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Siah proteins have been recently shown to have metastasis-inducing effects in Helicobacter
pylori-mediated gastric cancer (1, 2). The primary objective of this thesis work is to
understand the molecular mechanism involved in the posttranslational modification of Siah
proteins and their roles in H. pylori-mediated gastric cancer. In addition, as acetylation of
Siah proteins has never been studied, I aimed to identify the effects of H. pylori on
acetylating Siah proteins and thereby, in regulating their functions.
Gastric cancer is one of the most common cancers and leads to the most frequent
cancer-related deaths (3). Approximately, 0.7 million deaths occur every year due to gastric
cancer. Infection with H. pylori, a gastric bacterial pathogen, is recognized as the highest
risk of gastric cancer (4). H. pylori is a microaerophilic, Gram-negative, slow-growing,
spiral bacterium mainly colonizing the antrum and the pylorus part of the human stomach

i

(5). Although, 80% of the global gastric cancer burden is attributable to H. pylori-induced
inflammation and injury (6), the precise mechanisms regulating cancer development in
response to this pathogen is not properly understood. H. pylori induces the expression of
several inflammatory, stress-inducible and oncogenic factors. Studies by Das et al. show
that Siah1 and Siah2 proteins have metastasis-inducing effects on H. pylori-infected gastric
epithelial cancer cells (GCCs) (1, 2) Siah proteins are the evolutionarily conserved E3
ubiquitin ligases. E3 ubiquitin ligases ubiquitinate and are the rate-limiting factors
regulating proteasome-dependent degradation of various target proteins. Posttranslational
modifications (PTMs) are crucial regulators of E3 ubiquitin ligases (7-9). Effects of
phosphorylation on Siah proteins are known to some extent (7, 10). However, as acetylation
of Siah proteins has never been reported, my study focuses to understand the effect of H.
pylori on acetylation and stability of Siah proteins. As the prolyl hydroxylase PHD3 is one
of the major stress-related proteins expressed in H. pylori infection (11) and PHD3 is a
target of Siah2 in hypoxia (12, 13), its regulation in H. pylori-infected GCCs becomes a
part of this study. Since gastric cancer invasiveness is induced by Siah2 (2), search for novel
Siah2 binding partners involved in cell adhesion is an important part of this study.
Understanding the interaction of two adhesion-related proteins testin (TES) and filamin-C
(FLN-C) with Siah proteins in infected GCCs is another component of this work. This thesis
has been organized in eight chapters and the contents of each chapter are presented below.
Chapter 1- Introduction: This section presents detailed discussions of human and mouse
gastric pathogens H. pylori and H. felis, gastric cancer progression as well as events
influencing the epithelial mesenchymal transition (EMT), an essential event in cancer
metastasis. The really interesting new gene (RING) family E3 ubiquitin ligases, especially
Siah proteins, and their effects in various cancers including gastric cancer have been
discussed. Role of cell adhesion proteins in the regulation of cancer invasiveness is
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elaborated here. Moreover, this chapter describes the involvement of hypoxia-inducible
factor 1(Hif1) in gastric cancer and in regulating Hif1 stability by PHD proteins. This
section also narrates the involvement of RING family E3 ubiquitin ligases in regulating Hif1
and in H. pylori-mediated gastric cancer. The known effects of PTMs on Siah proteins
(mainly phosphorylation) in various cancers and their effects on the disease outcome have
also been discussed.
Chapter 2- Siah1 and Siah2 protein level increases in mouse stomach infected with H.
felis and in human gastric adenocarcinoma samples: Effect of Siah proteins on cancer
progression and metastasis is often dependent on their interaction with target proteins as
they belong to E3 ubiquitin ligase family and are involved in proteasome-mediated
degradation of various target proteins. Animal studies support oncogenic roles of Siah1 and
2 in various cancers while tumor-promoting roles of Siah2 and apoptosis-inducing role of
Siah1 are mostly reported from cell-based assays (14). This chapter describes animal
experiments using C57BL/6 mice. C57BL/6 mice infected with H. felis represent the
classical cascade of H. pylori-driven carcinogenic changes observed in humans (15).
Enhanced expression of Siah1, Siah2 proteins is noticed in H. felis-infected mouse gastric
tissue samples as compared to the uninfected tissues (1). Human gastric adenocarcinoma
biopsy samples also show marked induction of Siah proteins compared to non-cancer
tissues.
Chapter 3- Siah2, but not Siah1 is acetylated by H. pylori infection: This chapter shows
that only Siah2 and not Siah1, undergoes acetylation in H. pylori-infected GCCs. By using
the GPS-PAIL tool, probable Siah2-acetylations at several lysine (K) residues are predicted.
Various acetylation-null mutants (K to R mutants, R=arginine) are generated accordingly
and validated. Out of all mutations, K129R and K139R result in complete reduction in
acetylated Siah2 (ac-Siah2) protein level post infection (p.i.) but only K139R is found to

iii

decrease total Siah2 protein. K129R mutation on Siah2 shows only a slight decrease in total
Siah2 level indicating that K139 is the major residue acetylated in H. pylori-infected GCCs.
Acetylation set enrichment based (ASEB) computer program predicts that HAT/KAT
acetyltransferase activity of p300 is responsible for Siah2 acetylation and indicates very
high probability of acetylation at the K139 residue.
Chapter 4- Acetylation at K139 increases Siah2 stability: Acetylation leads to ubiquitin mediated proteasomal degradation of acetylated proteins (16) or as a complete contradiction,
may compete with ubiquitination to suppress proteasomal degradation of acetylated proteins
(17). We find that Siah2 is acetylated in various gastric cancer cell lines including MKN45,
Kato III and AGS. This chapter further shows that the HAT function of p300 acetylates
Siah2 mainly at the K139 residue in H. pylori-infected GCCs enhancing its stability. This
chapter also demonstrates that the proteasome inhibitor MG132 rescues Siah2 K139R
protein from being degraded indicating that Siah2 acetylation at K139 protects Siah2 from
ubiquitination-mediated proteasomal degradation. Effects of Siah2 acetylation on Siah2
targets are studied next.
Chapter 5- ac-K139 Siah2 induces Hif1-mediated invasiveness of H. pylori-infected
GCCs: This chapter describes the effect of acetylation on Siah2 function. H. pylori
infection is known to induce oxidative stress in GCCs through ROS generation (18), which
in turn affects many cellular functions. ROS generation enhances the expression of Hif1
(19). Hif1 is a dimeric protein consisting of α and β subunits. The α subunit is proteasomally
degraded in normoxia and PHD proteins and/or von-Hippel-Lindau (VHL)- ubiquitin ligase
complexes are involved in the normoxic degradation of Hif1α. The stability of Hif1α is
enhanced by Siah2 as the latter degrades prolyl hydroxylase 3 (PHD3) (10). My results
determine that acetylation of Siah2 at the K139 residue is crucial to increase Hif1α stability
in the infected epithelium. Enhanced stability of ac-Siah2 results in significantly increased
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stability of PHD3 in the infected GCCs. This phenomenon is H. pylori cytotoxin-associated
gene pathogenicity island (cag PAI) independent. PHD3 degradation leads to the
accumulation of oncogenic and metastasis-inducing Hif1α in the infected gastric epithelium,
promoting invasiveness of infected cells. As immunofluorescence microscopy performed on
H. pylori-infected human metastatic gastric cancer biopsy samples and H. felis-infected
C57BL/6 gastric tissue samples also show markedly increased ac-K139 Siah2 and Hif1α
expression, this study establishes the importance of ac-Siah2-Hif1α axis in H. pylorimediated gastric cancer invasiveness.
Chapter 6- TES and FLN-C degradation is promoted by ac-K139 Siah2 in H. pyloriinfected GCCs: Cell adhesion and metastasis are tightly dependent on cytoskeletal proteins.
This chapter identifies the interaction of Siah2 with the cytoskeleton. Mass spectrometry
identifies two novel Siah2-binding cell adhesion proteins, TES and FLN-C. Tumor
suppressor role of TES and FLN-C in various cancers including gastric cancer is well
established (20, 21). TES is a scaffolding protein and FLN-C is a member of actin-filament
cross linking family proteins that plays a role in cell adhesion, cell spreading (22, 23), and
may act as a tumor suppressor (24). My study identifies that TES and FLN-C protein levels
decrease in H. pylori-infected GCCs in a cag PAI-independent manner. Siah2 silencing
upregulates TES and FLN-C whereas overexpression leads to their downregulation.
Downregulation of TES and FLN-C disrupts actin filament arrangement, decreases filopodia
formation and promotes invasiveness of infected GCCs. Biopsy samples collected from H.
pylori-positive gastric cancer patients also show high expression of ac-K139 Siah2 but low
TES and FLN-C as compared to the uninfected non-cancerous samples. The expression of
TES and FLN-C is also found to be decreased while ac-K139 remains markedly induced in
H. felis-infected C57BL/6 gastric tissues as compared to uninfected samples. Thus, this
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study establishes the role of ac-K139 Siah2 in regulating TES and FLN-C degradation in
infected GCCs.
Chapter 7- Summary and conclusion: This section presents the concluding remarks on my
findings which demonstrate the crucial effect of Siah2 acetylation in regulating invasion and
migration of H. pylori-infected GCCs. These studies indicate the crucial role of p300 HAT
in acetylating Siah2 primarily at the K139 residue and protecting Siah2 from undergoing
proteasome-mediated degradation in the infected GCCs. ac-K139 Siah2-mediated enhanced
degradation of PHD3, TES and FLN-C promotes invasiveness of H. pylori-infected gastric
epithelial cancer cells.

Summary figure 1: Regulation of p300-mediated Siah2 acetylation enhances PHD3
degradation and Hif1α accumulation in H. pylori-infected GCCs. p300 HAT function
promotes acetylation of Siah2 at K139 residue in H. pylori-infected GCCs. ac-K139 Siah2 is
more stable than non-acetylated Siah2 and therefore, it enhances PHD3 degradation, Hif1α
accumulation and increases gastric cancer invasiveness.
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Summary figure 2: Acetylated Siah2 elevates gastric cancer invasiveness by degrading
TES and FLN-C. H. pylori induced Siah2 acetylation enhances TES and FLN-C
degradation in the infected GCCs. TES and FLN-C downregulation disrupts actin filaments
and filopodia formation resulting in enhanced invasiveness of H. pylori-infected GCCs.
Chapter 8- Materials and methods: This chapter provides details of the used strains of
Helicobacter, GCCs, human and mouse gastric tissue samples. In addition, this chapter
elaborates on the procedures used for the culturing and maintenance of various GCCs as
well as protocols for infecting GCCs and C57BL/6 mice. Various cell and molecular
biology techniques, microscopy and histopathological sample preparation methods have
been discussed. Cloning and site-directed mutagenesis to generate various human siah2
constructs have been elaborated in this chapter. Detailed methodologies of immunoblotting
and immunofluorescence and confocal microscopy are elucidated. Transient transfections
and procedures for the generation of stable cell lines are explained. Methods for MTT (3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) assay, colony formation assay,
cell invasion and migration assays (soft agar assay, transwell migration-matrigel assay and
wound healing assay) have been explained in this section.
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ABSTRACT: Helicobacter pylori is the most potent risk factor for gastric carcinogenesis.
It regulates many stress-inducible and oncogenic events. Siah proteins, belonging to the
RING family of E3 Ub ligases, are among the several proteins upregulated during H. pylori
infection. Phosphorylation in known to enhance Siah functions. Since acetylation of Siah
proteins was completely unexplored, my work focused to understand the effect of
acetylation of Siah proteins in H. pylori-infected GCCs.
This study confirmed that Siah2 and not Siah1, was acetylated in the nuclearcytoplasmic compartments after H. pylori infection. Since our group identified that gastric
cancer (GC) invasiveness is induced by Siah2, the search for novel Siah2-binding partners
related to cell was an important part of this study. The prolyl-hydroxylase PHD3 is a stressresponse protein and a Siah2 target under hypoxia. I studied its regulation in H. pyloriinfected GCCs. Two adhesion-related proteins, testin (TES) and filamin-C (FLN-C), were
studied for their interaction with Siah proteins. Histone acetyltransferase (HAT) activity of
p300 led to the acetylation of Siah2 at lysine (K) 139 residue. This acetylation stabilized
Siah2, thereby increasing its efficiency to degrade PHD3 protein leading to the
accumulation of hypoxia-inducible factor 1α (Hif1α). Siah2 acetylation-mediated
stabilization also enhanced the degradation of TES and FLN-C. HAT inhibition by a
curcumin-derived chemical CTK7A and an acetylation-null mutation of Siah2 (K139R)
abrogated Siah2 acetylation and rescued PHD3, TES and FLN-C from degradation. In
addition, disruption of Siah2 acetylation decreased Hif1α accumulation. As Hif1α is a major
oncogenic transcription factor whereas TES and FLN-C are tumor-suppressors, I wanted to
verify the tumor-promoting effects of ac-Siah2. My study revealed that siah2 K139R
mutant-expressing cells had much less invasiveness as compared to the WT siah2expressing cells. High ac-Siah2 in infected human and murine gastric tissues further
confirmed the role of Siah2 acetylation in promoting GC invasiveness.
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INTRODUCTION

Chapter 1
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Section A: Gastric cancer (GC), its progression and dissemination
GC is the fifth frequent cancer in the world (1). It ranks second in cancer-related mortalities
with more than 0.7 million deaths occurring every year on a global scale. The incidence for
stomach cancer is higher in males than in females but the mortality rate is completely
opposite. GC prevails highest in eastern Asia, central and eastern Europe and South
America. Low incidences are observed in the developed nations like North America or
western Europe (2). In India, it is the second most fatal cancer in males and fourth amongst
females (1). GC is broadly classified into two types, diffuse and intestinal types (3). Gastric
carcinogenesis is a multistep and multifactorial process which occurs through successive
changes in the gastric epithelium starting with normal gastric mucosa, non-atrophic gastritis
(NAG) or superficial gastritis, chronic inflammation, multi focal atrophic gastritis (MAG),
metaplasia of small, colonic intestine and spasmolytic polypeptide expressing metaplasia
(4), non-invasive neoplasia which ends with invasive adenocarcinoma (5-7). The normal
gastric mucosa may show initial symptoms of inflammation with infiltration of leucocytes
and neutrophils, also called as gastritis. Gastric pathogen H. pylori is the most common
cause of gastritis. Atrophic gastritis is differentiated by marked morphological loss in
glandular tissues which indicates the initial phase precancerous process. When the epithelial
cells change their phenotype to intestinal cells is known as intestinal metaplasia. Neoplasia
is characterized by hyperchromatic, bigger, densely populated nuclei with loss in
architecture of stomach linings. However, the cells are noninvasive at this stage and bound
to their basal membranes. In invasive adenocarcinoma stage of GC cells by virtue of
mutations attain property to degrade the matrix to enter into surrounding stroma and
metastasize further (5).
1.A.1. Etiology
GC development is a multifactorial process. However, more than 80% cases are attributed to
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Helicobacter pylori

infections (8). Apart from H. pylori, diet, socio-economic habits,

environmental factors and host genetic factors also contribute to the development of this
disease (Figure 1.A.1) (9). In 1994 population-based studies led International Agency for
Research on Cancer (IARC) to classify H. pylori as a “class I carcinogen” (10). GC is the
interplay of these factors which influence GC progression making it complex and difficult
for early diagnosis.

