress the proliferation of CD38'CD4" T cells(142), thus indicating its capacity to
modulate T cell subsets with regulatory properties(143).

3.3: CD38 and cancer

Tumor microenvironment (TME), a coordinated network of immune, non-immune, and cancer
cells with other noncellular components are vital for the development, progression, immune
suppression, and persistence of cancer(144) as biological processes such as hypoxia,
angiogenesis, autophagy, apoptosis resistance, and metabolic reprogramming are triggered.

High CD38 expression in immune cells such as T regs, B regs, MDSCs, and CD16-CD56"NK
cells contribute to a change in their immune function(145-148). A typical example of the latter
is represented by the CD4*CD25"9"FOX3* Treg cells with high CD38 expression that define a
suppressive subset of Tregs in multiple myeloma(145) and non-Hodgkin lymphoma(146) via
cytokine-dependent mechanisms. However, CD31- T regs depict reduced immune suppressive
activity that indicates the importance of CD38/CD31 interaction in Treg mediated
immunosuppression(149). CD38"9" B reg cells produce 11-10(148), which inhibits T naive cell
differentiation to Thl and Th17 cells while supporting the proliferation of T regs(150,151).
The immunosuppressive role of myeloid-derived suppressor cells (MDSCs) strongly expanded
in the cancer microenvironment(147), is well documented. CD38 expression is considered as
a marker of MDSCs activity and CD38"9"MDSCs have more prominent immune suppressive
effects(151-153). At the same time, MDSCs promote neovascularization and tumor

invasion(153).

The enhanced concentration of adenosine in the TME lead to increase or decrease of Adenylate
cyclase or intracellular cyclic adenosine monophosphate in immune cells expressing adenosine
receptor (T cells, Nk cells, dendritic cells, neutrophils, macrophages)(154,155) thus interfering

with the activation of immune cells and favoring tumor progression(154—156).

TME is also characterized by the presence of hypoxia due to poor blood supply and increased

oxygen consumption(157,158). NAD" is produced by salvage pathway in hypoxic TME, which
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is further converted to adenosine by CD38 expressing cells, thus further suppressing the
immune response by recruitment of MDSCs, Tregs, tumor associated macrophages
(TAMSs)(159,160). Besides adenosine arbitrated immune suppression, CD38 bestowed
NAADP is also involved in VEGF mediated angiogenesis through its involvement in Ca**
signaling. VEGF interacts with receptors VEGFR1 and VEGFR2. VEGF binding with
VEGFR2 leads to the release of Ca™ in a process where CD38 contributes(161-164).
Therefore, cells overexpressing CD38 in the TME direct the generation of an immune
suppressive environment that reduces effector T cell functions but also promotes angiogenesis,

provides immune escape, and helps in cancer progression.
4. CD38 and cytotoxic activity of NK cells

Target cell adhesion, granule polarization, and the degranulation processes of NK cells broadly
depend on Ca*™ mobilization achieved either by the influx of extracellular Ca*™ or mobilization
of Ca™ from intracellular stores like endoplasmic reticulum (ER) or lysosomes (165,166).
Intracellular mobilization of Ca*™ is based on three major intracellular Ca*™* mobilizing second
messengers- inositol 1,4,5-trisphosphate (IP3), CADPR and NAADP (167-169). Recently
ADPR, a new Ca** secondary messenger has been added to this list (170). NAADP, cADPR,
and ADPR are pyridine nucleotide metabolites and are formed under multiple enzymatic
activities of CD38- NAD glycohydrolase , ADP-ribosyl cyclase, and CADPR hydrolase activity
(171). CD38 is frequently present in the cell surface and on membranes of several intracellular
organelles including cytolytic granules on lymphocytes like NK and T cells. Activation of
cytotoxic cells leads to activation of IP3 that triggers Ca*™ release from ER and results in the
influx of Ca*™ through store-operated Ca** entry (SOCE), moreover drives internalization of
CD38 from cell membranes in early endosomes. CD38 in endosomes and on acidic granules
further helps in Ca™ mobilization and SOCE via synthesis of CADPR and NAADP (170). It is
rather interesting that tumor cell engagement and subsequent activation of NK cells and their
cytotoxic activity, if not solely, highly depends on CD38. Interaction of NK cell with tumor
cell activates CD38 to produce ADPR but not cADPR/NAADP, for the exocytosis of cytolytic
granules (101). ADPR targets TRPM2 channels on cytolytic granules, and TRPM2-mediated
Ca™ signaling induces cytolytic granule polarization and degranulation, resulting antitumor
activity(101). NK cells treated with 8-Br-ADPR, an ADPR antagonist, as well as NK cells from
Cd38" mice showed reduced tumor-induced granule polarization, degranulation, granzyme B

secretion, and cytotoxicity of NK cells (101,170). Such observations clearly state role of CD38

22



in NK cell’s cytotoxic activity after stimulation with cancer cells is principally lead by ADPR-
TRPM2- Ca*™ axis.
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5: Background

CLDNG6 and CLDN?9 impart significantly in the progression of GC. In our experimental model
AGS-CLDN6 and AGS-CLDN9 transfected cells exhibited a significant increase in
proliferation, migration, and invasiveness over wt AGS cells. Additionally, these transfected
cells overexpress CD44, snail, and SOX-2 which also indicate intermediate EMT stage and
stem cell-like properties in these cells. Considering their metastatic and invasive potential, it is
intriguing if they have immune-suppressive properties as well. When transfected cells co-
cultured with human peripheral blood NK cells for 4 hours, NK cells co-cultured with AGS-
CLDNG6 and AGS-CLDN9 showed reduced expression of FasL and LAMP1 on their surface
in comparison to NK cells co-cultured with wild type (wt) AGS cells (Figure 7a).

FasL and LAMP1 are transported to the membrane through lytic granules in NK cells, which
once get activated by the contact of cancer cells, shoot these granules at immune synapse
targeting cancer cells. LAMP1 is considered as an indirect measurement of cytolytic activity
of cytotoxic cells like NK and T cells, a reduction of same indicated a reduction in the cytolytic
activity of NK cells. Similarly, engagement of FasL and TRAIL to their cognate receptors on
target cells triggers apoptosis in target cells. A reduction in FasL on the membrane of NK cells
may indicate a defect in cytotoxic activity or cytolytic granule trafficking in our model.
However immature but the second observation that supports these facts that there was no
change in TNF secretion but in IL-6 and IL-8 (Figure 7 b, ¢, d) which differ in vesicular
trafficking and secretion mechanisms. To our assumptions that may link with Ca™
mobilizations from acidic stores and annexed SOCE that regulate several functions including

vesicular and cytolytic granule trafficking in NK cells.

24



a  NK-AGS CLDN9 | -/\ Healthy
NK-AGS CLDNG6 | B donor 1
NK-AGSGFP
NK-AGS WT l 5
IS0 C J ST A, N—

NK- AGS CLDN9
NK-AGS CLDNG '-‘/\ | Healthy
NK-AGSGFP | | donor 2
NK-AGS WT | |
1so¢ ~ —————- —~7— —l
CD107a- LAMP1
- I W CD95L- FasL
e L N €d337- NKp 30
o Cd 314- NKG2D
AN AN Cd158a- KIR20L1
1 Z i | Cd158d- KIR2DL4
b corens LAy c
IL-8
L6 . NK-AGS WT B NK-AGS WT
= NK-AGS GFP mm NK-AGS GFP
= W NK-AGS CLDN6 = mm NK-AGS CLDNG
E NK- AGS CLDN9 E . NK- AGS CLDN9
g T
[ T
. -
AN GO on ey A SO S R
s Sops Saps sops E it et e
E:T E:T
d TNF-a
ERNK-AGS WT
 NK-AGS GFP
= == NK-AGS CLDN6
§ I NK- AGS CLDN9
N=2

OGP KO KOG KOG
ET

Figure 7 a) Expression of major receptors on NK cells after stimulation for 4 hours with AGS-CLDNG6/9 cells. b),

c), d) Secretion of IL-6, IL8, and TNFa from NK cells after stimulation with AGS-CLDNG6/9 cells for 4 hours.
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6: Justification

CLDNG6 and CLDNS9 impart significantly in the progression of GC and in our experimental
model AGS-CLDNG6 and AGS-CLDN9 transfected cells showed metastatic and invasive
potential. When transfected cells were co-cultured with human peripheral blood NK cells for
4 hours, NK cells co-cultured with AGS-CLDN6 and AGS-CLDN9 showed reduced
expression of FasL and LAMP1on their surface in comparison to NK cells co-cultured with wt
AGS cells- evidently reduced cytolytic activity of NK cells. However, important receptors like-
NKp30, NKG2D, KIR2DL1, KIR2DL4, etc. found to be unaffected which indicates the
involvement of alternate mechanisms that affect granular polarity and reduction in NK cell’s
cytotoxic activity. Recent studies clarified the role of CD38-ADPR-TRPM2 axis mediated
Ca"™ movement from acidic granules, an alternative that deeply affects cytolytic granule
polarity and cytotoxic activity of NK cells.
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7: Hypothesis

+ Stimulation/contact with AGS-CLDNG6 and CLDN9 cells affect CD38-ADPR-TRPM2
axis in NK cells and interfere with cytolytic granule polarization.

* GC tumor with TP53 and CLDNG6 alterations make a subgroup of CIN GC with
distinctive prognostic signature.