Figure 1.A.1: Factors responsible for GC

1.A.1.1. Diet and food habits
Population consuming high amounts of starchy food poor in protein amount and minimal
consumption of fruits and green, leafy vegetables have increased chances of having stomach
cancer. Acid-catalyzed nitrosation, a result of starch-rich and low protein diets causes
stomach inner lining destruction (11-13). Excessive intake of salts is also positively
correlated to GC (14). Excess salt intake enhances H. pylori growth, increases loss of
parietal cells by hyper-gastrinemia and endogenous mutations leading to promotion of GC
(15, 16). Polycyclic aromatic hydrocarbons such as benzo[a]pyrene formed in overcooked
and smoked food are also contributing factors (17).
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1.A.1.2. Family history
Approximately, 10-15% of GCs occur due to hereditary cancers like nonpolyposis colon
cancer (NPCC) or Von Hippel-Lindau (VHL) syndrome whereas, 85-90% are sporadic in
nature (18). The risk of GC increases due to gene variations (19) and polymorphisms (20).
The risk of GC also increases by two-to-three folds depending on the genetic relatedness
with the patient diagnosed with cancer (21). These risk factors may interact with other
genetic factors or act independently and increase the risk of cancer.
1.A.1.3. Socioeconomic status
From population studies, a positive correlation is drawn between poor socioeconomic status
(which correlates with unhygienic living as well as occupation conditions, poor sanitation,
increased habits of smoking, alcohol consumption) and stomach cancer risk (22). GC threat
multiplies with the duration of smoking and smoking combined with alcohol consumption
drastically accelerates the risk of GC (22, 23). Dusty and high-temperature environment or
jobs in extreme heated surroundings also contribute to GC (24, 25).
1.A.1.4. H. pylori infection
H. pylori infection is the main contributor towards stomach cancer development (26).
However, infection with H. pylori alone may not lead to GC as dissimilarities in the host
vulnerability to infection and the bacterial virulence together bring in the resultant effects.
Its high prevalence is observed in the developing countries where health and sanitation
conditions are not optimal. Whereas, developed countries with minimal H. pylori infection
rate show low GC occurrences (27, 28). H. pylori gastritis is the universal precursor state of
gastric carcinogenesis.
1.A.2. H. pylori: causative agent for GC
H. pylori is a Gram-negative microaerophilic, non spore-forming, spiral-shaped pathogenic
bacterium with a cluster of 5-7 polar sheathed flagella and inhabits mucosa of the stomach

4

(29, 30). At present, nearly half the human population are infected with H. pylori and these
individuals have nearly two-times more probability of GC development (31). Other than
GC, it causes various other diseases including gastric and duodenal ulceration and in rare
cases may lead to lymphoma of surrounding lymphoid organs, also known as mucosaassociated lymphoid tissue (MALT) lymphoma (32, 33).

Figure 1.A.2: Predispositions to H. pylori infection. Courtsey: Ref. (34).

The identification of H. pylori as a major causative agent for GC has led to in-depth
investigation on numerous mechanisms of H. pylori-induced carcinogenesis (35). Barry J.
Marshall and J. Robin Warren first isolated and cultured this bacterium from human gastric
biopsy specimens in 1984 (36). Goodwin et al., in 1989, first classified H. pylori under the
newly formed genus Helicobacter (35). They found the presence of H. pylori in almost all
patients suffering from prolonged persistent duodenal and gastric inflammation leading to
ulceration and so, classified it to be an important etiological factor for diseases affecting the
upper GI tract. Marshall et al. initially named this organism as Campylobacter pyloridis
based on their preliminary observation but subsequently renamed it to Campylobacter
pylori. Comparative analysis between Campylobacter genus and Wolinella genus was done
by Goodwin et al. in the year 1989 (35). The chemotaxonomic properties, DNA base
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composition, cellular fatty acids and bacterial growth characteristics differ considerably
between H. pylori, Wolinella genus and the neighbouring Campylobacter genus which
provided very concrete evidences for naming it into a completely new genus Helicobacter
and Helicobacter pylori as the name of the species. The ultrastructural studies of bacterial
glycocalyx also provided vital structural features which helped them to determine the
distinct nature of the bacterium (37).
1.A.2.1. Pathogenesis by H. pylori
Nearly 50% human population possesses H. pylori infection early in life but only 3% are
predisposed to GC. Acute infection with the bacterium is rarely diagnosed. Both the spiralshaped and coccoid forms of the bacteria (38, 39) have developed a unique mechanism to
thrive in the harsh acidic stomach environment and are able to cause a severe inflammation
in gastric mucosa (40). The bacterium drives a restrictive immune response to the infection,
due to which the organism persists for decades in the infected host stomach. Variations in
the associated factors may alter the epidemiology and outcomes. Recent studies have
supported the possible role of precursor gastric stem cells in H. pylori-mediated tumor
progression (41-43). H. pylori infection results in two equally exclusive conditions. In the
first case, patients with low acid secretions suffer from corpus-predominant gastritis, which
includes gastric inflammation resulting in the degradation of normal gastric glands and
replacement with intestinal-type epithelium resulting in gastric atrophy succeeded by
metaplasia of the intestine, hypochlorhydria, dysplasia, finally leading to in rare cases,
gastric carcinoma. In the second case, patients suffering from high acid secretion usually
have gastritis of the antral mucosa and are prone to duodenal ulcers. Mucosa-associated
lymphoid tissue (MALT) lymphoma is a rare complication of H. pylori infection (44).

6

Figure 1.A.2.1: Disease pathogenesis by H. pylori. Courtesy: Ref. (45).

1.A.2.2. Virulence factors of H. pylori
Genomic and phenotypic attributes of a bacterium, together with the conditions of the gastric
microenvironment, enable the expression of certain virulence factors which might facilitate
the survivability of some strains and cause disease pathogenesis. Genes of several virulence
factors of H. pylori such as cytotoxin-associated gene A (cagA), neutrophil activating
protein (napA), vacuolating cytotoxin A (vacA), Helicobacter-specific outer membrane
proteins (omp) and several other accessory genes like urease, phopholipase, peptidoglycan
also play critical roles in disease pathogenesis.
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Figure 1.A.2.2: Virulence factors of H. pylori. Courtesy: Ref. (46).

1.A.2.2.1. The cytotoxin-associated gene pathogenicity island (cag PAI) and cagA
The cag PAI is a 40 Kb genomic region containing 32 genes encoding a type IV secretion
system (T4SS) that includes the cagA gene (47). Bacterial virulent factors are transported
into the eukaryotic cells by the formation of a syringe-like arrangement which penetrates
into the host cell membrane. H. pylori strains are broadly classified into two families on the
basis of occurrence of cagA i.e. cagA-positive and cagA-negative strains. CagA modulates
cell signaling causing derangement of the cellular architecture (48). The cagA-negative
strains are less virulent. CagA undergo tyrosine phosphorylation in the host cells and these
modifications are used to experimentally prove CagA protein release into the host (49). The
extent of tyrosine phosphorylation is commonly associated with carcinogenesis (47). CagA
triggers numerous signaling cascades inducing host cells elongation, adhesion and spreading
due to actin polymerization, a typical morphological adaptation known as the “scattering
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phenotype” or the “hummingbird phenotype”. Along with this cytoskeletal rearrangement,
degradation of various cell adhesion and tight junction proteins occur which make the
transformed cells more motile.
Other virulence-associated factors of H. pylori which also contribute to outcome of
GC are discussed briefly in the following sections.
1.A.2.2.2. Vacuolating-cytotoxin protein (VacA)
VacA, another crucial virulence factor in the gastric pathogenesis, changes epithelial cell
structure and function. This toxin can induce multiple cellular events including the
modification of endo-lysosomal trafficking, immunomodulation and apoptosis (50-52). The
prolonged outcome of infection with vacA-positive strains, thus, is the prevention of
bacterial clearance by the host immune system.
1.A.2.2.3. Neutrophil-activating protein (NapA)
NapA is a 150 kDa, 10 identical subunits-containing protein, coded by the napA gene. It's
binding to a specific receptor triggers a cascade of signaling events leading to superoxide
anion generation, adhesion of neutrophils to endothelial cells and increased chemotaxis (53).
1.A.2.2.4. Urease
The H. pylori urease is a hexameric, 540 kDa nickel-containing molecule. It is a crucial
component of H. pylori for colonizing the bacterium in the host mucosa of stomach. H.
pylori urease degrades urea into ammonia (NH3) and carbon dioxide (CO2). NH3 neutralizes
acidity, thus helping in the survival of the bacterium (54). The urease enzyme assimilates
organic nitrogen present in the microenvironment. The released ammonia increases the
permeability of gastric epithelium by disrupting the tight junctions (54, 55). Other bacterial
enzymes like mucinase and lipase degrade the mucus secreted by gastric epithelial cells
increasing its adherence.
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H. pylori genome also consists of 30 related hop genes encoding outer membrane
proteins (OMP). These proteins help the bacterium in adhesion to the microvilli-containing
regions of mucus-secreting gastric epithelial cells. Other than these cytotoxins, the following
important virulence factors are also crucial - flagellins (FlaA/B), adhesins (Blood group
antigen binding adhesins- BabA/B, Sialic acid binding adhesins SabA, heat shock protein 60
(HSP60) (56).
1.A.2.3. Epidemiology and routes of transmission
The prevalence of H. pylori is variable from country-to-country (57). For example, in Latin
America and eastern parts of Asia, H. pylori infect usually in the childhood with 80%
population showing infection by 20 years age. Whereas, in developed countries like North
America, UK, western Europe and Australia, childhood infection is a rarity. However, the
infection drastically increases to 40% by the age of 30-40 years. Socioeconomic status plays
a very significant role in acquiring infection. Even, within a region, the prevalence of H.
pylori may vary within various ethnic groups. Surprisingly, migrants from high to low risk
areas, show a significant reduction in infection.
Direct or person-to-person transmissions may occur in institutionalized populations
like mentally or physically challenged persons and criminal inmates staying together (5860). Other causes like familial exposures (61), oral-oral route (62), faecal-oral route (63)
have also been reported equally responsible for possible direct transmission. Indirect ways
of transmissions are waterborne, zoonotic or vector-borne and nosocomial transmissions.
1.A.2.4. Role of H. pylori in Hif1 activation
Infection by H. pylori generates free radicles which are responsible for regulating
inflammation and apoptosis of infected gastric epithelial cancer cells (GCCs) (64-67). The
reactive oxygen species (ROS) generated alter the growth of GCCs and thus, induce
apoptosis. H. pylori CagA modulates endo-lysosomal trafficking followed by cellular
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vacuolation. Free radicles produced during this process enhances hypoxia-inducible factor 1
(Hif1) expression (68). Hif1 is a member of Hif family of proteins and is one of the crucial
transcriptions and pro-survival factors which are expressed in hypoxia. Hif1 is involved in
the regulation of the expression of various genes involved in cancer progression (69). Hif1 is
a heterodimeric protein made-up of two subunits, an oxygen-dependent α subunit, and a
constitutively-expressed β subunit. Role of Hif1 is significant in cancer progression as it is a
regulator of several downstream effector expression that are pro-cancerous (70), epithelial to
mesenchymal transition (EMT) and metastasis. Hif1 binding to the hypoxia-response
element (HRE) of various target genes regulates their transcription (70).
p300 is a transcriptional cofactor of Hif1. It has histone acetyltransferase (HAT)
activity and is recruited to Hif1 (71). p300 might regulate cancer progression act by
activating several protooncogenic factors (72). Autoacetylation of p300 promotes its HAT
activity. Enhanced HAT function in tumor cells may disrupt cell cycle, while suppressed
activity leads to apoptosis (73, 74). Several studies have suggested crucial roles acetylation
and deacetylation of histones in carcinogenesis and metastasis (75, 76).
1.A.3. Cancer metastasis
Metastasis is a complex phenomenon in which cancer cells dissociate from primary tumor
sites, migrate to distant locations of the body and adapt to new physiological conditions
(77). Genetic and epigenetic changes taking place in tumor cells during each of these steps
help cancer cells to metastasize and adjust to the new environment (78). Tumors restricted
at initial primary sites can be successfully removed surgically or by local irradiations but, if
detected after metastasis, the therapeutic interventions mostly become unsuccessful.
Metastases often show organ-specific spreading (79). Tumor cells become chemo-resistant
by overexpressing multidrug-resistant gene product MDR1, which channelizes various
chemotherapeutics outside tumor cells, thus helping in spreading of cancer cells (80).
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Suppression of cell cycle and DNA-damage checkpoints create genomic instability which
further contribute to evolution of tumors.
Metastatic process consists of several steps tumor (79). This includes local invasion,
intravasation, survival of the invading cells in the circulation, extravasation and colonization
in a destined organ. The metastatic cascade is initiated by angiogenesis of primary tumor for
blood supply required for the metabolic needs (81). Local invasion involves entry of cancer
cells from a primary tumor into the surrounding tumor-associated tissue. The locally
invasive tumor cells enter into the lumina of the lymphatics or blood vessels by a process
called intravasation, characterized by molecular changes that promote the carcinoma cell’s
ability to adhere and grow on the walls of micro vessels (82). After successful intravasation,
circulating tumor cells reside in the venous and arterial circulation for a brief time period.
The tumor cells surviving in the circulation are called circulating tumor cells (CTCs). The
CTCs then get arrested within the capillary beds at a specific distant site probably due to the
layout of the vasculature and size restrictions imposed by blood vessel diameters (78). Next
step is the extravasation in which the CTCs form a miniature growth that further ruptures the
walls of surrounding vessels. This penetration through the endothelial cells is known as
trans-endothelial migration. These cells undergo mesenchymal to epithelial transition (MET)
to form micrometastases. Micrometastasis is followed by metastatic colonization in which
the migrated carcinoma cells succeed in persisting in the new microenvironment, eventually
proliferating to form macroscopic metastasis at the new site. Figure 1.A.3. summarizes
these events. The epithelial to mesenchymal transition (EMT) acts as a driving force and the
initiator of metastatic progression which is discussed in the subsequent section.
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Figure 1.A.3: The invasion-metastasis cascade. Courtesy: Ref. (83).

1.A.4. Factors regulating invasiveness in H. pylori infection
1.A.4.1. Epithelial to mesenchymal transition (EMT)
It is a biological process comprising of numerous biochemical interactions that take place
between cancer cells of epithelial origin and their surrounding extracellular matrix (ECM)
which ultimately confer mesenchymal properties to the epithelial cells. Regulated EMT is
necessary for the development of embryo (mesoderm and neural tube formation) and in
adult life, during wound healing. But, if unregulated in adult life, it may transform epithelial
tissues to invasive tumors. The opposite event of EMT is seen in the last stage of metastasis
which is called MET where invasive nature of cancer cells is lost and epithelial markers are
regained (84). Figure 1.A.4.1. depicts the factors involved in EMT and MET processes.
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Figure 1.A.4.1: EMT and MET markers. Courtesy: Ref. (85).

H. pylori CagA downregulates epithelial cell surface marker E-cadherin (86).
Expression of several EMT markers like N-cadherin, TGF-β1, Twist, Snail, Slug, ZEB
(zinc-finger E-box-binding) 1, ZEB2, twist1, N cadherin, vimentin and CD44, which are
considered as hallmarks of EMT, are upregulated in H. pylori-positive stomach cancer (87).
Among various genes that are either upregulated or downregulated in EMT are mostly
regulated by transcription factors like Snail, ZEB, Twist and RING family transcription
factor zinc finger protein 139 (ZNF-139) (88). miRNAs are also critical regulators of GC
invasiveness. They target mRNAs of tumor suppressors (89) leading to activation of EMT
and metastasis pathways (90). EMT causes the downregulation of various tumor suppressors
like p53, runt-related transcription factor 3 (RUNX3) and transforming growth factor β
(TGFβ)-activated kinase 1 (TAK1), to name a few, which otherwise, are known to inhibit
the EMT process (91-93). H. pylori-infected cells undergo EMT and might express cancer
stem cell (CSC)-specific markers (86, 94).
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1.A.4.2. Cell adhesion molecules
A number of intercellular junctions are present in vertebrates that are essential for the
maintenance of cell polarity, structural integrity of the cell and cell-cell adhesions. The
morphological properties of GCCs are manifested by the discrete arrangements of cell
adhesion molecules. Various cell adhesion structures like tight junctions (TJs), cadherinbased adherens junction (AJs), gap junctions, desmosomes and cell-ECM junctions help in
maintaining cell integrity and cytoskeletal dynamics (95). Cadherins are essential
components of junctional complexes, are involved in signaling pathways of β-catenin-Wnt
and regulate function of growth factors, cell polarity and tumorigenesis (96) as represented
in Figure 1.A.4.2.1.

Figure 1.A.4.2.1: Intercellular junctions of epithelial cell. Courtesy: Ref. (97).

AJs are glycoproteins which bind epithelial sheets together and regulate molecular
communications within cells. They not only direct cellular organization but also transmit
information between cells. These are cadherin-dependent structures which are connected with
intracellular cytoskeletal components. AJs belong to cadherin family of cell adhesion proteins
15

which include various cadherins, desmogleins-collins and other subclasses of cadherins and
kinases. Cadherins are present from unicellular yeasts to multicellular organisms (98). They
are crucial in the morphogenesis and patterning in higher eukaryotes (99). The extracellular
domain of classical cadherins is made up of five ectodomains which bind with calcium ion
forming a rod-like homophilic structure which helps its binding with epithelial cadherin (Ecadherin) on neighbouring cell membranes. Classical cadherins are evolutionarily highly
conserved. Their cytoplasmic tail binds with β-catenin or γ-catenin, members of armadillo
superfamily of repeat proteins. Twelve consecutive β-catenin bound with the cytoplasmic tail
of cadherin recruit E-cadherin to the surface of the cells. α-catenin acts as a bridge for binding
β-catenin to actin and several actin-associated proteins that help E-cadherin to modulate actin
filament organization (97, 100, 101). This ordered structure promotes association between βcatenin and p120 with α-catenin. Intra or inter cellular communications for alterations in gene
expressions are transduced to the nucleus through the cytoplasmic tails of E-cadherin as
shown in Figure 1.A.4.2.2.

Figure 1.A.4.2.2: Association of E-cadherin with various cellular components.
Courtesy: Ref. (101).
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Cell-cell adhesion molecules and E-cadherin are important components of cell
polarity, cell differentiation and homeostasis. Most of the human carcinomas are derived from
epithelial cells in which tumor suppressor E-cadherin undergo changes due to genetic,
epigenetic silencing or degradation. These factors ultimately result in the complete or partial
loss of E-cadherin leading to their malignancy. The role of cadherins in cancers are discussed
in the next section.
1.A.4.3. Role of cadherins and β-catenin in cancer progression
Several studies have shown that loss of heterozygosity (LOH) containing the E-cadherin gene
(CDH1) locus at 16q21-q22.1 lead to cancers of the GI tract, liver, prostate, as well as ductal
breast carcinoma (102). Somatic mutations leading to in-frame deletions and truncations in
CDH1 gene also are established causes of diffusive GC (Figure 1.A.4.3.1.). In-frame
deletions produce truncated E-cadherin fragments that are non-functional. CDH1 promoter
hypermethylation also contribute to silencing of E-cadherin expression in breast, head and
neck and nasopharyngeal cancers (103, 104). Extensive promoter hypermethylation at a
distinct CpG island on the 5’ promoter region of CDH1 was shown to be responsible for Ecadherin downregulation. However, the heterogenicity of this phenomenon is dependent on
tumor microenvironments. Increased expression of various tumor-promoters like Snail, Slug,
Twist1/2, SIP1/ZEB2, delta EF1/ZEB1, HER1/neu, VHL, Hif1 family has been associated
with the transcriptional repression of E-cadherin while up-regulating N-cadherin (CDH2
gene-encoded) and cadherin-11 in multiple cancer types. There functional correlation with Ecadherin was established from animal models, RT-PCR analysis of tumors, overexpression
studies, mutagenesis studies and histopathological analysis of these tumor-associated markers
(105-107).
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Figure 1.A.4.3.1: Regulation of E-cadherin in cancers. Courtesy: Ref. (102).

Members of miRNA 200 and 205 family repress the transcriptional activities of
ZEB1/2, deltaEF1, SIP1, TGFβ2, Snail, Twist mRNAs by directly binding to these mRNAs
and repressing their translation (108). Upregulation of various proto-oncogenes like c-Met,
Src, EGFR and matric metalloproteinases like MMP3, 7, 9, 14 leads to E-cadherin
degradation and rapid internalization which causes destabilization of cadherin-catenin
complex (109). Nieman et al. in 1999 showed that overexpression of N-cadherin in epithelial
cells led to appearance of mesenchymal phenotype inducing migration, invasion and
metastatic ability of cells which helped in survival in the vasculature and in secondary tumor
sites (110). Other cadherins like VE-cadherin is known as anti-angiogenic marker and is used
in antiangiogenic tumor therapy (111) whereas, less explored cadherin-13 (or T-cadherin,
CDH13 gene) and R-cadherin are considered as tumor suppressors (111).
β-catenin was originally recognized for its ability to bind with E-cadherin at the AJs.
Now, it is known for its dual function in gene regulation and cell-cell adhesion (112). In
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vertebrates, the membrane-bound pool and the cytoplasmic pool of β-catenin are present. βcatenin mainly binds with E-cadherin in AJs which is released into cytoplasm after being
phosphorylated by GSK-3β which triggers its degradation by 26s proteasome pathway. Wnt
signaling leads to the inactivation of Axin/APC/GSK-3β complex which promotes β-catenin
translocation to the nuclear compartment where it transcriptionally upregulates protumorigenic genes (111, 113). Deregulation of E-cadherin or Axin/APC/GSK-3β genes may
also lead to various malignancies (114). β-catenin is also reported as a coactivator of
telomerase reverse transcriptase (TERT) which maintains long telomeres, a characteristic of
stem cells (115). It also imparts chemoresistance to tumors by activating various MDRspecific genes (116). The importance of β-catenin in cadherin-catenin complex can be
understood by the fact that cadherin mutants lacking the β-catenin-binding domain are often
less adhesive whereas, mutations in β-catenin lead to non-functional E-cadherin with reduced
cell-cell adhesion.

Figure 1.A.4.3.2: β-catenin-Wnt signaling events in cancer. Courtesy: Ref. (97).
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Role of tight junctions has also been reported in cell proliferation and cancers (117).
Cytoskeletal and actin-binding proteins like filamin family of proteins (FLNs) and Testin
(TES) have been attributed for their role as tumor suppressors.
1.A.4.4. Role of H. pylori in the disruption of cell-adhesion molecules
The duration of H. pylori infection determines the disease outcome. Virulence factors of H.
pylori disrupt the cell-cell junctions and cell-cytoskeletal matrix arrangement in the infected
host (Figure 1.A.4.4.) (56). Actin cytoskeletal rearrangements are the bases of H. pylori
pathogenicity (118). After binding onto the epithelial cells, H. pylori injects CagA and
associated factors into the host cell via the T4SS. This leads to intracellular changes from
signaling pathways to production of proinflammatory chemokines and cytokines. NF-κB is
the principal regulator of major signaling pathways activated by this bacterium. One of the
target molecules, Bcl-XL helps in cell proliferation by repressing mitochondrial apoptosis
pathway (119). CagA upon translocation into the cytoplasm of infected cells undergoes
multiple tyrosine phosphorylation at EPIYA motifs by Src-family of kinases. Phosphorylated
CagA activates MAPK/ERK pathway and inactivates tyrosine kinase called focal adhesion
kinase (FAK) which is a crucial regulator of focal adhesion spots. Its inhibition leads to cell
elongation also known as the “hummingbird” phenotype, a hallmark of H. pylori infection.
FAK regulates Rho family of GTPases which control mDia/RhoA/Rac/Cdc42 axis, thereby
modulating microtubule assembly-disassembly, stress fibres, lamellipodia and filopodia
formations. These cytoskeletal components are essential for cell migration and proliferation
(120). H. pylori-secreted protease, HtrA cleaves E-cadherin leading to the destabilization of
AJs and increasing the cytoplasmic pool of β-catenin which further translocates to the nucleus
upon Wnt activation to transcribe numerous oncogenes (121).

20

Figure 1.A.4.4.: Epithelial barrier disruption by H. pylori. Courtesy: Ref. (120).

1.A.4.5. FLNs and their roles in cancers
Components of epithelial cell junctions are attached to the cytoskeletal actin filaments which
provide contractile forces and regulate cell turgor pressure, shape as well as motility (122).
Actins are very abundant molecules in gastric epithelial cells. The family of cytoskeleton
proteins, FLNs (FLN-A, B and C), are composed of two parallel 280 kDa subunits. They
stabilize actin networks and connect the latter with the cell membrane (123). Each subunit
contains N-terminus actin-binding region, with 23 repeating domains following it. Filamin
and actin form either loose microfilament networks in the cell cortex or form stress fibres
with tightly packed bundles.
Cell adhesion and metastasis are dependent on cytoskeletal proteins. Filamins hold
transmembrane proteins and intracellular signaling molecules together. Filamins are also
found in some focal adhesions. Deregulated FLN-C has been associated with various
diseases including primary as well as secondary GCs (124). FLN-C expression decreases in
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various cancers where it undergoes degradation by promoter hypermethylation (125). As
FLN-C is a part of cell cytoskeletal network, it plays crucial functions in maintaining cell
polarity and adhesion (126) and mostly associated with tumor suppression (127). However,
Adachi-Hayama group has identified pro-cancerous roles of FLN-C in low-grade gliomas
(128).
1.A.4.6. TES and its roles in cancers
TES is a LIM-domain-containing scaffolding protein and has functional significance in
adhesion of cells, cell-spreading and actin cytoskeletal arrangement. It is also present at
focal adhesion points helping in the cell-cell interactions. LIM domains are the
evolutionarily conserved double zinc-finger motifs that are crucial in protein-protein
interactions such as transcriptional activity, cytoskeletal binding and cell signaling. It is also
associated with cell proliferation and motility (129). Mutational analysis and detection of
methylation sites in TES have supported its tumor-suppressive roles (130). TES is also a
known tumor suppressor in GC (130, 131) as well as in other cancers (132, 133). However,
effects of FLN-C and TES in H. pylori-mediated GC remain completely unknown.
Section B. Ubiquitination-mediated proteasomal degradation pathways and GC
Cellular stress, even stress due to infection, is regulated most often, by ubiquitin (Ub)mediated proteasomal degradation pathways. E1 enzymes (Ub activators), E2 enzymes (Ub
conjugating enzymes) and E3 enzymes (Ub ligases) carry out targeted proteasomal
degradation of misfolded or short-lived proteins or proteins that need to be cleared from the
system. This important machinery is responsible for the maintenance of protein homeostasis,
vesicular trafficking, cell cycle regulation as well as immunity, to name a few (134). It is not
surprising that infectious agents most often evolve strategies to interfere with this system.
Genetic and epigenetic alteration of the components in this machinery is accountable for
various diseases including cancer. A recent report has shown that H. pylori exploits
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ubiquitination of host proteins to adhere to host cell surface (134). Another study long back
in the year 2003 by Eguchi et al. has shown that the cyclin-dependent kinase (cdk) inhibitor,
p27 is downregulated by proteasomal degradation induced by H. pylori and increases the
risk of GC (135). E3 Ub ligases are the rate-limiting enzymes regulating proteasomal
degradation. Studies from our group have found that Siah family E3 Ub-ligases are
upregulated in H. pylori-infected GCCs and increase invasiveness (136, 137).
Posttranslational modifications (PTMs) are crucial regulators of E3 Ub ligase function (138140). Effects of phosphorylation on Siah proteins are known to some extent (138, 141).
However, as acetylation of Siah proteins has never been reported, my study focuses to
understand the effect of H. pylori on acetylation and stability of Siah proteins. This section
will elaborate on proteasome machinery, E3 Ub-ligases, Siah proteins and lastly the known
effects of these proteins in cancer.
1.B.1. Proteasome machinery
The degradation of cellular proteins is a highly intricate, timely and tightly-regulated event
which affects a broad array of basic cellular processes. It is accomplished by a complex
cascade of enzymes which exhibit extreme specificity towards their numerous target
molecules. Proteasomal targets can be regulators of cell growth, signal transduction pathway
components, housekeeping and cell-specific metabolic pathways enzymes and damaged
proteins. Degradation of a protein by the Ub pathway consists of two distinct and successive
steps: i) Covalent attachment of multiple Ub molecules to the substrate and ii) Markedsubstrate degradation by 26S proteasomal pathway. Ub is a highly conserved, 76 aacontaining small modifier protein found only in the eukaryotes. Whether an ubiquitinated
protein will be targeted for degradation or regulation of intracellular processes is dependent
on the size of the target molecule (142) and also on the extent of ubiquitination (143).
Polyubiquitination leads to proteasomal degradation of target proteins (144).
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26S proteasome is the proteolytic machinery of the Ub-mediated degradation
pathway. It is complex and highly conserved in eukaryotes in terms of its structure and
which includes more than 30 different subunits. The proteasome complex consists of a
barrel-shaped 20S protease core particle (CP) in the middle part (145). The CP is made up of
two identical inner β-rings and outer α units are stacked on one another in an axial
heptameric pattern. Each end of CP is made up from 19S regulatory particle (RP) that
regulates the functional core. The 19S RP is further divided in two components; base-lid
sub-complexes (145). Ub attachment to the target protein is a reversible process catalyzed
by specific Ub-ligases and proteases or deubiquitinating enzymes (DUBs) which help in
maintaining Ub monomers in the cellular pool (146).
Ub conjugates to its substrate by a three-step process (147). First, the ubiquitinactivating enzyme, E1 activates Ub at its C-terminal in an ATP-dependent manner, followed
by transferring it from E1 to E2 enzymes (Ub-carrier proteins or Ub-conjugating enzymes,
UBCs) and finally to ubiquitin-ligase family enzyme E3 which causes covalent attachment
of Ub to a Lys residue of the target substrate as shown in Figure 1.B.1.1. Subsequent
additions of multiple Ub is followed. Specific substrate recognition adds to the significance
of E3 ligase, which upon identification, undergoes mono or polyubiquitination.
1.B.2 E3 Ub ligases
E3s are divided into three classes based on recognition of substrate and their domain
structures: N-terminal targeting proteins, homology to E6-associated protein (E6AP)
carboxyl terminus (HECT) domain-containing proteins and the really interesting new gene
(RING) finger domain-containing proteins, including its derivatives, the U-box and the plant
homeo-domain (148).
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Figure 1.B.1.1: The Ub-proteasome pathway. Courtesy: Ref. (149).