8: General objective

» Toanalyze the effect on CD38 mediated cytolytic granule polarization in NK cells after
stimulation/contact with CLDNG6/9 transfected AGS cells.

» Analysis of CLDNG6 and TP53 alterations (mutations and differential expression) in GC.

8.1: Specific objectives
A. To Investigate the changes in CD38 expression/activity is due to direct contact or by
some secreted component of AGS transfected cells.

B. To check expression and activity in NK cells +/- stimulation with AGS-CLDN®6/9 cells
a. Check expression of CD38 on the surface and in the cytoplasm of NK cells.
b. Intracellular localization of- FasL, LAMP1, and CD38 in NK cells.
c. Localization of perforin and granzyme in cytolytic granules.
d. Monitor Ca** mobilization and cytolytic granule targeting.
C. Analysis of CLDNG6 and TP53 alterations in GC.

a. Analysis of the differentially expressed genes in AGS-CLDNG transfected cells

over wt AGS cells.
b. Analysis of CLDNG alterations in TCGA-STAD data.
c. Analysis of TP53 alterations in TCGA-STAD data.

d. Analyse correlation between CLDN6 and TP53 alterations in terms of altered

genes and pathways to find common prognostic targets.
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9: Material and methods

9.1: AGS cell culture and transfection

AGS cells (1x10%, ATTC, CRL-1739), were cultured to >90% confluence in DMEM,
supplemented with 5% FBS, 0.1 U/ml insulin, 2 mM sodium pyruvate, 2 mM L-Glutamine and
1% penicillin/streptomycin (Gibco; Biolegend Inc; Sigma-Aldrich and ThermoFisher
Scientific), at 37°C and 5% CO2. AGS cells were transfected with GFP-CLDN6 (Pmax GFP-
CLDNS6 vector). GFP-CLDNG6 was linearized with Aflll (New England Biolabs) and added into
AGS cells with lipofectamine 2000 according to the manufacturer's protocol. Stable GFP
positive cells were selected in supplemented DMEM with 500 pg/ml of G-418, sorted with a
BD FACSAria™ III sorter (BD Biosciences) and plated (1 cell/well/96-well plate) for the
selection of a stable clone. Expression of GFP-CLDNG6 was confirmed by immunofluorescence

and flow cytometry.
9.2: NK and NK92mi cell culture

NK cells were purified from peripheral blood mononuclear cells of two healthy volunteers
using Ficoll-Paque™ and Miltenyi Biotec NK cell isolation reagents. NK cells were cultured
with 1,000 U/mL human rIL2 and its purity (>95%) was assessed by flow cytometry using
fluorochrome-labeled anti-CD16, anti-CD56, and anti-CD3 antibodies. The IL-2-independent
human NK-92MI (ATTC, CLR-2408) cells were cultured in o-MEM without nucleosides
supplemented with 12.5% FBS, 12.5% horse serum, 1% penicillin/streptomycin, 2 mM L-
glutamine, 0.2 mM inositol, 20 mM folic acid, and 100 uM 2-mercaptoethanol at 37°C and 5%

CO2 until reaching >90% confluence.

9.3: NK/AGS cells co-cultures

AGS wt, AGS-CLDNG, and AGS-CLDNS9 (1x10° cells/well) were seeded in 96-well plates,
incubated for 12 h at 37°C and 5% CO2, and challenged with NK or NK92mi cells at 1:1 and
3:1 NK-AGS (E:T) cell ratios. After 4h of co-culture, cells were collected, centrifuged, the
supernatant was discarded, and cells were resuspended in 100 pL of PBS buffer for further

studies.
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9.4: Flow cytometry

AGS and AGS-CLDNG cells were fixed and permeabilized with Fix Buffer | and Perm Buffer
11 (BD Phosflow), according to manufacturer instructions. Cells were suspended in FACS
buffer (PBS, 0.09% sodium azide, and 1% FBS) and incubated 30 min at 4°C with primary
mouse antibodies against activating (anti-NKG2D, anti-NKp30, anti-FasL, anti-LAMP1) or
inhibitory (anti-KIR2DL1, anti-KIR2DL4) receptors. Afterward, cells were washed with
FACS buffer and incubated with the secondary fluorochrome-conjugated antibody for 1 h.
Flow cytometry analysis was performed using the Flow Cytometer. For CD38 expression
NK92mi cells were co-culture with AGS wt/CLDN6/CLDNS9 cells and collected as mentioned
above. Later NK92mi cells were fixed with Fix Buffer I washed with FACS buffer and
subsequent incubation with fluorochrome-conjugated anti-CD38 antibody (Biolegend) at 4°C
in dark for 30 minutes. Cells were washed with FACS buffer and studied with the flow-

cytometer.
9.5: Stimulation of NK92mi cells with AGS conditioned media

AGS wt/CLDN6/CLDNS cells were seeded (1x10°) in fresh P-100 Petri plates and allowed to
adhere overnight. The next morning cells were washed twice with PBS and cultured with fresh
DMEM (supplemented as before) for 24 hours. The next day the culture media was carefully
collected and used for stimulation of NK92mi cells. NK92mi cells were cultured in a T75
culture flask in a-MEM (supplemented) after 3 passages cells were counted and 2x10° cells
were transferred in each well of 6 well culture plates. Following stimulation of cells with
culture media (50% conditioned with fresh serum-free a-MEM) from AGS transfected cells
for 4 hours. Following the collection, NK92mi cells were washed twice with FACS buffer and
subsequent incubation with fluorochrome-conjugated anti-CD38 antibody (Biolegend) at 4°C
in dark for 30 minutes. Cells were washed with FACS buffer and studied with the flow

cytometer.
9.6: Databases and expression data-based analysis

Affymetrix Hugene2.0 microarray was used to analyse mRNA expression in AGS-CLDNG6
cells taking wt AGS cells as control. Expression data files were normalized and further
processed for identification of differentially expressed genes (DEGS) using R version 4.0.

CBioPortal was used to extract and analyze data from TCGA Stomach Adenocarcinoma Pan-
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Cancer Atlas Data (STAD) (172,173). CLDNG6 was used in the query gene-based search of
STAD 440 patient’s data following selection of 139 patients/samples with CLDNG6 alterations
in cldn-6 group while 268 patients/samples were assigned to the non-cldn-6 group. Group
comparison tool was used to analyze aneuploidy score, mutation count, MSlsensor score,
fractional genome altered, survival of patients, GC grade distribution, histological subtype
classification, TCGA-STAD classification subtype, and sex ratio distribution between groups.
Direct genome interactions were analyzed with default settings for overlap among
patients/samples, with log-ratio calculated from Log2 based ratio of (pct in (A) cldn-6
group/pct in (B) non cldn-6 group, the p-value was derived from one-sided Fisher Exact test
and g value was based on Benjamini-Hochberg procedure. Changes in gene expression were
compared through mRNA expression levels of altered genes in both groups in terms of p1 score
(mean log2 expression of genes), o score (standard deviation of log2 expression of genes), log-
ratio (Log?2 of the ratio of (unlogged) mean in the cldn-6 group to (unlogged) mean in the non-
cldn-6 group), with p-value (Derived from Student's t-test) and g-value (Derived from
Benjamini-Hochberg procedure). Volcano plots, heatmaps, and clustering were done using the
CBioPortal query gene-based search result with default settings. Query gene-based search and
Oncoprint features of CBioPortal were used to find total alterations and z scores of genes
among samples in groups and data were plotted in GraphPad Prism (version 8). Similarly,
TCGA STAD data was divided in to TP53 and non TP53 mutations groups according to TP53
mutation in GC patients/samples and compared to generate results as mentioned above using
CBioPortal and GraphPad Prism.

9.7: Gene set enrichment analysis (GSEA) and Gene ontology (GO)

enrichment

Data were collected from previously done microarray expression analysis of AGS-CLDNG6
cells. All DEGs with logFc>0.5 and with p-value <0.05 were used for GSEA molecular
signature database (MSigDB) investigations with a False Discovery Rate (FDR) g value<0.05.
MRNA log-ratio data of DEGs between cldn-6 /non- cldn-6 groups and TP53/nonTP53 groups
were downloaded from CBioPortal. GO biological process (BP) functional enrichment of genes
was done using the FunRich tool (174) for all DEGs. Common up-regulated DEGs between
cldn-6 and TP53 groups were enriched in GO MSigDB of GSEA with FDR q value<0.05 and
p-value <0.05.
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9.8: Venn diagram and identification of commonly upregulated genes

FunRich was used to generate Venn diagram from a list of DEGs to identify commonly
upregulated genes between cldn-6 and TP53 groups. Log-ratio cutoff > 1 and p-value <0.05
were used to select upregulated genes in cldn-6 and TP53 groups and further comparison of

common genes using FunRich and Venn diagram was done.

9.9: Gene interaction network, gene expression comparison, and survival

curves

Common DEGs between cldn-6 and TP53 group samples with log ration cutoff >1 were
analyzed for gene interaction through GeneMANIA with default settings. Networks were
further analyzed using Cytoscape (175) software. Molecular Complex Detection (MCODE)
app in Cytoscape (176) was used for identification of important clusters in each group with a
degree cutoff-2.0, node cutoff- 0.2, K-score-2, and max depth-100. Batch normalized from
illumine HiSeq_RNASeqV2 mRNA expression of top 10 DEGs in cldn-6 and TP53 groups
were obtained from the CBioPortal group comparison tool. Kaplan-Meier Plotter (Kaplan-
Meier plotter [Gastric] (kmplot.com)) was used to assess the effect of genes on the survival of
patients (n=631).
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10: Results

10.1: Effect on CD38 mediated cytolytic granule polarization in NK cells
after stimulation/contact with CLDNG6/9 transfected AGS cells

Previous results that demonstrate the reduction in peripheral blood NK cells’ cytotoxic activity
after co-culture/stimulation with AGS-CLDN6/CLDN9 cells need a mechanistic explanation
of such stimulation. Two basic probabilities are AGS-CLDN6/CLDN9 cells induce such

immunosuppressive effects either by a secreted component or by direct contact.
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Figure 8 (a-c) surface expression of CD38 on NK92mi cells after co-culture with AGS-CLDN6/CLDN9 cells for
4 hours. d, e) CD38 expression on the cell membrane of NK92mi cells after stimulation for 4 hours with 50%
conditioned media from AGS-CLDN6/CLDNS9.

The other important question is to understand the underlying mechanism induced in NK cells
that results in reduction of surface expression of FasL and LAMP1 after stimulation with AGS-
CLDNG6/CLDN9 which we hypothesize is, CD38 mediated cytolytic granule polarity.

10.2: Expression of CD38 in NK92mi cells after co-culture with
CLDNG6/CLDNS9 transfected AGS cells

In stable cultures, NK92mi cells express high amounts of CD38 on the surface, however,
overall populations were divided into three different groups, high expression (majority), low
expression, and minimal expression (minority) (Figure 8a, b). When these cells were co-
cultured with AGS-CLDNG6/CLDNQ cells for 4 hours we saw the same pattern, NK92mi
populations were divided into high, low, and no expression. However, NK92mi cells co-
cultured with AGS-CLDN9 demonstrate an overall reduction in gMFI (geometric mean
fluorescence intensity) of surface CD38 (Figure 8c). To check if this change was induced by
a secreted component from transfected cells, NK92mi cells were stimulated with 50%
conditioned media from AGS-CLDNG6/CLDNO for 4 hours and checked for CD38 surface
expression. Interestingly there was no significant change in CD38 surface expression which
indicates the reduction in CD38 expression in NK cells co-cultured with AGS-CLDN9 was
induced by direct AGS-NK contact (Figure 8d, e).

In future experiments, NK cells from the peripheral blood will be purified through a MACS
magnetic separator kit to be used for co-culture experiments. After a 4-hour stimulation with
AGS-CLDN6/CLDN9, NK cells will be analyzed for intracellular expression of CD38 by
immunofluorescence. Similarly, post-stimulation localization of FasL and LAMP1 along with
perforin and granzyme will be investigated within NK cells. To confirm the role of CD38
mediated Ca*" in cytolytic granule polarity NK cells will be loaded with 5 mM Fluo-4 AM
(Invitrogen) in HBSS at 37°C for 40 min and changes in [Ca*"]iwill be determined at 488 nm
excitation/530 nm emission wavelengths using a confocal microscope. As already mentioned,
any changes in CD38 activity post-stimulation will affect the mobility of cytolytic granules
and/or localization of FasL and LAMP1. We will also use CD38 inhibitors like Cibacron Blue-
3GA to further confirm the role of CD38.
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10.3: Analysis of CLDNG6 and TP53 alterations in GC

In recent years, generation of high throughput expression data from Microarrays and RNA
sequencing has immensely expanded cancer research horizon. Availability of this data in large
public databases curated under national and international alliances like Gene Expression
Omnibus and TCGA and parallel development of bioinformatics tools like Gene ontology,
GSEA, and CBioPortal, further facilitate interplay with insights of this data for good. The GO
knowledgebase is the world’s largest source of information on the functions of genes which is
easily accessible and is human and machine-readable. GSEA is a powerful analytical method
for interpreting gene expression data. The method focusses on gene sets, that is, groups of genes
that share common biological function, chromosomal location, or regulation that helps identify
smallest of contributions made by genes in a pathway. Moreover, GSEA allows to explore and
investigate independent Molecular Signatures Database which are collection of annotated gene
sets for use with GSEA software. CBioPortal is an interactive web application platform that
allows data exploration and analysis. CBioPortal currently hosts more than 40 datasets from
TCGA and other large-scale genomic studies, which can be interrogated across genes, samples,
and data types. Such mRNA expression data intricated with clinical information allows
identification of DEGs and tools like GO, and GSEA aligns their functional role leading to
identification of driver pathways, key genes, biomarkers, and prognostic targets in several

cancers.

In a similar attempt, we used Microarray based mRNA expression data from AGS cells
transfected with CLDNG6 (L. F. Montafio’s lab) and expression data from TCGA-STAD to
explore further entanglements of CLDNG6 in GC. CLDNG6 expression in GC is discussed in
several researches and presents a controversial image. In current study we seek, how
overexpression of CLDNG6 affects several pathways and promotes cancer survival and
progression? How alterations in CLDNG6 affect GC patients and distribution of such GC tumors
in Lauren and TCGA GC classification subtypes and lastly to identify DEGs linked with

CLDNG6 alterations to be used as prognostic targets.

10.3.1: AGS-CLDNS6 transfected cells have altered metabolism and

persistent ER stress

AGS-CLDNG6 transfected cells were checked for DEGs over wt AGS cells using Affymetrix

Hugene2.0 microarray. Genes with LogFC>0.5 were considered significant and used for GSEA
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analysis. A total of 530 genes were investigated in the MSigDB- Hallmark gene set enrichment.
Top 10 overlap (Table 3) includes 29 genes in unfolded protein response group, 34 genes in
MTORC1 signaling, following 17,19, and 17 genes in cholesterol homeostasis, hypoxia, and
TNFa signaling via NFkB gene sets. In GO MSigDB enrichment most of the genes
accumulated in organelles, ER, and nuclear compartments (Table 4). Moreover, in the
biological process genes were enriched in response to ER stress, topologically incorrect
proteins, and small molecule metabolic processes categories (Table 4). Collectively, AGS-
CLDNG6 transfected cells have complex deregulation of metabolism, disruption in ER
homeostasis and may have persistent ER stress.

10.3.2: CLDNG6 alterations are associated with poor survival and higher

aneuploidy in GC tumors

STAD data of TCGA with 440 patients were divided into two groups with CBioPortal interface
for patients with or without CLDNG alterations. Cldn-6 group with CLDNG alterations have139
GC patients/samples (34%) while the non-cldn-6 group gathered data of 268 GC
patients/samples. Major alterations in CLDNG6 include shallow deletion, diploid, gain, and
overexpressed mRNA (Figure 9 a, b). The samples in the cldn-6 group demonstrate higher
aneuploidy, with higher fraction genome altered and lower MSI score than non-cldn-6 group
samples. However, there is no significant difference in mutation load among groups (Figure 9
c-f). CLDNG alterations were indeed linked with worst overall and progression free survival
(Figure 9 g, h). The distribution of samples for different GC Grade, histological types, and sex
revealed, cldn-6 group samples frequently distributed in Intestinal-type GC over Diffuse type
besides the non-cldn-6 group have more samples in general (Figure 10 a, b). Interestingly, cldn-
6 group samples primarily accumulated in CIN subtype of STAD classification of GC over a
broader distribution of samples in different subtypes in the non-cldn-6 group. As expected CIN
is the major subtype in both groups (Figure 10 c). These observations conclude that CLDN6
alterations in GC belongs to a subgroup of Intestinal type which is more justified as a subgroup
of CIN GC subtype.
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Table 2 List of top overexpressed genes in AGS-CLDNG transfected cells.

PROBEID

17112656
16979917
16823251
16819325
16666055
16705961
16794318
16700911
17124338
16756310
17083614
16848079
16962022
16796694
16962661
17121072
16795394
16716478
16686201
16998810
17125034
16782548
16705551
17060061
16785048
16795794
16992467
16799739
16949292
16937050
17072653
16927633
16925158
16766588
17063507
16747991
16690704
16766578
17050328
16672489
17125794
16979256
16996684
16671856
17081401
16941167
17009093
17064135
16986583
16931569
17125032
16776117
16830202
16735639
16924207
16982006
16740342
16794321
17054328
16880712
16806561
16898578
16833327
17098411
16757098
17056310
16673104
16929562
17009117
16860644
17022736
16745186
16767324

ENTREZID SYMBOL
27035 NOX1
23657 SLC7A11

9074 CLDN6

9709 HERPUD1
1491 CTH
54541 DDIT4
317760 ADAM20P:
56605 ERO1B
80350 LPAL2
255394 TCP11L2
286343 LURAP1L
55062 WIPI1
27074 LAMP3
7453 WARS
9076 CLDN1
400221 FLI22447
6400 SEL1L
27063 ANKRD1
6536 SLC6A9
134429 STARD4
440 ASNS
5106 PCK2
80201 HKDC1
440 ASNS
400221 FLI22447
9252 RPS6KAS
153222 CREBRF
79094 CHAC1
51726 DNAJB11
9695 EDEM1
1.01E+08 PCAT1
23753 SDF2L1
757 TMEM50B
693201 MIR616
80853 KDM7A
57494 RIMKLB
9122 SLC16A4
1649 DDIT3
4189 DNAJB9
1.01E+08 LINC0113:
5645 PRSS2
9871 SEC24D
11174 ADAMTS6
1E+08 MSTO2P
10397 NDRG1
7873 MANF
7422 VEGFA
9601 PDIA4
133746 JMY
79174 CRELD2
440 ASNS
5095 PCCA
54739 XAF1
440026 TMEMA41B
6782 HSPA13
1.05E+08 LINC0236%
84447 SYVN1
8748 ADAM20
90637 ZFAND2A
6509 SLC1A4
1.02E+08 DNM1P50
2673 GFPT1
162394 SLFNS
3309 HSPA5
10019 SH2B3
55033 FKBP14
51478 HSD17B7
3162 HMOX1
221416 C6orf223
1054 CEBPG
51175 TUBE1
10525 HYOU1
1E+08 SNORA70C