1.B.3. RING type E3 Ub ligases and their involvement in cancer
The RING type and the HECT type are the two most commonly found E3s. In humans,
nearly 95% of E3s belong to the RING family and only 28 enzymes belong to the HECT
family. As represented in Figure 1.B.3.1, these two families show dissimilarity only in the
way of substrate presentation. RING type E3s have a RING finger, a small zinc-binding
domain that specifically binds to E2 Ub ligases, thereby promoting Ub targeting (150). The
proteins with RING domain may act as E3 Ub ligases. It is the product of human gene
RING1 (Really Interesting New Gene 1) located near to the major histocompatibility region
on chromosome 6. A RING finger contains two Zn2+-coordinating domains which aid in E2dependent ubiquitination of targeted substrate (151).
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Figure 1.B.3: Types of E3 Ub ligases. Courtesy: Ref. (152).

1.B.3.1. Involvement of RING type E3 Ub ligases in human cancers
Members of the RING family E3 Ub ligases are crucial for DNA repair, cell cycle,
apoptosis, receptor and transporter regulation, endoplasmic reticulum-associated degradation
(ERAD) and angiogenesis (151). Several members of these subfamily are associated with
various disease pathogenesis including cancer, acting as both oncogenes and tumor
suppressors. Point mutation within E3 Ub ligase BRCA1, a gene product of breast cancer
associated gene 1 (BRCA1) predisposes female carriers to breast and ovarian cancers (153).
Mutations in components of FANC (Fanconi) E3 ligase, also crucial in DNA repair process
leads to the multisystemic Fanconi anemia, multiple developmental defects in children who
survive but with heightened risk of acute myeloid leukemia (154). E3 ligases like casitas Blineage lymphoma family members (Cbl), the tripartite motif (TRIM) superfamily, BMI-1,
PML, RAG1, Rbx1 and MDM2 act as protooncogenes (155-159). Many members of the
cullin-RING Ub-protein ligases (CRL) superfamily are reported in colorectal cancer,
stomach cancer, breast cancer and skin cancer (160).
Metastasis is a fundamental process in cancer progression and is the principal reason
for mortalities by cancer. Hypoxia or low oxygen stress formed in tumor microenvironment
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is a critical factor in metastases (161). The RING finger E3 ubiquitin ligase protein Von
Hippel-Lindau (pVHL), which has pro-apoptotic function, is found inactivated in clear-cell
renal cell carcinoma (ccRCC) leading to stabilization of Hif1α, a potent oncoprotein (162).
Another class of RING finger E3 Ub ligases regulating Hif1α stability are Siah proteins. The
functional implications of Siah proteins in various cancers are discussed in the next section.
1.B.4. Siah proteins
The human homolog of Drosophila seven in absentia (sina) gene, a superfamily of RING
finger E3 Ub ligases, is extremely conserved from lower vertebrates to mammals. Humans
have three siah genes, siah1, siah2 and siah3, whereas mice have three siah genes- siah1a,
siah1b and siah2. Siah3 has not yet been functionally characterized. They share 85.7%
homology which sometimes makes them functionally redundant (163). Siah proteins are
dimeric with two novel zinc-containing motifs. Siah proteins feature a less-conserved Nterminal region, a functionally-important RING domain which is extremely conserved and a
substrate-binding domain (SBD) at the C-terminal as shown in Figure 1.B.3.1. The RING
domain regions of human Siah1 (hSiah1) and hSiah2 are between 41-75 aa (164) and
between 80-115 aa, respectively (4). This difference facilitates their interaction with distinct
target molecules (165). Proteins containing Siah “degron” (degradation on) motif
(PxAxVxP; x=any amino acid) bind with the SBD of Siah proteins to undergo ubiquitination
(163, 166). The SBD of Siah proteins is fully characterized (167) and shows homology with
tumor necrosis factor (TNF) receptor-associated factor (TRAF) proteins (9). There are more
than 30 recognized substrates that interact with Siah proteins (168). Interaction is either
direct with substrates or through proteins like Siah-interacting protein (SIP) that act as an
adaptor molecule (169, 170). Like other E3 Ub-ligases, Siah proteins are also implicated in
several cellular processes e.g. angiogenesis, inflammation, cell proliferation, migration,
apoptosis and maintenance of cellular homeostasis (171-175).

27

Figure 1.B.4: The RING domain structure of Siah proteins. Courtesy: Ref. (176).

1.B.4.1. Role of Siah proteins in cancer progression
Siah proteins target ubiquitination and degradation of several regulators such as TNFassociated factor (TRAF2), prolyl hydroxylases (PHDs), β-catenin, NUMB, Sprouty2, etc.,
(168). Das et al. established that Siah1 and Siah2 proteins have metastasis-inducing effects
in GCCs infected with H. pylori (136, 137). Siah2 also regulates survival and growth of
hypoxic tumor cells in hypoxic microenvironment (177). Siah1 and Siah2 have oncogenic
functions in animal models, while in vitro cell-based assays suggest precancerous functions
of Siah2 and anti-cancerous functions of Siah1 (178). Siah2 can act as a prosurvival factor in
oral (179) and breast (180) cancers and are crucial in ROS metabolism (181). Some
substrates are targeted by both Siah proteins while some are targeted by one and not by the
other. This selectivity can be attributed to PTMs of these proteins or their subcellular
localization (178). Substantive efforts have been made to understand their functions in
cancer, but mechanisms of various posttranslational modifications (PTMs) regulating their
functions are poorly understood. Factors regulating PTMs of Siah proteins and their
implications in cancer progression are described in the next section.
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Section C. Factors regulating PTMs of Siah proteins
Effect of PTMs on the stability and function of Siah proteins has been reported by various
groups. Siah1 stabilization by c-Jun N-terminal kinase (JNK) leads to JNK pathwaymediated cell death of neuronal cells (182). Siah phosphorylation stabilizes tumor
suppressor-protein HIPK2 in DNA damage-induced ATM/ATR pathway, resulting in
increased apoptosis (138, 183). Under normoxia, HIPK2 binding with Siah2 is very less
while hypoxia induces Siah2-HIPK2 interaction (138). As a result, Siah2 is phosphorylated
in hypoxia, inhibits Siah2-HIPK2 interaction and leads to HIPK2 stabilization which exerts
its apoptotic effects (138). Tumor-promoting functions of Siah2 in hypoxia have been linked
with Ras/ERK or p38 MAPK pathways (141, 184). RAS-mediated pancreatic cancer cell
growth is suppressed by inhibition of Siah2-dependent proteolysis (185). In hypoxia, p38
MAPK-mediated Siah2 phosphorylation induces interaction of Siah2 with PHD3, a factor
responsible for Hif1α degradation

(141). A Ser/ Thr kinase DYRK2 also regulates Siah2

function by phosphorylation at five S and T residues which stabilizes Hif1α protein (4).
Upstream survival protein 13 (USP13) protects Siah2 from autoubiquitination and
degradation by phosphorylation (186).
The effect of phosphorylation on subcellular localization Siah proteins is also reported.
Phospho-Siah2 is excluded from the nucleus and compartmentalized in the perinuclear
region (4). Phosphorylated Siah1 transports GAPDH to the nucleus which activates the cell
death cascade signifying additional roles that Siah could play in cellular processes (172).
Phosphorylation and SUMOylation also regulate Siah2 activity (139, 140). These reports
clearly indicate that both Siah1 and 2 proteins have varied roles in regulating cancer
depending on their posttranslational modification status, tissue types, and physiological
conditions. Apart from phosphorylation and SUMOylation, Ub ligases are also known to be
regulated by acetylation which is described in the next section.
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1.C.1. Role of acetylation in regulating the structure and function of proteins
Protein acetylation is a common posttranslational event among eukaryotes. More than 85%
of eukaryotic proteins undergo acetylation at the Nα-terminus (187). A less common, but
more critical, form of protein acetylation takes place at the ξ-amino group of lysine (K).
There are only a few reports on the effect of acetylation on E3 Ub ligases altering their
activity. Many non-histone proteins have been elucidated as acetylation targets and
reversible K-acetylations in these proteins play significant function(s) in mRNA/protein
stability regulation (188), protein subcellular localization and proteasome dependent and
independent degradation (189), interactions in between DNA and proteins (190). The
degradation of anti-tumorigenic protein p53 by E3 ligase Mdm2 is abrogated by p53
acetylation. There are also other reports which contradict this study. p53 degradation by
TIP60 (Tat-interacting protein of 60KDa)-mediated acetylation is suppressed by UHRF1
(Ub- like protein with PHD and ring finger domains 1) protein by inhibiting their interaction
(191). GCN5 also regulates the stability of oncoprotein E2A-PBX1 by acetylation resulting
in cell transformation (192). Another E3 ligase pVHL causes Hif1α degradation upon being
acetylated in normoxia (193). The acetylation can even inhibit degradation of proteins by
inhibiting ubiquitination (194) or can recruit E3 ligases for degradation of acetylated
proteins (156). E3 ligase acetylation is not only linked with different cancers but also with
many other physiological abnormalities like glucocorticoid-induced muscle atrophy in
which E3 ligase (MuRF1) acetylation by p300 inhibits ubiquitination of factors regulating
transcription in muscle atrophy like C/EBP-β and δ, FOXO1/3a, and p65 (195).
Compartment-specific accumulation of certain proteins are critical in cell proliferation,
differentiation and cancers. Various reports have investigated acetylation induced
compartmentalization of proteins thereby modulating their subcellular localization. c-Abl
accumulates in the nucleus by translocation from the cytoplasm during DNA damage and
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apoptosis. p300, CBP and PCAF HAT have been found to acetylate c-Abl at Lys 730
leading to its cytoplasmic retention which cause myogenic differentiation (196). What
causes differential subcellular localization of E3 Ub ligases is not clearly known but recent
data suggest that acetylation along with other PTMs can result in their different subcellular
localization and function. Acetylation at the nuclear localization signal (NLS) of E3 Ub
ligase Skp2 helps in its stability and translocation to cytoplasm (197). Besides regulating
various functions of proteins, acetylation also regulates accessibility of proteins by affecting
subcellular localization. One such example is acetylation-mediated nuclear localization of
glyceraldehyde-3-phospate dehydrogenase (GAPDH) (198). Siah1 has nuclear localization
signal (NLS) and helps in the nuclear translocation of GAPDH. Upon nuclear translocation,
GAPDH is acetylated at K160 and thereafter, it leads to p53-mediated cell death (199).
Given the effect of acetylation on protein structure, stability, protein-protein
interactions, translocations and protein function, especially, on various E3 Ub ligases, we
sought to investigate the role of acetylation on Siah proteins and its role in H. pylorimediated GC in this thesis work.
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Chapter 2: Induced expression of Siah proteins in mouse stomach infected with
H. felis and in human gastric adenocarcinoma samples
2.1. Helicobacter-infected human and mouse gastric epithelia show increased level of
Siah proteins
Siah proteins belong to the family of RING type E3 Ub ligases that degrade their substrates
by proteasome-mediated pathway (163). Both Siah1 and 2 are reported as oncogenic
proteins in various cancers whereas, few reports suggest Siah1 as tumor suppressor and
Siah2 as pro-cancerous (168). But, the role of Siah proteins in GC progression is poorly
understood. To determine the role of Siah proteins in GC, it was a prerequisite to assess their
expression in human gastric carcinoma samples and in animal models. Helicobacter-infected
human gastric adenocarcinoma and metastatic biopsy tissue samples were obtained from
antral portion of stomach of consenting patients (stage III, rapid urease test-positive). H. felis
infection in C57BL/6 mice progresses through metaplasia and dysplasia leading to
carcinogenesis and this model system mimics the classical morphological cascade of events
occurring in gastric carcinogenesis in humans (200). H. felis-infected C57BL/6 mice were
used for animal studies. C57BL/6 mice were infected with 1x1010 CFU of O/N-grown H.
felis and the infected mice were maintained for 8-12 months following which animals were
sacrificed and their stomachs were isolated. Human and mouse gastric tissues were stained
for Siah1 and Siah2 proteins and were assessed by immunofluorescence (IF) microscopy
(Figure 2.1 and Figure 2.2). Haematoxylin and Eosin (H&E) and IF staining exhibited
marked increase in Siah1 and Siah2 protein level in the infected, cancer tissue samples in
comparison to their respective controls. H. felis-infected mice showed symptoms of gastritis
and precancerous ulcerations representing distinct metaplasia of mucus glands, dysplasia
with marked induction of Siah proteins compared to non-cancer tissues. Thickening of
mucosa with extensive submucosal invasion was also observed (136).
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Figure 2.1: Induced expression of Siah1 is noticed in Helicobacter-infected human and
mouse gastric epithelia. (A) H&E staining of human non-cancer (a) and adenocarcinoma (d)
biopsy samples (n=10 for each group) and IF staining for Siah1 (b and e) and DAPI (c and
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f). Original magnification 100X, inset 400X. Scales shown 50 μm. Inset scale 20 μm. (B)
H&E staining of uninfected (n=16) and infected (n=16) antral gastric tissues from C57BL/6
mice (a and d) and their corresponding fluorescence microscopy images showing Siah1 (b
and e) and DAPI (c and f) staining. Infected mice showing inflammation (thin arrow), mucus
metaplasia (thick arrow) in the mucosa. (C) Data representing similar observations in
another set of uninfected and infected mouse gastric tissues. Original magnification 100X,
inset 400X. Scales shown in (B) and (C) 50 μm. Inset scales 50 μm.

Figure 2.2: Induced expression of Siah2 in Helicobacter-infected human and mouse
gastric epithelia. (A) and (B): IF staining images of human non-cancer and infected
metastatic GC biopsy samples (n=14) showing expression of Siah2 (a, b, c and d) and DAPI
(e, f, g and h). Original magnification 100X. Scales shown 100 μm. (C) and (D): IF images
of uninfected and infected (n=16) antral stomach tissues from C57BL/6 mice showing
expression of Siah2 (a, b, c and d) and DAPI (e, f, g and h) staining. Original magnification
100X. Scales shown 100 μm.
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2.3. Discussion
Gastric adenocarcinoma, a major cause of cancer-related mortalities worldwide is the second
and fourth most frequent cancer in males and females, respectively (10). Infection with H.
pylori is reported as the most important risk factor for GC. As a result of colonization by
Helicobacter responses to inflammations and neoplastic changes increase resulting in loss of
the gastric epithelial cell polarity, membrane integrity and barrier function (145, 201). We
found that H. felis infection in C57BL/6 mouse gastric mucosa enhanced Siah1 and Siah2
protein levels as detected by immunofluorescence microscopy (136, 137, 202). H. pyloripositive adenocarcinoma and metastatic gastric cancer biopsy samples collected from
consenting patients also showed enhanced expression of Siah proteins. H&E staining of H.
felis-infected C57BL/6 mice demonstrated various epidemiological evidences of gastric
carcinogenesis including atrophic gastritis, inflammation with severe infiltration of
macrophages, neoplasia, metaplasia and adenocarcinoma. This is the first report to show a
positive correlation between enhanced expressions of Siah proteins and gastric cancer
progression using animal model.
Sustained H. pylori infection leads to gastritis and induction of precancerous processes
(7). In the present study, we found that human gastric adenocarcinoma and metastatic tissue
samples were diagnosed positive for H. pylori and displayed a marked increase in expression
of Siah1 and Siah2 proteins (Figure 2.1A and Figure 2.2A and B). In panel d of Figure 2.1A,
gastric adenocarcinoma tissue samples showed excessive infiltrative cells with abundantly
displaced nuclei to the periphery of the cells. The normal gastric cellular morphology was
completely replaced with large mucinous cells, individual or in clusters floating around,
giving a small microscopic tumor-like appearance. The sequential changes in the stomach
caused by H. pylori infection leads to gastritis or atrophic gastritis with intestinal metaplasia,
dysplasia which further progresses to metastatic adenocarcinoma. This model is only
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applicable to intestinal type adenocarcinoma but not to the diffuse type. In our study, the
metastatic sample also showed few developed glandular structures, an evidence of gastric
carcinoma of diffusive type caused by H. pylori infection.
As per the Correa’s and Lauren’s classification systems on histological differentiation
of gastrointestinal cancers, the well-differentiated intestinal-type of cancers are mostly
influenced by Helicobacter infections which lead to formation of cohesive neoplastic cells
forming glands-like tubular structures that frequently infiltrate into surrounding tissues and
cause ulcerations (7, 205). We observed that H. felis-infected mouse gastric tissue samples
were urease positive. In panel A and B of Figure 2.1 and panel C and D of Figure 2.2,
infected samples showed inflammatory gastric atrophy characterized by thickening of gastric
mucosa as compared to the uninfected tissue. Infected samples also displayed mucosal
metaplasia. Fluidic secretions in the basal mucosal cells is a distinctive feature of mucosal
metaplasia in H. felis-infected C57BL/6 mice. However, the gastric epithelial morphology did
not change to the intestinal type indicating non-intestinal type of metaplasia which has higher
risks of gastric carcinogenesis as compared to intestinal type metaplasia. The infected tissue
was also predisposed to inflammatory infiltrations which marked the host responses to
Helicobacter infections.
Siah proteins belong to RING type E3 ubiquitin ligase family of proteins which mark
their targets by ubiquitination leading to their proteasomal degradation (173). These proteins
have been found to be upregulated in breast, hepatic and colon cancers but their expression
patterns and roles in H. pylori-mediated gastric epithelial pathophysiology was entirely
unexplored. As the fate of cancer progression and metastasis is often essentially dependent on
Siah protein’s binding with their diversified targets and roles of these targets in cancer
suppression or progression, the next part of this research was focused to understand the effect
of H. pylori on Siah proteins and the effect of Siah proteins in gastric cancer progression.
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Siah2, but not Siah1 is acetylated by H. pylori
infection
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Chapter 3: Siah2, but not Siah1 is acetylated by H. pylori infection
3.1. Siah2 undergoes acetylation in H. pylori-infected human GCCs
H. pylori-infected GCCs show significantly enhanced expression of Siah1 and Siah2
proteins (136, 137). However, PTMs of Siah1 and Siah2 in H. pylori-infected GC were not
studied. Acetylation of proteins is one of the most crucial types of PTMs as it regulates
protein stability, function, metabolism and interactions (206, 207). Role of phosphorylation
in regulating various functions of Siah proteins is well established. As regulation of Siah
proteins by acetylation is still unexplored, acetylation status of Siah proteins was examined
in this thesis work. Siah1 and Siah2 proteins were overexpressed by transiently transfecting
siah1 and siah2 plasmids in MKN45 cells followed by infection with H. pylori 26695 at 200
multiplicity of infection (MOI) (Figure 3.1A). H. pylori strain 26695 is a reference strain
and is cag PAI (+). The induction of acetylation of Siah proteins was studied 12 h postinfection (p.i.). The isolated cell lysates were western blotted (n=3) and the acetylation
status of Siah proteins was determined by probing the blots with pan acetylated lys (ac-lys)
antibody followed by reprobing with Siah1 and Siah2-specific antibodies. respectively.
Acetylation of Siah2 was substantially induced after H. pylori infection as those of the
uninfected cells but to our surprise, we did not observe any acetylation of Siah1 protein
(Figure 3.1A) although Siah1 and Siah2 proteins share 98% homology with each other.
However, both Siah1 and Siah2 protein level increased after infection with H. pylori as
previously reported with bands detected at 32 and 35 kDa, respectively (136, 137, 202). As
acetylation of Siah1 was not observed, therefore, my thesis work focused on acetylation of
Siah2, Siah2 functional regulation by acetylation and its effect on H. pylori-mediated
invasiveness of GCCs. Human siah2 (NCBI reference sequence: NP_005058.3, gi:
31982899) is a 975 nt long gene which codes for a 324 aa peptide with 11 lys (K) residues
(Figure 3.1B).
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Figure 3.1: Siah2 undergoes acetylation in H. pylori-infected GCCs
(A) Immunoblotting (n=3) of cell lysates prepared from MKN45 cells transiently transfected
with either siah1 or siah2 constructs and infected for 12 h with MOI 200 of H. pylori or left
uninfected showed increased Siah1, Siah2 and ac-Siah2 proteins in infected cells. (B)
Diagrammatic representation of Siah2 domain-structure.

Siah2 protein has 3 major domains, the N-terminal RING domain {a characteristic of
Siah2 E3 Ub ligase family of proteins consisting of two identical zinc-finger domains
(ZFD)} (208) (from 81- 115 aa), a C-terminal dimerization domain (from 259- 306 aa)
which lies in a highly conserved region characteristic of Sina family proteins (from 122- 319
aa). This region also has another important domain known as the substrate binding domain
(SBD, from 130- 322 aa). As Siah2 protein has many lys residues, the probability of Siah2
acetylation was predicted using GPS-PAIL online tool (209) (Figure 3.2A). Among these lys
residues, lys 13, 17, 107, 129 and 139 showed probability of acetylation. Out of which, K129
and K139 had the highest probability to undergo acetylation. K13 and K17 are in the Nterminal region of Siah2, while K107 in the ZFD and K129 and K139 are in the SBD. K129 and
K139 correspond to K130 and K140 residues of mouse Siah2 (mouse Siah2 GenBank:
NP_033200.2). As K129 and K139 showed the highest probability to undergo acetylation and
as they belong to the SBD region, we investigated the effect of acetylation-null mutations at
K129 and K139 residues on Siah2 function. By using site-directed mutagenesis kit,
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acetylation-null siah2 K129R and K139R constructs were generated. The empty vector,
siah2 WT, siah2 K129R and siah2 K139R constructs were transiently transfected in
MKN45 cells and total Siah2 and its acetylation were accessed by immunoblotting (Figure
3.2B). Densitometric analysis from 3-independent experiments revealed that, H. pylorimediated induction in total and ac-lys Siah2 was maximal in Siah2 WT-expressing cells.
Siah2 K129R-expressing cells showed downregulation of Siah2 and its acetylation as
compared to WT-transfected cells. Whereas, K139R mutation led to a significant decrease in
Siah2 expression as well as its acetylation as compared to siah2 WT and siah2 K129Rtransfected cells. This was indicative of probable degradation of Siah2 protein following
K139R mutation. To avoid variations caused due to transient transfections, we generated
stably-expressing MKN45 cells (Figure 3.2C) and AGS cells (Figure 3.2D) which were used
for all future experimental studies.

Figure 3.2: Siah2 undergoes acetylation at several residues in H. pylori-infected GCCs
(A) GPS PAIL 2.0 tool prediction of probable acetylated lys residues in Siah2. (B) Western
blot analysis (n=3) performed using whole cell lysates of MKN45 cells that were transiently41

transfected with the empty vector pcDNA3.1+, siah2 WT, siah2 K129R and siah2 K139R
mutant constructs followed by infection with H. pylori. (C) Western blot (n=3) performed
using whole cell lysates prepared from empty vector, siah2 WT, K13R, K17R, K107R,
K129R and K139R mutant construct stably-transfected MKN45 cells and (D) AGS cells.

Several classes of histone/lys acetyl transferases (HAT/KATs) are known to cause
acetylation of target proteins that play crucial roles in various diseases including cancer. In
order to predict the HAT/KAT protein(s) responsible for the acetylation of Siah2, in-silico
analysis was performed using acetylation site enrichment based (ASEB) online tool (208)
which indicated that CBP/p300 family of KATs were responsible for acetylation of Siah2 at
K129 and K139 residues (Figure 3.3A). This prediction was further validated using GPS PAIL
2.0 tool which predicted 100% probability of Siah2 being acetylated by p300 (Figure 3.3B).

Figure 3.3: p300 is predicted to acetylate Siah2 in H. pylori-infected GCCs
(A) In-silico analysis using ASEB online computer program for the prediction of HAT/KAT
responsible for acetylation of Siah2 showed probable CBP/p300-Siah2 interaction and
various acetylatable lys residues in Siah2 with their P-values. (B) Prediction using GPS
42

PAIL 2.0 revealed 100% probability of p300-mediated Siah2 acetylation. GAPDH was used
as a loading control in all western blot analyses.

3.2. Discussion
Siah proteins are associated with various cancers including gastric cancer. This study showed
for the first time that H. pylori infection can induce Siah acetylation. Although, both Siah1
and Siah2 have acetylatable lysine (K) residues, I found only Siah2 to undergo acetylation
following infection with H. pylori. This might have further implications in imparting specific
functions to Siah1 and Siah2 proteins, which are, otherwise, very similar in their properties.
In-silico analyses using GPS-PAIL 2.0 software (209) predicted that various lys
residues in Siah2i.e. lys 13, 17, 107, 129 and 139 could be acetylated, out of which 129 and
139 residues had the highest probability to undergo acetylation. To experimentally determine
the effect of acetylation at various lys residues, I generated several mutants of Siah2 at
residues which were predicted as important residues for acetylation by ASEB or GPS-PAIL.
K13R, K17R and K107R Siah2 did not show any significant change in either acetylation or
stability as compared to the WT. Following K129R mutation, however, the Siah2 acetylation
decreased significantly as compared to Siah2 WT and after K139R mutation, complete
reduction in Siah2 acetylation and total Siah2 protein was observed indicating that acetylation
at Siah2 K139 might be important in regulating the stability of Siah2 protein.
Acetylation may induce the stability of proteins by either thermodynamically stabilizing
the protein structure or preventing their interaction with other proteins which are responsible
for their degradation (206, 210, 211) or may increase protein degradation (156). As K129 and
K139 lie in the SBD, we presumed that these two residues might be very important in
regulating the stability and activity of Siah2.
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p300 is a transcriptional cofactor and has histone acetyltransferase (HAT) activity. It
might also act as a cellular oncogene by activating several protooncogenic factors (72). p300
HAT activity is reported in the progression of cell cycle, cell survival and in cellular
metabolism (212-214). Several acetyltransferases have been reported for acetylation of
proteins. Using ASEB online tool (208) and GPS-PAIL 2.0, we found that p300 could play a
role in acetylating Siah2 protein. This analysis data corroborated previous reports describing
the role of p300 in regulating cellular acetylated protein pool (75, 76). As acetylation of
proteins control various physiological processes, I experimentally investigated further the
mechanism of Siah2 acetylation and studied the effect of acetylation on Siah2 stability and
function in H. pylori-infected GCCs.
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Acetylation at K139 increases Siah2 stability

Chapter 4
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Chapter 4: Acetylation at K139 increases Siah2 stability
4.1. H. pylori induces Siah2 acetylation in the infected GCCs
In order to access the acetylation status of Siah2 protein, human GCC MKN45 was infected
with cag PAI(+) strain 26695 at 200 MOI for 6 h, 12 h, and 24 h. Immunoblot analysis was
performed using the cell lysates and blots were probed for Siah2 and lys acetylated Siah2
(ac-Siah2) proteins. Densitometric analysis showed that there was remarkable timedependent increase in Siah2 and ac-Siah2 level in H. pylori-infected cells as compared to the
uninfected cells, with 12 h showing the optimal time for Siah2 acetylation (Figure 4.1A).
Although there was basal ac-Siah2 in uninfected cells, the ac-Siah2 to total Siah2 ratio was
significantly higher in infected cells as compared to the uninfected cells indicating the
importance of H. pylori in enhancing Siah2 acetylation. In order to access the optimal MOI
for Siah2 acetylation, MKN45 cells were infected with 100, 200 and 300 MOI of H. pylori
for 12 h and western blotting was performed. Densitometric analysis revealed that 200 MOI
at 12 h optimally induced both Siah2 and ac-Siah2 (Figure 4.1B). Immunoblotting
performed from cell lysates prepared from two other GCCs, AGS and Kato III, also showed
significant increases in ac-Siah2 and Siah2 after H. pylori infection (Figure 4.1C). Western
blot analysis further revealed that ac-Siah2 level was optimal at 12 h also in AGS (Figure
4.1D) and Kato III (Figure 4.1E) cells.
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4.1 H. pylori induces Siah2 acetylation in the infected GCCs
(A) Western blotting analysis performed using whole cell lysates prepared from uninfected
or H. pylori-infected (with MOI 200 and at 6, 12 and 24 h) MKN45 cells showed increased
expression of Siah2 and ac-Siah2 proteins in infected cells as compared to the uninfected
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cells. Densitometric representations of the data indicated significant increase in ac-Siah2:
total Siah2 ratio at all the time points, with optimal expression at 12 h. Data are mean, with
*P<0.05. (B) Western blotting performed using MKN45 cell lysates infected with H. pylori
(100 MOI, 200 MOI and 300 MOI) for 12 h. Graphical representation showed that MOI 200
was the optimal for inducing ac-Siah2 Data are mean ± SEM, n=3, *P<0.05. (C)
Immunoblot analysis was performed using 12 h MOI 200 H. pylori-infected AGS, MKN45
and Kato III cell lysates. Representative bar graph generated by performing 2-way ANOVA
clearly indicated significant increment in ac-Siah2: total Siah2 ratio after H. pylori infection.
Data are mean ± SEM, n=3, *P<0.05, ****P<0.0001. (D) Western blot analysis of AGS and
(E) Kato III cell lysates prepared from either uninfected or H. pylori-infected cells (at 6 h, 12
h and 24 h with 200 MOI) showed similar results as with MKN45 cells (shown in panel A),
further establishing that MOI 200 at 12 h of infection was optimal for Siah2 acetylation.
GAPDH was used as the loading control in all western blot analyses.