GENENAME

NADPH oxidase 1

solute carrier family 7 member 11

claudin 6

homocysteine inducible ER protein with ubiquitin like domain 1
cystathionine gamma-lyase

DNA damage inducible transcript 4

ADAM metallopeptidase domain 20 pseudogene 1
endoplasmic reticulum oxidoreductase 1 beta
lipoprotein(a) like 2, pseudogene

t-complex 11 like 2

leucine rich adaptor protein 1 like

WD repeat domain, phosphoinositide interacting 1
lysosomal associated membrane protein 3
tryptophanyl-tRNA synthetase

claudin 1

uncharacterized LOC400221

SEL1L, ERAD E3 ligase adaptor subunit

ankyrin repeat domain 1

solute carrier family 6 member 9

StAR related lipid transfer domain containing 4
asparagine synthetase (glutamine-hydrolyzing)
phosphoenolpyruvate carboxykinase 2, mitochondrial
hexokinase domain containing 1

asparagine synthetase (glutamine-hydrolyzing)
uncharacterized LOC400221

ribosomal protein S6 kinase A5

CREB3 regulatory factor

ChaC glutathione specific gamma-glutamylcyclotransferase 1
Dnal heat shock protein family (Hsp40) member B11
ER degradation enhancing alpha-mannosidase like protein 1
prostate cancer associated transcript 1

stromal cell derived factor 2 like 1

transmembrane protein 50B

microRNA 616

lysine demethylase 7A

ribosomal modification protein rimK like family member B
solute carrier family 16 member 4

DNA damage inducible transcript 3

Dnal heat shock protein family (Hsp40) member B9
long intergenic non-protein coding RNA 1133

serine protease 2

SEC24 homolog D, COPII coat complex component
ADAM metallopeptidase with thrombospondin type 1 motif 6
misato family member 2, pseudogene

N-myc downstream regulated 1

mesencephalic astrocyte derived neurotrophic factor
vascular endothelial growth factor A

protein disulfide isomerase family A member 4
junction mediating and regulatory protein, p53 cofactor
cysteine rich with EGF like domains 2

asparagine synthetase (glutamine-hydrolyzing)
propionyl-CoA carboxylase subunit alpha

XIAP associated factor 1

transmembrane protein 41B

heat shock protein family A (Hsp70) member 13

long intergenic non-protein coding RNA 2365
synoviolin 1

ADAM metallopeptidase domain 20

zinc finger AN1-type containing 2A

solute carrier family 1 member 4

dynamin 1 pseudogene 50
glutamine--fructose-6-phosphate transaminase 1
schlafen family member 5

heat shock protein family A (Hsp70) member 5

SH2B adaptor protein 3

FK506 binding protein 14

hydroxysteroid 17-beta dehydrogenase 7

heme oxygenase 1

chromosome 6 open reading frame 223

CCAAT enhancer binding protein gamma

tubulin epsilon 1

hypoxia up-regulated 1

small nucleolar RNA, H/ACA box 70G

logFC

2.467
2.183

2.170021

2.162
1.901
1.840
1.741
1.684
1.654
1.644
1.630
1.630
1.593
1.524
1.520
1.469
1.461
1.455
1.441
1.421
1.411
1.378
1.332
1.330
1.319
1.303
1.288
1.287
1.283
1.268
1.260
1.259
1.240
1.239
1.239
1.219
1.218
1.215
1.180
1.179
1.176
1.160
1.154
1.148
1.124
1.121
1.117
1.112
1.110
1.104
1.101
1.089
1.088
1.085
1.083
1.078
1.071
1.069
1.063
1.062
1.062
1.059
1.045
1.036
1.029
1.028
1.026
1.024
1.019
1.014
1.014
1.007
1.006

AveExpr

4.997
9.046
3.934294
9.425
6.474
6.842
6.400
5.340
4.553
5.616
8.250
8.415
6.795
8.298
9.019
5.107
9.290
9.375
7.558
6.084
8.701
7.050
4.875
7.891
7.687
5.908
4.860
8.585
9.862
7.594
5.789
7.933
7.744
3.161
6.794
6.542
6.832
5.467
5.728
6.650
9.730
8.237
5.415
6.083
5.985
7.254
8.036
10.358
7.484
6.760
3.120
7.694
6.945
7.275
7.694
5.816
7.375
4.586
6.123
7.441
5.188
10.073
7.809
12.258
6.477
6.997
5.428
7.303
5.748
8.301
6.444
10.248
3.643

t

6.533
7.351
10.13342
9.091
9.222
4.902
8.778
7.468
4.211
6.269
8.655
6.839
7.965
7.203
7.233
2.596
6.715
7.733
6.121
5.359
5.863
7.425
3.195
5.987
2.671
5.243
6.817
4.219
7.103
6.996
4.398
6.952
6.313
4.209
6.737
5.442
4.074
4.173
6.289
5.827
2.751
4.702
4.879
5.397
6.125
6.272
6.041
5.520
4.468
5.590
4.122
5.301
3.261
4.824
4.790
3.475
4.747
5.956
5.016
3.902
4.360
4.307
5.173
5.380
5.547
4.897
4.264
2.304
5.271
5.639
5.355
4.620
5.217

P.Value
0.000
0.000

3.56E-07
0.000
0.000
0.000
0.000
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.024
0.000
0.000
0.000
0.000
0.000
0.000
0.008
0.000
0.021
0.000
0.000
0.001
0.000
0.000
0.001
0.000
0.000
0.001
0.000
0.000
0.002
0.001
0.000
0.000
0.018
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.000
0.001
0.000
0.007
0.000
0.000
0.005
0.000
0.000
0.000
0.002
0.001
0.001
0.000
0.000
0.000
0.000
0.001
0.040
0.000
0.000
0.000
0.001
0.000

adj.P.val
0.028
0.017
0.003
0.006
0.006
0.111
0.007
0.017
0.165
0.032
0.007
0.021
0.015
0.018
0.018
0.418
0.022
0.017
0.035
0.072
0.047
0.017
0.316
0.041
0.404
0.075
0.021
0.164
0.019
0.020
0.154
0.020
0.032
0.165
0.022
0.070
0.182
0.168
0.032
0.048
0.390
0.125
0.113
0.072
0.035
0.032
0.039
0.065
0.154
0.062
0.178
0.074
0.306
0.116
0.120
0.269
0.124
0.041
0.097
0.206
0.154
0.158
0.082
0.072
0.063
0.111
0.163
0.466
0.074
0.060
0.072
0.130
0.077
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Table 3 Enrichment of DEGs (LogFC>0.5, p-value <0.05) from AGS-CLDNG6 cells in Hallmarks gene sets

MSigDB of GSEA.

Gene Set Name [# Genes (K)]

#
Genes
in
Overlap

(k)

Description k/K

p-value B

FDR
q-value B

HALLMARK_UNFOLDED_PROTEIN_RESPONSE [113]

29

Genes up-regulated during
unfolded protein response, a
cellular stress response
related to the endoplasmic
reticulum.

3.72 730

1.86 &728

HALLMARK_MTORC1_SIGNALING

[200] Genes up-regulated through
activation of mTORC1

complex.

1.13e28

2.82 %7

HALLMARK_CHOLESTEROL_HOMEOSTASIS [74]

Genes involved in cholesterol 17

homeostasis.

2.54 7

4,24 716

HALLMARK_HYPOXIA [200]

Genes up-regulated in 19
response to low oxygen levels

(hypoxia).

6.8e12

8.5ett

HALLMARK_TNFA_SIGNALING_VIA_NFKB [200]

Genes regulated by NF-kB in 17
response to TNF

[GenelD=7124].

4,99 710

4,99 ™

HALLMARK_ANDROGEN_RESPONSE [100]

Genes defining response to 12

androgens.

3.63 e

3.03e8

HALLMARK_PS3_PATHWAY [200]

Genes involved in p53
pathways and networks.

1.93¢e7

1.38e°

HALLMARK_INTERFERON_ALPHA_RESPONSE [97]

Genes up-regulated in 9
response to alpha interferon
proteins.

2.99e°

1.87 3

HALLMARK_INTERFERON_GAMMA_RESPONSE [200]

Genes up-regulated in 12
response to IFNG

[GenelD=3458].

7.08 e®

3.54e7

HALLMARK_XENOBIOTIC_METABOLISM [200]

Genes encoding proteins 12
involved in processing of

drugs and other xenobiotics.

7.08 e

3.54 3

Table 4 Enrichment of DEGs (LogFC>0.5, p-value <0.05) from AGS-CLDNS6 cells in GO MSigDB of GSEA.