4.2 p300 interacts with Siah2 and induces its acetylation in H. pylori-infected GCCs
p300 is upregulated in various tumors. p300-mediated acetylation is known to protect
proteins from Ub-mediated proteasomal degradation as acetylation competes with
ubiquitination and protects from undergoing degradation (194). We have earlier reported
that Siah2 expression was uniformly induced in cag PAI(+) and (-) strains of H. pyloriinfected GCCs (137). In order to assess the role of cag PAI on p300 and ac-Siah2, MKN45
cells were infected for 12 h with 200 MOI of cag PAI(+)strain 26695 and cag PAI(-) strain
8-1. Whole cell lysates were prepared and western blotted (Figure 4.2A). Blotted membrane
was probed for Siah2, ac-Siah2 and p300 proteins. Both cag PAI(+) and cag PAI(-) strains
were equally effective in inducing ac-Siah2 and establishing that H. pylori-mediated Siah2
acetylation was an cag-independent phenomenon. p300 was also found to be marginally
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induced by both the strains. To investigate p300-Siah2 interaction, uninfected and H. pyloriinfected (200 MOI at 12 h) MKN45 cell lysates were immunoprecipitated using p300
antibody, immunoblotted and probed for p300, Siah2, ac-Siah2, PHD3 and Hif1α proteins
(Figure 4.2B). Input lysates were also immunoblotted to understand the difference with p300
immunocomplex. The data showed marginal increase in p300, and significant increases in
Siah2 and ac-Siah2 level following infection in the input whereas PHD3 level remained low
in the infected cells. The immunoprecipitate showed that p300 interacted with Hif1α, and acSiah2 or Siah2 with a much higher extent in the infected cells and PHD3 was low in the
immunoprecipitate from the infected cell. Densitometric analysis showed that the difference
between uninfected and infected cells with respect to the ratio of ac-Siah2 to total Siah2 was
more prominent in pulled-down samples as compared to the input lysates indicating the
importance of p300 in the interaction. To determine the effect of p300 HAT function on
acetylation of Siah2, western blotting was performed using MKN45 cell lysates transiently
transfected with empty vector pcDNA3.1+, p300 WT and p300 ΔHAT constructs followed
by H. pylori infection for 12 h. The membrane was probed for Siah2 and ac-Siah2
expression was checked (Figure 4.2C). The data revealed that Siah2 and ac-Siah2 expression
was significantly higher in p300 WT-transfected group as compared to other two groups. To
further ascertain p300 HAT function on Siah2 acetylation, MKN45 cells were co-incubated
with 100 µM conc. of CTK7A, a water-soluble derivative of curcumin and 200 MOI H.
pylori (for 12 h). Western blot analysis further showed that H. pylori-mediated increase in
Siah2 and ac-Siah2 expression drastically declined in CTK7A-treated group as compared
with the untreated group (Figure 4.2D).
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4.2 p300 interacts with Siah2 and induces its acetylation in H. pylori-infected GCCs
(A) Immunoblot analysis of cell lysates from MKN45 cells {either uninfected or infected
with H. pylori cag PAI(+) strain 26695 or (-) strain 8-1 at 200 MOI for 12 h)} revealed that
p300, ac-Siah2 and Siah2 are equally induced by both the strains. (B) Western blot analysis
and bar graphs of immunoprecipitation of protein lysates using p300-specific antibody to
examine p300 interaction with Siah2, PHD3 and Hif1α proteins showed significant increase
in Siah2, and p300 interaction in infected cells when compared with uninfected cells. (C)
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Western blot analysis for p300, ac-Siah2 and Siah2 protein levels in MKN45 cell lysates
overexpressing empty vector, p300 WT and p300 ΔHAT plasmids and with H. pylori
infection. Data showed decreased Siah2 and ac-Siah2 expression in ΔHAT plasmidexpressing cells. (D) Immunoblotting of MKN45 cells cotreated with H. pylori and 100 µM
HAT inhibitor CTK7A for 12 h showed that the HAT inhibitor decreased ac-Siah2 level in
treated cells. GAPDH was used as a loading control in all western blot analysis experiments.
All data were analyzed by 2-way ANOVA with Tukey’s post-hoc analysis (Error bars
represent mean ± SEM, n=3). *P<0.05, **P<0.01, ***P<0.003 and ****P<0.0001.

4.3 p300 HAT inhibitor CTK7A decreases the migration and invasiveness of H. pyloriinfected GCCs
To examine the consequences of HAT inhibitor CTK7A treatment on cell migration and
invasion of GCCs, in-vitro transwell migration (Figure 4.3A) and invasion assays (Figure
4.3B) were performed using AGS cells. MKN45 being semi adherent in nature were not
selected for these experiments. CTK7A-treated AGS cells demonstrated reduced migration
and invasive property as compared to untreated cells. Furthermore, the results were validated
by soft agar colony formation assay (Figure 4.3C) using MKN45 cells and by wound healing
assay (Figure 4.3D) using AGS cells. The ability of anchorage-independent growth of
MKN45 cells leading to the formation of colonies was inhibited in CTK7A-treated cells.
Also, the wound healing ability of AGS cells was reduced following the HAT inhibitor
treatment. We performed the MTT assay to determine the effect of CTK7A on MKN45 cell
proliferation. Cell proliferation was significantly reduced in CTK7A-treated group as
compared to the untreated group (Figure 4.3E).
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4.3 p300 HAT inhibitor CTK7A decreases the migration and invasiveness of H. pyloriinfected GCCs
(A) Representative image (n=3) showing in-vitro cell migration assay and (B) in-vitro cell
invasion assay performed using AGS cells co-treated with CTK7A (100 µM for 24 h) and/
or H. pylori (200 MOI for 12 h). Graphical data showing mean number of cells migrated
clearly indicated reduced migration and invasion of AGS cells after CTK7A treatment.
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Representative images (n=3) and graphical data of soft-agar assay (C) using semi-adherent
MKN45 cells and wound healing/scratch assay using adherent AGS cells (D) showed that
cell migration and invasiveness was reduced in cells treated with the HAT inhibitor CTK7A.
(E) MTT assay performed using AGS cells either co-treated/ untreated with CTK7A (and H.
pylori (200 MOI) for 12 h. Representative bar graph denoted the average number of colonies
measured after MTT treatment. All data were analyzed by 2-way ANOVA with Tukey’s
post-hoc analysis (Error bars represent mean ± SEM, n=3). *P<0.05, **P<0.01, ***P<0.003
and ****P<0.0001.

4.4 Acetylation of Siah2 K139 protects Siah2 from ubiquitination-mediated proteasomal
degradation
Acetylation may either cause Ub-mediated proteasomal degradation of acetylated proteins
(215) or may even inhibit the ubiquitination by acetylation to suppress their proteasomal
degradation (216). Based on our data we presumed that acetylation might inhibit the
degradation of Siah2 when acetylated at K139 residue (ac-K139 Siah2). The acetylation-null
K139R mutated Siah2 showed reduced Siah2 protein level indicating further towards the
importance of K139 acetylation in regulating Siah2 level. MKN45 cells stably expressing
either the empty vector or Siah2 WT or Siah2 K139R mutant were infected with H. pylori
(200 MOI for 12 h). Cell extracts were run to assess the expression of Siah2 and ac-Siah2
(Figure 4.4A). As observed before, K139R mutation led to significant decrease in Siah2 and
ac-Siah2 level indicating that acetylation-null mutation at K139 caused degradation of Siah2.
In order to assess this phenomenon, MKN45 cells stably-expressing siah2 K139R mutant
construct were pre-treated with 50 µM MG132 for 24 h prior to infection with 200 MOI H.
pylori for 12 h. Cell lysates were western blotted and were probed for Siah2 and ac-Siah2
proteins (Figure 4.4B). The result showed that MG132 rescued Siah2 K139R mutant protein
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from undergoing degradation. In other words, K139 acetylation could protect Siah2 from
ubiquitination-mediated proteasomal degradation.

4.4 Acetylation at Siah2 K139 protects Siah2 from ubiquitination-mediated proteasomal
degradation
(A) Immunoblot analysis (n=3) of MKN45 cells stably-expressing empty vector, siah2 WT
and siah2 K139R constructs showed that Siah2 and ac-Siah2 were significantly
downregulated in Siah2 K139R mutant-expressing cells as compared to the WT constructexpressing cells. (B) Western blotting (n=3) performed using MKN45 stable cells expressing
pcDNA3.1+, Siah2 WT and Siah2 K139R proteins and treated with MG132 revealed that
MG132 could protect Siah2 K139R protein and its acetylation level. GAPDH was used as a
loading control.

4.5. Discussion
In this section, we showed that H. pylori induced Siah2 acetylation in infected GCCs and this
phenomenon is cag PAI independent as both cag PAI(+) strain 26695 and cag PAI(-) strain 81 induced acetylation of Siah2. Induced expression of Siah2, its acetylation and Hif1α was
seen in infected cells and all of these proteins were found to form complex with p300.
Furthermore, studies using p300 WT and ΔHAT overexpression constructs and HAT/KAT
inhibitor CTK7A proved that p300 HAT domain was crucial for acetylation of Siah2 in
infected GCCs. Migration and invasiveness studies of infected GCCs using CTK7A displayed
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that p300 HAT domain was essential for inducing migration and invasion of H. pyloriinfected cells. Finally, proteasome inhibitor studies using MG132 proved that acetylation at
K139 residue was imperative to maintain the stability of Siah2 protein. Thus, this work
concluded that p300 HAT/KAT activity plays significant roles in regulating H. pylorimediated invasiveness of gastric cancer. The data further indicated that HAT/KAT p300Siah2 K139 axis could reveal more about the mechanisms regulating gastric cancer.
p300 is a bromodomain-containing protein and interacts with several non-histone
proteins as well (217, 218). We found p300 to interact with Siah2, PHD3 and Hif1α in GCCs.
The specificity of interaction was higher for ac-Siah2 in H. pylori-infected GCCs. p300 is
also a transcriptional activator of Hif1α (71). So, apart from PTM of Siah2 by p300
HAT/KAT activity, the role of p300 in the transcriptional regulation of Siah2 should also be
investigated in future.
CTK7A is a derivative of curcumin known to inhibit p300 HAT function in oral
squamous cell carcinoma (OSCC) (203). Findings by Rath et al., also suggested significant
role of CTK7A in apoptosis induction in hypoxic gastric epithelia (204). CTK7A led to cell
death in Hif1α-independent manner and also reduced the migration and invasion of CTK7Atreated hypoxic GCCs. We studied invasiveness of H. pylori-infected GCCs after CTK7A
treatment. However, the effect of CTK7A on apoptosis of H. pylori-infected GCCs is still
unknown.
Acetylation can protect proteins from degradation by proteasome-mediated pathway
and also stabilizes protein structure (187). p300 by virtue of its autoacetylation activity
stabilizes itself in hypoxia (203). We found that K139R acetylation-null mutant of Siah2 was
not stable in H. pylori-infected GCCs and identified a noticeable increase in its stability
following MG132 treatment. This also highlighted the critical role of acetylation in the
stabilization of Siah2. Siah2 is reported to self-ubiquitinate and degrade itself in cancer cells
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(219). This study indicated that acetylation can rescue Siah2 possibly from self-ubiquitination
but it needs to be studied further for confirmation. As Siah2 is known to induce migration and
invasion of H. pylori-infected GCCs, the next section of this thesis elaborates on the
mechanisms by whichac-K139Siah2 enhance the invasiveness of infected GCCs.
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ac-K139 Siah2 induces Hif1-mediated
invasiveness of H. pylori-infected GCCs

Chapter 5
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Chapter 5: ac-K139 Siah2 induces Hif1-mediated invasiveness of H. pyloriinfected GCCs
5.1. H. pylori causes ac-Siah2-mediated PHD3 degradation and Hif1α accumulation in
infected GCCs
Several reports suggest that H. pylori causesHif1α stabilization in GC (220-222) but the
mechanism is not clearly known. PHD3 protein which causes degradation of Hif1α in
normoxia is a known target of Siah2 in hypoxia. I wanted to examine if Siah2 can target
PHD3 for degradation in H. pylori-infected cells. In order to examine the role of ac-Siah2 on
Hif1α, the empty vector, siah2 WT and siah2 K139R-expressing stable MKN45 cells were
used.

Following H. pylori infection, cell lysates were prepared and western blotted.

Densitometric analysis confirmed that WT Siah2-expressing cells had significantly high
Hif1α protein following H. pylori infection as compared to its counterparts in the other two
transfection groups (Figure 5.1A). The expression of ac-K139 Siah2 was detected using
customized ac-K139-specific Siah2 antibody. The specificity of the ac-K139 antibody and
dominance of acetylation at K139 in infected MKN45 cells were verified by using another
custom-prepared

antibody,

ac-K129

Siah2

in

western

blotting

(Figure

5.1B).

Immunofluorescence (IF) microscopy (Figure 5.1C) using MKN45 empty vector, Siah2 WT
and K139R mutant-expressing cells and the quantitative data further confirmed the effect of
K139R mutation on PHD3 and Hif1α expression. Siah2, ac-K139Siah2 and Hif1α proteins
were significantly induced, whereas, PHD3 expression significantly decreased in WT cells
as compared to the empty vector and K139R mutant-expressing cells. To ascertain the effect
of ac-Siah2 on PHD3 and Hif1α proteins was assessed by western blotting cell lysates from
the above-mentioned stable cells (Figure 5.1D). Data confirmed that ac-K139 Siah2 was
effective in degrading PHD3 and in increasing Hif1α stability in the infected cells.
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Figure 5.1: H. pylori-mediated Siah2 acetylation at K139 causes PHD3 degradation and
Hif1α accumulation in infected GCCs
(A) Representative western blot (n=3) comparing expression of Hif1α, Siah2 and acK139Siah2 in pcDNA3.1+, siah2 WT and siah2 K139R stably-transfected MKN45 cells with
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and without infection with H. pylori (200 MOI, 12 h). (B) Immunoblot analysis of cell
lysates showing the specificities of ac-K139Siah2 custom-made antibody by using uninfected
and infected WT and K129R stable cells. (C) Representative immunofluorescence
microscopy images (n=3) illustrating Siah2, ac-K139Siah2, PHD3 and Hif1α protein level in
MKN45 cells stably expressing empty vector, siah2 WT and siah2 K139R mutant constructs
with or without H. pylori infection. At least 15 cells were selected from 3 different fieldsstained for various proteins and their signals were recorded to plot mean fluorescence
intensities. Images are captured by Nikon digital camera model DS Qi2 (Nikon Corporation)
and the data is quantified using Nikon advanced analysis software. Scale shown= 10 µm.
Magnification= 600X. (D) Western blotting result (n=3) showing the importance of
acetylation at K139 residue of Siah2 in degrading PHD3 and accumulation of Hif1α protein
in H. pylori-infected MKN45 stable cells. GAPDH was used as a loading control in all
western blot analyses. Data were analyzed by 2-way ANOVA. Error bars represented mean
± SEM, n=3. **P<0.01, ***P<0.001, ****P<0.0001.

5.2. Hif1α silencing decreases cell migration and invasiveness of H. pylori-infected
GCCs
Hif1α accumulation associates itself with metastasis of several cancers and also is known to
upregulate cell migration, invasion and proliferation (202, 223, 224). To determine the effect
of hif1α knockdown on cell migration and invasive property of H. pylori-infected GCCs,
AGS cells stably expressing hif1α-shRNA were used in this study. Western blotting (Figure
5.2A) using cell lysates of infected or uninfected AGS cells stably transfected with empty
vector, hif1α scrambled shRNA and hif1α-shRNA showed no Hif1α expression in shhif1α
stable cells infected with H. pylori as compared to other two groups. The consequence of
hif1α silencing on cell migration ability of H. pylori-infected GCCs was studied by transwell
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migration (Figure 5.2B) and matrigel assays (Figure 5.2C) using hif1α-shRNA stable cells.
Cell migration and invasion were significantly affected in AGS cells transfected with hif1α
shRNA as compared to the other two groups. A similar result was observed in scratch assay
(Figure 5.2D) in which a marked reduction in H. pylori infection-induced cell migration was
noticed in hif1α-knocked down cells with respect to the control and scrambled shRNAexpressing cells. Further, we studied the status of PHD3 and Siah2 proteins in hif1α-silenced
cells by IF microscopy (Figure 5.2E). PHD3 level decreased whereas, Siah2 expression
increased in all cells infected with H. pylori indicating that H. pylori-mediated regulation of
PHD3 and Siah2 was independent of hif1α knockdown.
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Figure 5.2: Hif1α silencing decreases cell migration and invasiveness of H. pyloriinfected GCCs
(A) Immunoblot and densitometry analysis performed using cell lysates isolated from AGS
cells stably-expressing empty vector, scrambled shRNA and hif1α-shRNA and infected with
H. pylori (200 MOI for 12 h) showing significant downregulation of Hif1α protein in hif1αshRNA stable cells. GAPDH was used as a loading control. (B) Representative (n=3) images
of in-vitro migration assay and (C) matrigel assay comparing above-mentioned cells. The
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number of cells was counted from 10 independent fields under the microscope and the mean
number of cells were plotted graphically. Images were captured under in bright field using
inverted microscope at 200X magnification. Scale bar= 50 μm. (D) Wound-healing assay
result (n=3) showing the extent of wound area covered by migrated cells (empty vector,
hif1α shRNA, and scrambled shRNA stably-expressing AGS cells). The number of migrated
cells were counted by using inverted microscope from at least 5 different view fields and
images were captured using camera attached to the microscope. Magnification= 100X. Scale
bar=100 μm. (E) Immunofluorescence microcopy images displaying Siah2 and PHD3
proteins in AGS cells stably-expressing the empty vector, hif1α shRNA, and scrambled
shRNA. Cells were visualized under inverted Nikon fluorescence microscope and at least 15
cells from 3 different fields were randomly selected for quantifying mean fluorescence
intensities of Siah2 and PHD3 proteins. Quantification is done using Nikon analysis
software and images are captured using Nikon digital color camera. All data were analyzed
by 2-way ANOVA with Tukey’s post-hoc analysis. Error bars represent (mean ± SEM n=3,
****P<0.0001).

5.3. Siah2 K139 acetylation enhances invasiveness of GCCs
The role Siah2 K139 residue in regulating invasiveness of GCCs was investigated as already
explained in the previous sections. In order to study the effect of K139R mutation on cell
adhesiveness, MKN45 empty vector, WT siah2 and siah2 K139 mutant-expressing stable
cells were visualized in bright field microscope for their property to adhere to the surface
(Figure 5.3A). WT cells showed a more circular shape with majority of cells forming loosely
adherent cell clusters while empty vector and K139 mutant cells displayed more adherent
features. Soft agar assay was performed to determine the anchorage-independent clonogenic
potential of H. pylori-infected cells (Figure 5.3B). Significantly higher number of colonies
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were formed in the H. pylori-infected WT-expressing cells with respect to empty vector and
K139R mutant-expressing cells. Similarly, the anchorage-dependent clonogenic potential of
MKN45 stable cells infected with H. pylori showed similar results like soft agar assay
(Figure 5.3C). The cell proliferation assay done using MTT reagent (Figure 5.3D)
demonstrated that MKN45 cells stably-transfected with siah2 WT plasmid infected with H.
pylori had significantly higher proliferation rate than the other groups. Whereas, the K139R
mutation in Siah2 led to significant reduction in cell proliferation. As AGS cells are more
adherent in nature in comparison to semi-adherent MKN45 cells, wound healing assay was
performed to assess the wound-healing ability of AGS cells stably-transfected AGS cells
(Figure 5.4A). WT siah2-expressing cells was more migratory than K139R mutant and
empty vector-expressing cells. In addition, we also confirmed the above-mentioned results
obtained through traditional soft agar assay and wound-healing assay by employing in-vitro
migration assay and matrigel assay using transwell inserts (Figure 5.4B and 5.4C,
respectively). Indeed, K139R mutant stable cells displayed very less cell migration and cell
invasion as compared to WT cells, further confirming our belief that ac-K139 increases
invasiveness of H. pylori-infected GCCs.
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Figure 5.3: Siah2 K139 acetylation leads to invasion and migration of GCCs
(A) Images of MKN45 pcDNA3.1+, siah2 WT and siah2 K139R stably-transfected cells
showing the change in cell morphology after H. pylori infection. Magnification 600X. Scale
bar 20 μm. (B) Representative soft agar assay images of MKN45 cells stably-transfected
with above-mentioned constructs showing deceased foci formation by K139R mutant cells
even after infection. Mean number of invaded colonies counted from 5 different fields were
represented graphically. Magnification 100X. Scale bar 100 μm. (C) Representative images
of MKN45 stable cells showing increased clonogenic potential of siah2 WT cells than the
other transfected groups. Graphs corresponded to mean number of colonies formed. (D)
Representative bar graph of MTT assay demonstrated the pro-proliferative ability of H.
pylori-infected siah2 WT stable cells in comparison to its counterparts in other groups. All
data were analyzed by 2-way ANOVA with Tukey’s post-hoc analysis. Bar graphs
represented mean ± SEM, n=3. ***P<0.001, ****P<0.0001.
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Figure 5.4: Siah2 K139 acetylation enhances invasiveness of GCCs
(A) Wound healing assay was performed using AGS pcDNA3.1+, siah2 WT and siah2
K139R stable cells and infected with H. pylori. Corresponding graphs of the assay showing
mean number of cell migrated clearly highlighted the diminished wound healing ability of
K139R mutant cells observed in H. pylori-infected WT cells. Magnification 100X. Scale bar
66

shown 100 μm. (B) Representative images of transwell migration assay and (C) Matrigel
assay results of AGS cells stably-expressing empty vector, Siah2 WT and Siah2 K139R
mutant proteins. The bar graph generated comparing the mean number of cell migrated and
invaded after infection showed high migration and invasion potential of WT group as
compared to the empty vector and K139R groups. Magnification 200X. Scale bar 50 μm. All
data were analyzed by 2-way ANOVA with Tukey’s post-hoc analysis. Bar graphs
represented mean ± SEM, n=3. ***P<0.001, ****P<0.0001.

5.4. Helicobacter-infected mouse and human gastric epithelia have remarkably low
PHD3 but high ac-K139 Siah2, Siah2 and Hif1α protein level
Although the severity of inflammation, immune response and disease outcome in H. felisinfected mouse models is higher in comparison to H. pylori-driven human gastric
carcinogenesis, but the H. felis-infected mice highly mimic the carcinogenic events
occurring in H. pylori-infected humans (7, 225, 226). In order to examine the events
observed in-vitro, we performed immunofluorescence microscopy and H&E staining of the
tissue samples from C57BL/6 mice (n=20) infected for 12 months with H. felis. The infected
mice manifested splenomegaly (Figure 5.5A), a common feature of infection. Uninfected
mice gastric mucosa showed normal physiology but, H. felis-infected mice showed enlarged
gastric mucosa with marked hypertrophy and increased infiltration of mononuclear cells
(Figure 5.5B). The uninfected and infected mice gastric tissue sections were stained for acK139Siah2, Siah2, PHD3 and Hif1α proteins and immunofluorescence microscopy was
performed. Infected mouse gastric epithelia had very high ac-K139Siah2, Siah2 and Hif1α
protein expression but low expression of PHD3 as compared to the uninfected gastric tissue.
H&E staining of infected mice gastric tissue samples exhibited distinctive features of
hypertrophy with extensive mononuclear cell infiltration, gastritis, mucus gland metaplasia,
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dysplasia and invasive adenocarcinoma (Figure 5.6A). Infected murine tissue samples which
had higher expression of ac-K139Siah2, Siah2, Hif1α and lower expression of PHD3 were
tested positive for H. pylori CagA protein (Figure 5.6B) and urease enzyme (Figure 5.6C),
thus, directly linking H. felis infection with ac-K139 Siah2-PHD3- Hif1α axis.
Immunofluorescence staining of human GC biopsy samples (n=14) collected from
consenting patients and their respective non-cancerous tissues also demonstrated similar
results as observed in C57BL/6 mice with marked increase in ac-K139Siah2, Siah2 and Hif1α
expression and decreased PHD3 expression (Figure 5.6D).

Figure 5.5 Helicobacter-infected mouse show splenomegaly and advanced stages of
gastric carcinoma.
(A) Representative figure showing splenomegaly in infected C57BL/6 mice and
corresponding bar graphs of average splenic-mass and average spleen length of uninfected
and infected mice. (B) H&E staining of infected C57BL/6 gastric tissues showing (a)
mucosal metaplasia (thin arrow) and (b) dysplasia (open arrow). Magnification 100X. Scale
bar 50 μm. Data were compared by Student’s t-test. Error bars represented mean ± SEM.
*P<0.05.
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Figure 5.6 Helicobacter-infected mouse and human gastric epithelia have remarkably
low PHD3 but high ac-K139 Siah2, Siah2 and Hif1α protein level
(A) H&E staining of infected C57BL/6 gastric tissues showing (a) mucosal metaplasia (thin
arrow) and (b) dysplasia (open arrow). Magnification 100X. Scale bar 50 μm. Antral
stomach tissues from uninfected (a) and (b) H. felis-infected C57BL/6 mice were stained
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with hematoxylin and eosin (H&E) showed mucosal thickening (bar) and sub-mucosal
invasiveness (elbow arrow). Representative immunofluorescence microscopy results from
uninfected and infected mouse gastric tissues showed expression of Siah2 (c and d), acK139Siah2 (g and h), PHD3 (m and n), Hif1α (q and r) and corresponding DAPI (e, f, i, j, o,
p, s and t). Magnification 100X, inset 400X. Scale bar 100 μm. (B) Fluorescence microscopy
results of uninfected and infected murine antral gastric tissues showing expression of CagA
(a and b), DAPI (c and d) and merged images (e and f). Magnification 200X. Scale shown
50 μm. (C) Representative urease test image corresponding to infected and uninfected
mouse gastric tissue. (D) Representative H&E staining data of human (a) non-cancerous and
(b) metastatic gastric tissue biopsy samples. and immunofluorescence staining (c to r) for
Siah2 (c and d), ac-K139Siah2 (g and h), PHD3 (k and l), Hif1α (o and p) and corresponding
DAPI (e, f, i, j, m, n, q and r). Magnification 100X, inset 400X. Scale bar 50 μm. Inset scale
25 μm.

5.5. Discussion
In previous sections we have shown that H. pylori induces expression of Siah and acetylation
of Siah2 protein in infected GCCs is responsible for preventing Siah2 protein from
degradation. In this section we have shown that Siah2 acetylation (ac-K139Siah2) enhances
stability of Hif1α by downregulating PHD3 thereby enhancing the invasiveness of H. pyloriinfected epithelium. Phosphorylation and SUMOylation have been shown earlier to influence
Siah2 activity and regulate Siah2 stability (138, 140, 141, 184). However, this is the first
report on the impact of Siah2 acetylation in regulating Hif1α stability. Our study authenticates
previous reports which have emphasized on Siah2-PHD3 cascade known to regulate Hif1α
stability associated with tumorigenesis.
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It is widely reported that hydroxylation causes normoxic degradation of Hif1α
regulated by prolyl hydroxylases (PHDs). E3 ubiquitin ligase von Hippel-Lindau (pVHL)
has high affinity to hydroxylated proline residues of Hif1α, which upon recognition, leads to
Hif1α degradation. However, in hypoxia, due to upregulation of Siah2, PHD proteins remain
downregulated, ultimately stabilizing Hif1α. Dimerization of Hif1α with its constitutively
expressed nuclear counterpart Hif1β helps Hif1 to form a dimeric, functional transcriptional
factor activating various downstream oncogenes (227). Our study reports the non-hypoxic
regulation of Hif1α influencing invasiveness in gastric cancer. Apart from hypoxic
stabilization of Hif1α, many other factors like bacterial sepsis, viruses, protozoan parasites,
fungi also contribute to its accumulation (228). Recent studies suggest that, the role of Hif1α
is not just limited to hypoxic response in cancers, but it also orchestrates tissue barrier
functions in response to numerous microbial infections (229-232). Even the regulation of
PHDs is not explicitly linked to hypoxia. Carcinogenic metals, miRNAs, Vaccinia virus,
ROS/ nitric oxide (NO) and cholesterol are also shown to regulate PHDs in varied
physiological conditions (233-238). PHDs (PHD1, 2 and 3) are also involved in various
biological processes affecting pathophysiological conditions (237). PHDs and Hif1 also
regulate each-other in a feed-back loop manner (239).
We found acetylated Siah2 interacting with PHD3, which indicated that this
modification did not affect their interaction. Stabilization of Siah2 by acetylation led to
further effective downregulation of PHD3 by proteasome pathway contributing to increased
Hif1α accumulation. Our study confirmed that Hif1α regulation by Siah2-PHD3 in
Helicobacter-infected cases is independent of cag PAI status which indicates the possibility
of other variants of Helicobacter species might also regulate Hif1α expression in the same
manner and hence, this need further investigation. As acetylation of Siah2 induced
degradation of PHD3 and was upregulated in H. pylori-positive human GC biopsy samples or
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H. felis-infected murine tissue samples, we speculate that targeting deacetylation of ac-Siah2
could help in reducing the severity of ac-Siah2 positive cancers and can be a strategy for
therapeutic interventions for GC.
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TES and FLN-C degradation is promoted by
ac-K139 Siah2 in H. pylori-infected GCCs

Chapter 6
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Chapter 6: TES and FLN-C degradation is promoted by ac-K139 Siah2 in
H. pylori-infected GCCs
6.1. H. pylori infection downregulates TES and FLN-C expression in GCCs
Siah2 induction and acetylation in gastric epithelia is associated with H. pylori-mediated
gastric carcinogenesis. TES and FLN-C are scaffolding proteins, essential components of
cell adhesion, spreading, proliferation, and are repressed in various tumors including GC
(124, 240). Siah2 being an E3 Ub ligase, regulates the expressions of its numerous target
proteins by ubiquitinating and degrading them. In order to identify novel targets of Siah2 in
H. pylori-infected GCCs and their further implications in GC progression, we infected
MKN45 cells that were stably expressing siah2 WT and siah2 K139R mutant constructs and
infected with H. pylori (200 MOI for 12 h) while keeping one set uninfected. Whole cell
lysates were immunoprecipitated with Siah2 antibody and the immunoprecipitate containing
Siah2 binding-partners were resolved using SDS-PAGE. Gels were stained with CBB-R250
dye, washed with distaining buffer and the protein bands showing significant difference
between uninfected and H. pylori-infected MKN45 stable cells were excised. The gel plugs
were analyzed by LC-MS/MS analysis which revealed that TES and FLN-C can interact
with Siah2. Western blotting performed using MKN45 cell lysates infected with H. pylori
cag PAI(+) strain 26695 (at 200 MOI for 6 h, 12 h and 24 h) showed that the TES and FLNC were downregulated in infected cells with maximal effect at 24 h p.i (Figure 6.1A). As
TES and FLN-C are tumor suppressors and their expressions decreased in infected siah2
stably-expressing GCCs, we were interested to understand the possible role of Siah2 in
regulating their expression. To understand the effect of MOI on TES and FLN-C level,
MKN45 cells were infected with 100, 200 and 300 MOI of H. pylori for 24 h. Western
blotting of whole cell lysates revealed MOI-dependent decrease in TES and FLN-C proteins
(Figure 6.1B). As 24 h infection with 200 and 300 MOI of H. pylori were most effective and
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equivalent in downregulating TES and FLN-C, 200 MOI infection for 24 h was used for all
future experiments unless mentioned specifically. In order to know whether this event was
limited to only MKN45 or widespread across various GCCs, whole cell lysates from
infected AGS and Kato III were immunoblotted. Similar trends were observed in both GCCs
(Figure 6.1C). We did not see any difference in the downregulation of TES and FLN-C in
MKN45 cells infected with cag PAI(+) and (-) strains 26695 and 8-1 as revealed by western
blotting (Figure 6.1D).