Gene Set Name [# Genes (K)] Description ;‘Z?T::{E p-value FDR g-value
GOCC_ORGANELLE SUBCOMPARTMENT [177 |A compartment that consists of a lumen and an enclosing membrane and is part of an organelle. 89 261e 266e
2] [GOC:mah, GOC:pz]
GOBP_RESPONSE_TO ENDOPLASMIC RETICU |Any process that results in a change in state or activity of a cell (in terms of movement, secretion, 39 1.94e’ 987e
Lum enzyme production, gene expression, etc.) as a result of a stress acting at the endoplasmic reticulum.
LUM STRESS [295] ER stress usually results from the accumulation of unfolded or misfolded proteins in the ER lumen.
[GOC:cjm, GOC:mah]
GOBP_RESPONSE_TO_TOPOLOGICALLY INCOR |Any process that results in a change in state or activity of a cell or an organism (in terms of movement, |33 46e 156¢
RE secretion, enzyme production, gene expression, etc.) as a result of a protein that is not folded in its
RRECT_PROTEIN [205] correct three-dimensional structure. [GOC:bf]
GOBP_CELLULAR_RESPONSE TO_TOPOLOGIC |Any process that results in a change in state or activity of a cell (in terms of movement, secretion, 30 4236 1.08¢e"
ALL enzyme production, gene expression, etc.) as a result of a protein that is not folded in its correct three-
ALLY_INCORRECT_PROTEIN [168] dimensional structure, [GOC:bf]
GOBP_ENDOPLASMIC RETICULUM UNFOLDE |The series of molecular signals generated as a consequence of the presence of unfolded proteins in the | 26 211e 429e"
D_PR endoplasmic reticulum (ER) or other ER-related stress; results in changes in the regulation of
PROTEIN RESPONSE [127] transcription and translation. [GOC:mah, PMID:12042763]
GOCC NUCLEAR OUTER MEMBRANE ENDOP |The continuous network of membranes encompassing the nuclear outer membrane and the 62 7.21e’ 122e"
LASMI endoplasmic reticulum membrane. [GOC:bf, GOC:jl, GOC:mah, GOC:mcc, GOC:pr, GOC:vw]
SMIC RETICULUM MEMBRANE NETWORK [1
141
GOCC_ENDOPLASMIC RETICULUM [1960] The irregular network of unit membranes, visible only by electron microscopy, that occursin the 81 4.18e’ 6.08e
cytoplasm of many eukaryotic cells. The membranes form a complex meshwork of tubular channels,
which are often expanded into slitlike cavities called cisternae. The ER takes two forms, rough (or
granular), with ribosomes adhering to the outer surface, and smooth (with no ribosomes attached).
[ISBN:0198506732]
GOBP_IRE1_MEDIATED UNFOLDED PROTEIN |A series of molecular signals mediated by the endoplasmic reticulum stress sensor IRE1 (Inositol- 15 2936 3736
_RE requiring transmembrane kinase/endonuclease). Begins with activation of IRE1 in response to
RESPONSE [67] endoplasmic reticulum (ER) stress, and ends with regulation of a downstream cellular process, e.g.
transcription. One target of activated IRE1 is the transcription factor HAC1 in yeast, or XBP1in
mammals; IRE1 cleaves an intron of a mRNA coding for HAC1/XBP1 to generate an activated
HAC1/XBP1 transcription factor, which controls the up regulation of UPR-related genes. At least in
mammals, IRE1 can also signal through additional intracellular pathways including JNK and NF-kappaB.
[GOC:bf, GOC:PARL, PMID:22013210]
GOBP_SMALL MOLECULE METABOLIC PROC |The chemical reactions and pathways invelving small molecules, any low molecular weight, 67 438e" 496e
ESS [1886] monomeric, non-encoded molecule. [GOC:curators, GOC:pde, GOC:vw]
GOMF_MISFOLDED PROTEIN BINDING [29] |Interacting selectively and non-covalently with a misfolded protein. [GOC:ai] 11 217e 221e
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Figure 9 TCGA-STAD data analysis in terms of alterations in CLDNG6. a) Sample and patients overlap between
cldn-6 and non-cldn-6 groups. b) Mutations in CLDN6 in TCGA-STAD data. ¢, d, e, f) Fraction genome altered,
aneuploidy scores, MSI sensor score, and mutation count between cldn-6 and non-cldn-6 groups. g, h) Difference
in overall and progression free survival of patients in both groups.

Table 5 Important genomic alterations linked with CLDNG.

Gene Cytoband (A) cldn-6 | (B) Non-cldn-6 | Log Ratio p-value g-Value
group group

TP53 17p13.1 97 (68.79%) 119 (39.80%) 0.79 9.49E-09 2.16E-04

CLDN-6 16p13.3 15 (10.64%) 0 (0.00%) >10 2.27E-08 2.59E-04

LINC01270 20q13.13 21(14.89%) 9 (3.01%) 2.31 1.12E-05 0.044

LINC01271 20q13.13 21 (14.89%) 9 (3.01%) 2.31 1.12E-05 0.044

LINCO1273 20g13.13 20 (14.18%) 8 (2.68%) 241 1.16E-05 0.044
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Figure 10 Distribution of samples between cldn-6 and non-cldn-6 groups. a-c) Different GC grades, histological

types, and subtypes. Frequency of male and female patients in d) cldn-6 and ) non-cldn-6 group.

10.3.3: TP53 mutations are closely linked with CLDNG6 alterations in GC

Cldn-6 and non-cldn-6 groups were scanned for associated genomic alterations. TP53
mutations demonstrate a close association with samples in the cldn-6 group with an overlap of
68.79% in comparison to 39.80% in the non-cldn-6 alterations group (Table 5). Sample overlap
of several other important mutations, TTN, MUC16, WWOX, ARID1A, CCSER1, LRPB1,
CSMD3, DMD, and SYNE1 were analyzed using query gene-based search in both groups.
Intriguing that AIRD1A in the non-cldn-6 group altered significantly in 32.44% of samples in
comparison with 15.6% of the cldn-6 group (Figure 11 a). To analyze the changes in gene
expression both groups were compared for mRNA expression levels of altered genes. GO
enrichment of BP category of DEGs in both groups unveiled DEGs in the cldn-6 group are
related with cell cycle control in comparison with genes involved in different signaling events
related with integrin receptor interaction, sphingosine phosphate pathway, TRAIL pathway and
VEGF-VEGFR signaling network etc. for the non-cldn-6 group (Figure 11 c, d). In the cldn-6
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group, overexpression of several Melanoma-associated antigen A (MAGEA) gene family
members- MAGEAG6, MAGEA3, MAGEA4, MAGEA9B, MAGEA2, MAGEA12, and MAGEALDO,
etc. along with IGF2BP1, APOA1, and CLDN9 found to be intimately associated with CLDN6
(Table 6, Figure 12). In contrast, the non-cldn-6 group showed association with a broad range
of different genes including- ONECUTS3, PIK3C2G, GABRP, FCGBP, HLA-DRB5, PLEKHS1,
NPSR1, SLCO4A, CIITA, and TLRS, etc. (Table 7). Gene signatures of several common
pathways associated with cancer survival and progression (provided by CBioPortal search tool)
were checked for overall mutations in both groups (Figure 13 a). cldn-6 group samples have
higher overall mutations in genes associated with the TP53 signaling and cell cycle control
pathways (Figure 13 a). There is no significant difference in TP53 expression, but a significant
reduction in Mouse double minute 2 homolog (MDM2) expression and overexpression of
Cyclin-dependent kinase inhibitor 2A (CDKN2A) was observed in cldn-6 group samples
(Figure 13 b). Higher TP53 mutations in cldn-6 group samples are associated with a higher
frequency of CDKN2A mutations (mostly deep deletions) over non-cldn-6 group samples
(Figure 14a). Heatmap based on TP53 pathway genes’ mRNA expression z scores relative to
normal samples (log RNA Seq V2 RSEM) of both groups revealed an overlap of CLDN6 with
CDKN2A and TP53 in most samples in the cldn-6 group. Interestingly, TP53 mutations and
overexpression depict dispersed overlap with MDM2 in samples with CLDNG6 alterations
(Figure 14 b). However, with reduced expression and mutations of CLDNG in the non-cldn-6
group, most of the samples show clustering among TP53 and MDM2 which intermittently
overlaps with MDM4 and TP53BP1(p53-binding protein 1) throughout the group (Figure 14
b). This indicates that samples with CLDNG alterations have higher TP53 mutations that may
affect TP53 interaction with MDM2, a negative regulator of TP53 functions.
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Table 6 DEGs associated with cldn-6 group.

Gene Cytoband W in  cldn| p in non CLDN6|g incldn group |o in non CLDNG6|Log Ratio p-value q-Value
group group group
CLDN6 16p13.3 5.84 0.64 3.34 0.75 5.2 1.08E-39 2.03E-35
MAGEA6 Xg28 6.97 3.34 4.42 3.56 3.63 2.79E-14 2.07E-11
MAGEA3 Xg28 6.76 3.18 4.27 3.47 3.57 1.20E-14 1.19E-11
MAGEA4 Xg28 4.83 1.51 4.62 2.55 3.32 1.04E-12 3.94E-10
IGF2BP1 17q21.32 6.11 2.78 3.87 2.56 3.32 4.10E-16 9.68E-13
MAGEA9B Xg28 4.61 1.34 3.97 2.24 3.26 1.66E-15 2.84E-12
APOA1 119233 6.76 3.69 3.99 2.59 3.07 1.53E-14 1.44E-11
MAGEA2 Xg28 6.06 3.05 3.96 3.1 3.01 9.56E-13 3.76E-10
MAGEA12 Xg28 5.75 2.84 3.91 2.83 2.91 1.24E-12 4.52E-10
LGALS7B 19g13.2 4.63 1.72 3.13 2.13 29 4.83E-18 1.52E-14
CSAG1 Xg28 4.94 2.36 3.63 2.6 2.57 9.70E-12 2.41E-09
FABP1 2pl1.2 8.14 5.6 4.14 4.18 2.54 3.67E-08 1.63E-06
SLC15A1 13g32.2-g32.3 6.55 4.05 3.14 2.94 2.5 8.09E-13 3.25E-10
TF 39221 5.22 2.78 3.77 2,01 2.45 1.62€-11 3.65E-09
CLDN9 16p13.3 5.31 291 207 1.61 2.4 3.79E-26 3.58E-22
MAGEA10 Xg28 3.18 0.79 3.54 1.38 2.39 5.27E-12 1.46E-09
APOA4 11g23.3 4.28 1.95 3.82 2.79 2.33 3.01E-09 2.33E-07
15X 22q12.3 4.61 2.33 345 2.85 2.28 4.74E-10 5.66E-08
DSCR8 21g22.13 3.13 0.89 3.33 1.8 2.24 1.83E-11 4.03E-09
PRAME 22q11.22 6.57 4.34 3.50 3.14 2.23 9.81e-10 9.80e-8
Table 7 DEGs associated with the non-cldn-6 group.
Gene Cytoband pincldngroup |[pin non CLDN6|cincldngroup |o in non CLDNG6|Log Ratio p-value q-Value
group group
ONECUT3 19p13.3 3.11 4.41 2.95 3.24 -1.3 1.07E-04 8.54E-04
PIK3C2G 12p12.3 4.65 5.84 3.4 3.74 -1.19 2.04E-03 8.92E-03
GABRP 5g35.1 7.31 8.48 3.36 3.37 -1.16 1.56E-03 7.22€-03
FCGBP 19g13.2 9.78 10.89 2.47 2.98 -1.11 6.96E-05 6.13E-04
HLA-DRB5 6p21.32 9.36 10.43 2.01 2 -1.07 5.49E-07 1.39E-05
PLEKHS1 10g25.3 8.92 9.98 2.45 2.04 -1.06 1.54E-05 1.88E-04
NPSR1 7p14.3 3.11 4.16 3.22 3.5 -1.06 3.46E-03 0.0136
SLCO4A1 20913.33 8.27 9.28 1.76 1.22 -1.01 5.60E-09 3.92€-07
CIITA 16p13.13 8.11 9.11 1.49 1.52 -1 5.50E-10 6.40E-08
TLR8 Xp22.2 5 5.92 1.54 1.66 -0.92 4.58E-08 1.91E-06
ANK1 8p11.21 5.25 6.13 1.37 2.08 -0.89 3.37E-07 9.56E-06
CR1 1g32.2 5.46 6.34 2.03 2.07 -0.88 4.28E-05 4.21E-04
CcD84 1g23.3 5.8 6.68 1.53 1.55 -0.88 8.33E-08 3.05E-06
SLC6A14 Xq23 8.11 8.98 2,61 2.69 -0.88 2.33E-03 9.89E-03
AOAH 7pl4.2 5.94 6.81 1.72 1.53 -0.87 7.30E-07 1.74E-05
CD274 9p24.1 4.72 5.59 1.2 1.58 -0.87 1.37E-09 1.25€-07
FCRL6 1g23.2 2.89 3.76 1.53 1.73 -0.86 3.38E-07 9.56E-06
PTPRN2 7936.3 8.07 8.93 1.73 1.85 -0.86 4.18E-06 6.78E-05
NCF1B 7g11.23 4.11 4.97 1.67 1.76 -0.86 1.73E-06 3.39E-05
IFNG 12q15 1.6 2.46 1.45 1.84 -0.86 3.62E-07 1.00E-05
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Figure 12 Expression of top 10 DEGs in cldn-6 group samples over non-cldn-6 group samples (MRNA expression,

batch normalized from illumine HiSeq_ RNASeqV2).
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10.4: Analysis of TP53 mutations in TCGA-STAD data

TP53 is a tumor suppressor gene which codes a protein that repairs DNA to prevent altered
DNA from being passed on to daughter cells, and when the damage in DNA is beyond repair,
TP53 protein signals cells to undergo programmed cell death (apoptosis). Most tumors induce
mutations in TP53 which not only inactivate but alter it to gain new functions that help sustain
the cancer growth. This “Gain of Functions” includes- Inducing resistance to cancer drugs,
reworked metabolism, metastasis, favored growth and inhibition of apoptosis, angiogenesis,
and genomic instability. TP53 mutations are one of the major mutations in several solid tumors
including GC. TP53 mutation-associated GC is classified under CIN tumors which makes the
biggest class in TCGA GC classification and covers approximately 50% of total GC cases.
However, as TP53 mutation is not universal to all GC patients, deeper insights of molecular
and clinical parameters are desired for more targeted therapy among patients diverged by TP53
mutations. In the previous section, analysis of the TCGA-STAD for CLDNG6 alterations
revealed that CLDNG alterations are also linked with TP53 mutations with a high overlap
among samples. Such observation raises further questions, if both mutations group belong to
the same category or CLDN6 mutation patients form a subgroup of CIN GC with TP53

mutations associated with poorer prognosis.

10.4.1: TP53 mutations are associated with high aneuploidy and high

genome alterations

STAD data (440 patients) were divided into two groups based on TP53 mutations- TP53 group
(213 GC patients/samples with TP53 mutations) and non TP53 mutations group (227 GC
patients/samples) (Figure 15 a). Major mutation in TP53 include- truncating, shallow deletion,
inframe, missense, amplification, deep deletion, and gain. Samples in the TP53 group show
higher aneuploidy scores and a higher fraction of genome altered in comparison to the non
TP53 group (Figure 15 b, c). However, there is no significant difference in the total mutation
count nor in the overall, disease free, progression free survival or sex distribution for the
patients in both groups (Figure 15 d-h). The mutation count of most of the samples in non TP53
group stays < 50 mutations and 50-100 mutations group which spreads from 50-200 mutations
in the TP53 group. Fraction genome altered in most of the samples lies in <0.05 group and
spreads till 0.25 with about >20 samples in each group, while samples are quite distributed in

groups ranges <0.05 to 0.55 in TP53 group (Figure 16 a-d). The histological grade distribution
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of samples in both groups shows a higher accumulation of samples with TP53 mutations in G2
grade although non TP53 group samples grouped in G3 grade of GC (Figure 16 e, f).
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count between Non TP53 and TP53 groups. f, g) Comparison of overall and progression free survival of patients
in both groups. Sex distribution among groups h) TP53 group i) Non TP53 group.

TP53 group samples are more frequently classified into tubular stomach adenocarcinoma vs
diffuse type for non TP53 samples. In general, there are more samples with non TP53 which
gathers several important mutations beyond TP53, or else there is no significant difference in
the distribution of samples in other histological classes of GC like intestinal type, papillary,
and signet ring cell carcinoma (Figure 16 f). Most of the samples in both groups gathered in
non-metastatic GC, yet it seems non TP53 GC has more metastatic GC cases, but any such
conclusion suffers from an inadequate number of metastatic GC patient’s data (Figure 16 g).
TP53 group samples principally gathered in the CIN STAD subtype (80.43%) vs a wider
distribution of samples in different subtypes in non TP53 group (Figure 16 h). These facts
indicate that TP53 mutation positive GC include the early and low-grade CIN GC over other
mutations that may create high-grade tumors with less differentiation and high tumor growth.
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10.4.2: TP53 mutations affect cell cycle control genes

A comparison of both groups for changes in gene expression was done as mentioned in section
(10.3.3:). A total of 2609 in non TP53 and 3923 DEGs in TP53 group samples were generated
by the CBioPortal comparison tool. GO biological pathway-based enrichment of DEGs

uncovered that the genes are involved in cell cycle and regulation categories - 13.4% genes in
cell cycle, 11.4% in DNA replication, 10.5% in mitotic M/G1 phases, etc. (Figure 17 a, b) in

TP53 group while non TP53 group genes were enriched in- 30.8% genes in integrin family cell

surface interactions, 29.7% in B1 integrin cell surface interactions, 29% in TRAIL signaling

pathway, 28.4% in a9B1lintegrin signaling events, 28% in sphingosinel phosphate pathway,

28% in IL5 mediated signaling events, 28% in GMCSF mediated signaling events, 15% in

immune system and 11.9% in epithelial to mesenchymal transition (Figure 17a, c).
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Figure 17 Genomic alterations linked with TP53. a) Volcano plot of DEGs between TP53 and non TP53 groups.
Enrichment of all DEGs in both categories in GO- BP category- b) TP53 ¢) non TP53.

10.4.3: TP53 mutations are associated with CLDN6, CLDN3, and MAGEA

gene family

The top DEGs (Table 8) in each group were further checked for cancer association. TP53

mutations are correlated with upregulation of the MAGEA gene family- MAGEA3, MAGEAG,
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MAGEA2, MAGEA12, MAGEA4, MAGEA9b along with CLDN6, CLDN3, CDKN2A, and
ACTLS8 (Actin like 8). All these genes are highly overexpressed in TP53 group samples over
non TP53 group samples (Figure 18) and their overexpression is linked with poor overall
survival of GC patients (Figure 19).

Table 8 DEGs associated with the TP53 mutations.

Gene Cytoband Hin (A) Non- pin (B) TP53, oin (A) Non- oin(B) TP53, Log Ratio p-Value g-Value
TP53, Mutati... | mutations TPS53, Mutati... | mutations
MAGEA3 Xq28 321 5.73 3.49 4.37 -2.52 2.11e-9 2.00e-7
MAGEAG Xq28 3.40 5.89 3.57 4.52 -2.49 8.79e-9 6.26e-7
MAGEA2 Xq28 2.94 532 3.01 3.99 -2.38 2.50e-10 3.71e-8
MAGEA12 Xq28 2.81 4.97 2.81 3.86 -2.16 1.99e-9 1.93e-7
MAGEA4 Xq28 1.70 3.70 2.91 4.26 -2.01 2.06e-7 7.245e-6
CLDN6 16p13.3 1.49 3.41 2.50 3.57 -1.92 9.28e-10 1.05e-7
CDKN2A 9p21.3 5.50 7.39 1.95 247 -1.89 2.12e-16 5.00e-13
ACTL8 1p36.13 2.10 3.91 2.19 3.22 -1.81 1.27e-10 2.10e-8
CLDN3 7q11.23 8.38 10.16 3.19 2.04 -1.78 4.29e-11 8.81e-9
MAGEA9B Xq28 1.63 3.40 2.64 375 -1.78 2.24e-7 7.776e-6
ESPN 1p36.31 6.39 8.15 2.16 1.62 -1.76 5.10e-19 2.41e-15
CSAG1 Xq28 2.42 4.15 2.61 3.59 -1.73 1.79e-7 6.452e-6
GABRA3 Xq28 1.34 3.05 2.24 3.09 -1.70 3.08e-9 2.73e-7
APOA1 119233 3.94 5.60 3.01 3.69 -1.67 8.94e-7 2.202e-5
PRAME 22q11.22 431 5.96 3.19 349 -1.65 8.63e-7 2.142e-5
C120RF56 12q14.2 1.64 3.27 1.95 2.60 -1.64 3.11e-11 7.07e-9
SLCS5A12 11p14.2 2.59 4.22 1.82 2.35 -1.63 4.79e-13 2.38e-10
FBXO2 1p36.22 6.20 7.77 217 2.15 -1.56 1.28e-12 5.48e-10
FAR2P1 2q21.1 3.70 5.26 2.74 2.88 -1.56 1.48e-7 5.523e-6
HOXC13 12g13.13 2.36 3.89 2.59 3.06 -1.53 3.13e-7 9.929e-6
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p-Value: 8.7%-9
q-Value: 6.26e-7
q-Value: 1.93e-7
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Figure 18 Expression of top 10 DEGs in TP53 group samples over non TP53 group samples (MRNA expression,

batch normalized from illumine HiSeq_ RNASeqV2).
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Figure 19 KM plots of overall survival of top 10 DEGs in TP53 group patients in comparison to non TP53 group
patients in GC.

10.4.4: Samples with TP53 mutations have higher mutations in

angiogenesis and Notch signaling genes signature

Samples in both groups were further investigated for mutations in cancer related gene
signatures provided by CBioPortal. TP53 signaling pathway genes are highly mutated in the
TP53 group over non TP53 group. It is rather interesting that there is no substantial difference
in most of the gene signatures like cell cycle control, RTK signaling, PI3K-AKT-MTORC1
pathway, and invasion and metastasis but a 12% higher overall mutation in angiogenesis genes
and 13% in Notch signaling genes (Figure 20 a). Immune metagene signatures involved in
infiltration of immune cells from previous publications (177) were evaluated for overall
mutations in both groups using the group-based query gene analysis feature of CBioPortal.
Nearly all immune metagene signatures demonstrate higher mutations in the TP53 group with
the highest mutations in T cells, activated B cells, TH1 cells, Myeloid-derived suppressor cells

(MDSC), neutrophils, and NK cells among others (Figure 20 b).
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Figure 20 Overall mutations in gene signatures between TP53 and non TP53 groups. a) General pathways

associated with cancer b) Immune metagene signatures associated with immune cell infiltration in cancers.

10.5: Correlation between CLDN6 and TP53 mutations in GC
10.5.1: TP53 and CLDNG6 alterations are closely associated in GC

Following the results from the previous analysis where CLDNG6 alteration in samples show a
major overlap with TP53 mutation in samples, we sought further association in sample groups
with CLDNG6 and TP53 alterations. Chromosome wise Copy number alteration (CNA) profile
of samples in both groups presents a very similar image with high alterations in chromosomes
1,3,6,7,8, 13, and 20 (Figure 21). A Venn diagram of DEGs in both groups demonstrates an
overlap of 3719 of all genes and 137 genes with log-ratio cutoff >1. Functional enrichment of
latter common DEGs shows their involvement in epithelium development (20 genes), epithelial
cell differentiation (15 genes) in BP, and ER (23 genes), and collagen-containing extracellular
matrix (13 genes) in CC categories (Table 9). Notably, beyond DEG overlap both groups have
their DEG groups which may provide individuality to each group of samples (Figure 22). As
seen before both groups belong to the CIN STAD subtype to confirm that alterations in the
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CIN gene signature were checked. Indeed, samples with TP53 and CLDNG alterations attain a

very similar mutation pattern of these genes (Figure 23).

Figure 21 Comparison of Chromosome wise CNAs. a) CLDNG6 alteration samples b) TP53 mutation samples.

Cldn-6 All

TP53 All

Figure 22 Venn diagram of DEGs in cldn-6 and TP53 group samples. a) all genes b) Genes with log-ratio cutoff>1.
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Table 9 Enrichment of common DEGs (log-ratio cutoff>1) in GO MSigDB of GSEA.

Gene Set Name [# Genes (K)] Description ;viflr;?(l:) p-value FDR g-value
GOCC COLLAGEN CONTAINING EXTR |An extracellular matrix consisting mainly of proteins (especially collagen) and glycosaminoglycans (mostly as 13 235¢e 2.39e
ACELLULAR proteoglycans) that provides not only essential physical scaffolding for the cellular constituents but can also
LAR MATRIX [423] initiate crucial biochemical and biomechanical cues required for tissue morphogenesis, differentiation and
hemeostasis. The components are secreted by cells in the vicinity and form a sheet underlying or overlying cells
such as endathelial and epithelial cells. [GOC:BHF, GOC:rph, PMID:21123617]
GOCC EXTERNAL ENCAPSULATING ST |A structure that lies outside the plasma membrane and surrounds the entire cell or cells, This does not include |14 875e 4.02¢
RUCTURE [566] the periplasmic space, [GOC:go_curators]
GOBP_EPITHELIUM DEVELOPMENT [12 | The process whaose specific outcome is the progression of an epithelium over time, from its formation to the 20 1.18e 4.02e
5] mature structure. An epithelium is a tissue that covers the internal or external surfaces of an anatomical
structure. [GOC:dph, GOC:mtg_lung]
GOBP_EPITHELIAL CELL DIFFERENTIAT | The process in which a relatively unspecialized cell acquires specialized features of an epithelial cell, any of the |15 637e 162¢
10N [775] cells making up an epithelium. [GOC:ecd, PMID:11839751]
GOBP_APPENDAGE DEVELOPMENT [1 |The process whase specific outcome is the progression of an appendage over time, from its formation tothe |8 1le 224e
67) mature structure. An appendage is an organ or part that is attached to the trunk of an organism, such as a limb
or a branch. [GOC:jid, GOC:rc]
GOCC _ENDOPLASMIC RETICULUM [18 |The irregular network of unit membranes, visible only by electron microscopy, that occurs in the cytoplasm of |23 174e 295¢
60] many eukaryotic cells. The membranes form a complex meshwork of tubular channels, which are often
expanded into slitlike cavities called cisternae. The ER takes two forms, rough (or granular), with ribosomes
adhering to the outer surface, and smooth {with no ribosomes attached). [ISBN:0198506732]
GOCC BLOOD MICROPARTICLE [146] | A phaspholipid microvesicle that is derived from any of several cell types, such as platelets, blood cells, 7 6.99e 960e
endothelial cells, or others, and contains membrane receptors as well as other proteins characteristic of the
parental cell. Microparticles are heterogeneous in size, and are characterized as microvesicles free of nucleic
acids. [GOC:BHF, GOC:mah, PMID:16373184]
GOBP_NEGATIVE REGULATION OF CA |Any process that staps or reduces the activity of an enzyme. [GOC:ebc, GOC:jl, GOC:th, GOC:vw] 14 757e 964e
TALYTIC
1C_ACTIVITY [816]
GOBP_REGULATION OF PROTEOLYSIS |Any process that modulates the frequency, rate or extent of the hydrolysis of a peptide bond or bonds within a | 13 1.29¢" 143e
[731] protein. [GOC:mah]
GOBP_REGULATION OF HORMONE L |Any process that modulates the levels of hormone within an organism or a tissue. A hormone is any substance |11 lde l43e
EVELS [510] formed in very small amounts in one specialized organ or group of cells and carried (sometimes in the
bloodstream) to another organ or group of cells in the same organism, upon which it has a specific regulatory
action. [GOC:BHF, GOC:dph, GOC:tb]
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Figure 23 Overall mutation frequency of CIN-related genes between cldn-6 and TP53 group samples

10.5.2: ORM2 (Orosomucoid 2) and MAGEAZ as prognostic targets of TP53
and CLDNG alterations GC group

Gene interaction studies explains how a group of genes interact and contribute to a common
outcome. To identify such interaction groups, common DEGs (log-ratio cutoff>1) between
cldn-6 and TP53 group samples were analyzed for genetic interactions using GeneMANIA.
GeneMANIA finds related gene for a set of input genes based on functional associated data of
protein and genetic interactions, pathway and co-expression, co-localization and protein

domain similarity. Following network analysis using MCODE (for identification of important

57



gene clusters), two important clusters- Cluster 1 with a score of 29.46 and cluster 2 with a score
of 11.692 were generated (Figure 24 a-c). Cytohubba for identification of hub genes in each
cluster, identified ORM2 and MAGEAZ as the most important hub genes in clusters (Figure 24
d, e). Overexpression of ORM2 with a log-ratio of 1.47 and 1.20 and MAGEA2 with log-ratio
of 3.07 and 2.38 in cldn-6 and TP53 group samples (consecutively), indicate their common
association with CLDNG and TP53 alterations. A common upregulation of these genes in the
cldn-6 and TP53 group samples indicate their prognostic value for both groups.

CSAG1 .

Figure 24 a) Gene interaction network of common DEGs in cldn-6 and TP53 group samples with log-ratio
cutoff>1. b) Cluster 1, ¢) cluster 2.
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11: Discussion

Gastric cancer is one of the most important cancer with a high incident rate and mortality. GC
associated mortality highly depends on metastasis, EMT, and tumor immune association. As
most of the GC patients are diagnosed in advanced stages with metastasis, more effective
diagnostic methods with targeted treatment possibilities are desired. 95% of the cancers are
originated from the epithelium. Transformed epithelium share common characteristics like loss
of polarized structure which results in loss of cell-to-cell junctional complexes which includes-
Tight junctions, Adherent junctions, Desmosomes, and Gap junctions. Claudins which are an
integral part of the TJ structure contribute significantly to this process. Upregulation,
downregulation, and mis localization of several claudins have been observed in different
tumors and their subtypes. In the same manner, CLDN6 and CLDN9 are closely associated
with several cancers including GC. CLDNG interferes with the HIPPO signaling pathway and
enhances YAPL entry to the nucleus and affects its target genes like CTGF and AMOTL2 in
GC tumors. In our experimental model, AGS cells transfected with CLDN6 and CLDN9
(individually) demonstrate increased proliferation, cell migration, and invasiveness. Moreover,
CLDNG6/CLDNQ9 transfection seems to induce stem cell like properties and promote EMT with
higher levels of CD44 and SOX-2 (unpublished results). To further investigate how
overexpression of CLDNG6 in AGS cells might affect pathways that support cancer growth and
survival, microarray-based gene expression analysis was done. Several differentially expressed
genes in AGS-CLDNG cells were identified over wild type AGS cells. GSEA analysis revealed
that these genes are involved in several cancer hallmark processes like unfolded protein
response, MTORCI1 signaling, cholesterol homeostasis, hypoxia, and TNFa signaling.
Collectively this indicates disruption of ER homeostasis with persistent ER stress which
contributes to several precancerous attributes (178). Upregulation of MTORC1, cholesterol
homeostasis, hypoxia, and TNFa signaling related genes reveal a complex dysregulation of
metabolism which promotes vascularization and acquisition of EMT transition phenotype
involving HIF, PI3K, MAPK, and NFkB pathways (179). These changes result in enhanced
proliferation, cell mobility, and metastasis, which is supported by previous observations of
CLDNG6 and CLDNO transfected AGS cells.

To investigate further entanglements of CLDN6 in GC we analyzed TCGA-STAD data using
interactive webtool CBioPortal. We found that 34% of GC samples in STAD data have

alteration in CLDNG6. Major alterations of CLDNG6 in these samples were limited to shallow

59



deletions, diploid, and gain with differentially overexpressed mRNA. Alterations in CLDN6
were associated with high fraction genome altered, relatively higher aneuploidy scores, and
poor overall and progression free survival in most of the patients. GC tumors with CLDN6
alterations principally belong to CIN type of GC in TCGA-STAD classification. Intriguing
that GC samples with CLDNG6 alterations showed 68.79% overlap with TP53 alterations,
indicating they may form a subgroup of CIN GC. Comparison of expression profiles in terms
of mRNA z scores between cldn-6 and non-cldn-6 group samples revealed MAGEA family
genes- MAGEAG6, MAGEA3, MAGEA4, MAGEA9B, MAGEA2, MAGEA12, and MAGEA10 are
highly overexpressed in these samples along with IGF2BP1, APOAL, CLDN9, and several
others. These DEGs affect the cell cycle in cldn-6 group samples. Overall higher mutation in
TP53 and cell cycle gene signatures in CLDNG alteration samples further validates the inclusion
of CLDNG in these processes. CLDNG6 overexpression in samples is coupled with low MDM2
expression and relatively high CDKN2A over non-cldn-6 samples. These changes seem directly
connected with higher TP53 mutations in the cldn-6 group.

To further investigate the correlation of TP53 and CLDNG6 alterations we divided STAD data
for TP53 mutations in TP53 and non TP53 groups. Like cldn-6 group high aneuploidy scores
and fractional genome alterations were observed in samples with TP53 mutations. However,
there was no significant difference in overall or progression free survival of the patients
between both groups. Validating the TCGA classification of GC tumors with TP53 mutation
grouped in grade 2 and tubular stomach adenocarcinoma with higher frequency but profoundly
in CIN STAD, which also justifies the overlap of these patients/samples with the cldn-6 group.
Like cldn-6 group DEGs in samples with TP53 mutations enriched in cell cycle regulation
biological process. Moreover, MAGEA family genes along with CLDN6, CLDN3, ACTLS,
CDKN2A, CLDN9, and APOAL are among the top altered genes allied with TP53 mutations.
TP53 mutations were found to be correlated with a higher mutation in Notch signaling and
angiogenesis gene signatures along with higher mutations in all most all the gene signatures
associated with immune cell infiltration. However, how these mutations affect the actual
process is inconclusive but plausible speculation that TP53 mutations represent early GC

tumors with high cell proliferation supported with lower immune infiltration.

Chromosome-wise copy number alterations and mutations in driver genes are other important
parameters used in TCGA-STAD classification where CIN GC tumors have high CNA and
high mutation in CIN signature genes like TP53, ERBB2, KRAS, CCND1, BUB1, etc. GC
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samples with TP53 and CLDNG alterations show very similar copy number alterations and
pattern of overall mutations in CIN genes comparison to non TP53 and non-cldn-6 alteration
group samples. Additionally, we identified a group of common DEGs associated with
alterations in CLDN6 and TP53. These genes are involved in epithelium development and
differentiation and may serve as common prognostic targets for GC patients belong to these
groups. Gene interaction network analysis identified ORM2 and MAGEA gene family clusters
and with highest degree scores for ORM2 and MAGEAZ2, can be used as prognostic targets.
ORM2 likely plays important role in anti-inflammation, immunomodulation, drug delivery,
and ectopic overexpression of ORM2 linked with decreased cell migration and invasion of
cancer cells (180). This supports the speculation that the TP53 group may represent
differentiated low Grade GC with low immune infiltration and angiogenesis. High ORM2
plasma levels as a biomarker, have already been discussed for Colorectal cancer (181,182) and
higher expression ORM2 in CIN GC samples with TP53 and CLDNG alterations may serve the
same. The human MAGE gene family consists of X-chromosome-linked genes, including
MAGE-A, MAGE-B, and MAGE-C which are silent in normal tissues except in the testis and
placenta. Overexpression of these genes is linked with several cancers including Intestinal type
GC and is associated with tumor invasiveness, lymph node metastasis, and poor prognosis. In
our study, we further conclude the MAGEA6, MAGEA3, MAGEA2, MAGEA4, MAGEA9D,
MAGEA10, and MAGEA12 are highly overexpressed along with CLDN6 and CLDN9 in CIN
GC tumors with TP53 and CLDNG6 alterations and can be used as therapeutic and prognostic

targets.
12: Conclusion

In conclusion, we explored the role of CLDNG6 in GC. Overexpression of CLDNG6 in AGS cells
affects several hallmarks of cancer including unfolded protein response, MTORC1 signaling,
cholesterol homeostasis, hypoxia, and TNFa signaling. We analyzed TCGA-STAD data and
found 34% of total STAD samples have alterations in CLDN6. CLDNG6 alterations in GC
samples coincide with TP53 mutations and CIN GC, in terms of DEGs, CIN gene mutations
and may represent a subgroup of CIN GC with poor overall and progression free survival.
Lastly, ORM2 and MAGEAZ2 can be used as prognostic targets for CIN GC tumors with TP53
and CLDNG alterations.
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13: Future prospects

1) Effect of CLDN6/CLDN9 overexpression in AGS on cytotoxic activity
of NK and CTLs.

2) Effect of CLDN6/CLDN9 overexpression in AGS on infiltration of
immune cells

3) Profiling of GC patients in terms of CLDNG6 /TP53 alterations.

4) Validation of prognostic significance of ORM2 and MAGEAZ2 in GC.
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