Figure 6.1: H. pylori infection downregulates TES and FLN-C expression in GCCs
(A) Representative western blot and graphical data showing expressions of FLN-C, and TES
in MKN45 cells infected with H. pylori cag PAI(+) strain 26695 (200 MOI for 6 h, 12 h and
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24 h). Data showed that FLN-C and TES expression decreased following H. pylori infection.
(B) Western blotting performed using whole cell lysates of MKN45 cells infected with H.
pylori (100, 200 and 300 MOI for 24 h). Densitometric graphs showed that TES and FLN-C
expression were significantly decreased at 100, 200 and 300 MOI H. pylori infection. (C)
Immunoblotting performed using Kato III and AGS cells also reveals that TES and FLN-C
were downregulated in H. pylori-infected GCCs. (D) MKN45 cells were infected with cag
PAI(+) and (-) strains of H. pylori (200 MOI for 24 h) and whole-cell lysates were blotted
for TES and FLN-C proteins. Immunoblots revealed that both the strains were equally
effective in reducing TES and FLN-C expression. Bars represented fold change in protein
expressions over uninfected. Error bars, mean±SEM, n = 3, *P<0.05. GAPDH was used as a
loading control in all western blots.

6.2. p300 causes downregulation of TES and FLN-C in H. pylori-infected GCCs
p300 mediates Siah2 acetylation in H. pylori-infected GCCs and enhances PHD3
degradation causing the accumulation of Hif1α which further potentiates H. pylori-mediated
gastric carcinogenesis (202). In order to assess the involvement of p300 in TES and FLN-C
downregulation, we performed immunoprecipitation assays with Siah2 antibody and found
that TES and FLN-C to significantly decrease in the immunocomplex form H. pyloriinfected cells at 24 h p.i. whereas, p300 expression was found to be increased in the infected
group (Figure 6.2A). Western blotting performed using infected immortalized normal gastric
epithelial cell lysates HFE145 also displayed significantly deceased TES and FLN-C
proteins as compared to uninfected cells (Figure 6.2B). To study the role of p300 HAT
domain in the downregulation of TES and FLN-C in H. pylori-infected GCCs, MKN45 cell
lysates transiently transfected with empty vector pcDNA3.1+, p300 WT and p300 ΔHAT
constructs were immunoblotted and probed for p300, TES and FLN-C proteins. The data

76

showed that TES and FLN-C protein level was substantially decreased in p300 WTtransfected group as compared to their counterparts (Figure 6.2C). TES and FLN-C
expression was found to be increased in HAT/KAT acetyltransferase inhibitor CTK7A
treated cells infected with H. pylori as compared to untreated cells establishing the role of
HAT/KAT acetyltransferase p300 in Siah2 acetylation (Figure 6.2D).

Figure 6.2: p300 causes downregulation of TES and FLN-C in H. pylori-infected GCCs
(A) Representative western blot of immunoprecipitation assay (n=3) performed using Siah2
antibody to pull down Siah2immunocomplexes from uninfected or infected MKN45 (200
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MOI, 24 h) to study the interaction of Siah2 with p300, TES and FLN-C. The result
indicated that Siah2 interacted with p300, TES and FLN-C proteins. Data also showed the
decrease in TES and FLN-C level in infected cells. (B) Immunoblot analysis image of
HFE145 cells and corresponding densitometric graphs showing fold change in expressions
of p300, TES and FLN-C with and without H. pylori infection. (C) Western blotting
performed using whole cell lysates of MKN45 cells overexpressed with empty vector, p300
WT and p300 ΔHAT constructs either infected with H. pylori (200 MOI for 24 h) or left
uninfected clearly showed downregulated TES and FLN-C proteins in p300 WT-expressing
cells as compared to ΔHAT and empty vector-expressing cells. (D) Western blotting of
whole cell lysates prepared from MKN45 cells double-transfected with siah2 WT-K139R
mutant constructs and p300 WT-ΔHAT plasmids and infected (200 MOI H. pylori for 24 h),
showing expressions of p300, ac-K139Siah2, Siah2, TES and FLN-C. All the graphical data
represented fold change in protein expressions over uninfected control. GAPDH was the
loading control in all western blot analysis. Error bars, mean±SEM, n = 3, *P<0.05;
**P<0.01; ***P<0.003; ****P<0.0001.

6.3. Siah2 K139 acetylation enhances TES and FLN-C degradation
To establish the role of Siah2 on the degradation of TES and FLN-C proteins, western
blotting was performed using MKN45 cells overexpressing pcDNA3.1+ and siah2 WT
constructs. After H. pylori infection, TES and FLN-C protein expression significantly
decreased in cells expressing siah2 WT compared to pcDNA3.1+-expressing cells (Figure
6.3A). To further confirm the downregulation of TES and FLN-C by Siah2, Siah2 siRNAmediated knockdown methodology was applied in which MKN45 cells were transfected
with siah2 siRNA and later infected with H. pylori. The isolated cell lysates were western
blotted for TES and FLN-C. Due to silencing of siah2, TES and FLN-C expression did not
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decrease in sisiah2-transfected group as compared to control vector. As the silencing
abrogated the effect of H. pylori, thus reconfirming Siah2-mediated TES and FLN-C
downregulation (Figure 6.3B). Acetylation at K139 residue protected Siah2 from undergoing
proteasome-mediated degradation. To assess whether the inhibition of proteasome pathway
could restore Siah2 K139R protein expression and its effect on TES and FLN-C, MKN45
cells-expressing siah2 K139R mutant were treated with 50 μM MG132 for 24 h prior to H.
pylori infection. Siah2 K139R protein expression was restored following MG132 treatment
but ac-K139Siah2 expression did not increase. TES and FLN-C expression was also rescued
in MG132-treated cells indicating that acetylation at K139 was crucial for Siah2 stabilization
as well as TES and FLN-C degradation.
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Figure 6.3: Siah2 K139 acetylation enhances TES and FLN-C degradation
(A) Representative immunoblotting image of MKN45 cells expressing empty vector and
siah2 WT constructs and infected with H. pylori (200 MOI for 24 h) showed that TES and
FLN-C expression decreased in siah2 WT-infected cells. Bar graphs representing fold
change in normalized TES and FLN-C expression. (B) Western blotting of cell lysates
prepared from MKN45 cells transfected with control siRNA and siah2 siRNA showing
significant increase in TES and FLN-C expression in sisiah2-transfected group in
comparison to control siRNA group. Accompanying graphs showed TES and FLN-C
normalized expression. (C) Representative western blot image of MKN45 cells stablyexpressing empty vector, siah2 WT and K139R mutant constructs treated with MG132
showing expressions of Siah2, ac-K139Siah2, TES and FLN-C. Densitometric analysis of
TES, FLN-C and ac-K139Siah2: total Siah2 normalized to uninfected control. GAPDH was
used as a loading control in all of the above immunoblotting. Error bars, mean±SEM, n=3,
*P<0.05; **P<0.01; ***P<0.003; ****P<0.0001.
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6.4. TES and FLN-C silencing leads to enhanced invasion and migration of GCCs
As the role of TES and FLN-C proteins in H. pylori-infected gastric epithelia invasiveness is
unknown, we investigated the role of TES and FLN-C on migration and invasion ability of
H. pylori-infected GCCs. In order to study this, we knocked-down the expressions of TES
and FLN-C proteins in AGS cells as they are more suitable for migration and invasion
assays. The effect of TES and FLN-C silencing at protein level was confirmed in AGS cells
(Figure 6.4A). These cells were further utilized for in vitro migration and matrigel assays.
TES and FLN-C silencing lead to remarkable increase in cell migration (Figure 6.4B and
Figure 6.4C) and invasion (Figure 6.4D and Figure 6.4E) as compared to control groups.
The increased-migration ability of TES and FLN-C-suppressed AGS cells infected with H.
pylori was also examined by wound-healing assay. Result showed that wound area was
almost entirely covered by TES and FLN-C-suppressed cells and H. pylori infection further
enhanced this effect (Figure 6.5A and Figure 6.5B). The anchorage-independent colonyforming ability of TES and FLN-C-silenced cells was assessed by soft agar assay. For this
assay, TES and FLN-C was knocked-down in MKN45 cells. TES and FLN-C suppression
was determined by western blotting (Figure 6.5C and Figure 6.5D) prior to be used in the
soft agar assay. Both, TES and FLN-C silencing promoted foci formation by suppressed cells
as compared to control cells (Figure 6.5E and Figure 6.5F).
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Figure 6.4: TES and FLN-C silencing leads to enhanced invasion and migration of GCCs
(A) Representative immunoblotting image of AGS cells (n=3) showing the effect of siRNA
mediated-silencing of FLN-C and (B) TES. Bar graphs showed marked reduction in FLN-C
and TES expression siRNA-transfected groups with respect to control group. GAPDH was
used as a loading control. (C) Microscopic images of in-vitro cell migration assay performed
using siFLN-C and (D) siTES-silenced AGS cells showing significantly increased migration
of infected cells expressing siFLN-C and siTES as compared to their counterparts in
siControl group. Magnification 200X. Scale bar 50 μm. Representative graphs showing the
mean number of migrated cells. (E) Microscopic images of matrigel assay performed using
FLN-C and TES-knocked down AGS cells indicating significantly enhanced invasive
property of siFLN-C and siTES-expressing cells. Magnification 200X. Scale bar 50 μm.
Representative bar graphs denoted the mean number of cells invaded. Data were analyzed by
two-way ANOVA with Tukey’s post hoc test. Bar graphs represented error bars,
mean±SEM, n=3, **P<0.01, ***P<0.003, ****P<0.0001.
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Figure 6.5: TES and FLN-C silencing increases invasiveness of GCCs
(A) Representative wound healing assay result (n=3) showing effect of siTES and (B) siFLNC on the wound healing ability of siRNA-transfected AGS cells as compared to siControl
cells. Magnification 100X. Scale bars shown 100 μm. Representative graphs shows average
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area covered by transfected cells. (C) Representative western blot images (n=3) of MKN45
cells transfected with siControl and siTES and (D) siFLN-C showed marked decrease in TES
and FLN-C expression in siRNA-transfected cells as compared to control siRNA cells.
GAPDH was used as a loading control. (E) Soft agar colony formation assay performed
using MKN45 cells showed that siTES-transfected cells had significant increase in colony
formation p.i. as compared to siControl-transfected cells. Bar graphs representing the
average number of colonies formed. (F) Soft agar assay data of MKN45 cells transfected
with siControl and siFLN-C showing a substantial increase in colony forming ability of
FLN-C-suppressed cells. Magnification 100X. Scales shown in (E) and (F) 200 μm. Data
were analyzed by two-way ANOVA with Tukey’s post hoc test. Bar graphs represented
mean±SEM, n=3. **P<0.01; ****P<0.0001.

6.5. TES and FLN-C are stabilized in K139R acetylation-null Siah2-expressed GCCs
The importance of acetylation at Siah2 K139 residue on TES and FLN-C degradation in H.
pylori-infected GCCs was further investigated by confocal microscopy in empty vector,
siah2 WT and siah2 K139R mutant construct stably-expressing MKN45 cells (Figure 6.6A)
and AGS cells (Figure 6.6B). WT siah2-transfected and infected cells showed marked
downregulation of TES and FLN-C when compared with the other transfected groups.
As TES and FLN-C are actin-binding proteins, we were interested to investigate the
effect of Siah2 K139 acetylation on actin rearrangement and polymerization. In order to
assess this phenomenon, empty vector, siah2 WT and siah2 K139R-transfected AGS cells
were infected with H. pylori followed by staining with phalloidin-FITC. In comparison to
the other two transfection groups, WT cells infected with H. pylori showed remarkable
decrease in the length of filopodia but lamellipodia were found to be well-developed (Figure
6.6C).
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Figure 6.6: TES and FLN-C are stabilized in K139R acetylation-null Siah2 mutantexpressed GCCs
(A) Representative confocal microscopy images of MKN45 and (B) AGS cells stablytransfected with empty vector, siah2 WT and siah2 K139R mutant constructs showing
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expression of Siah2, ac-K139Siah2, TES and FLN-C. TES and FLN-C were significantly
reduced in H. pylori-infected siah2 WT stably-transfected MKN45 and AGS cells as
compared to empty vector and K139R-transfected groups. Original magnification X630.
Scale shown 10 μm.
(C) F-actin was immunostained using
phalloidin-FITC conjugate probe in
AGS cells stably transfected with
empty vector, siah2 WT and siah2
K139R constructs with or without H.
pylori infection. Filopodia formation
(white arrow) is found to be decreased
and

lamellipodia

arrow)

increased

formation

(blue

in

WT-

siah2

expressing AGS cells as compared to
their

counterparts.

Magnification

630X. Scale shown 5 μm.

6.6. TES and FLN-C expression is decreased in infected mouse and human gastric
epithelia after Helicobacter infection
In order to validate the results in-vivo, TES and FLN-C protein level was determined in
Helicobacter-infected C57BL/6 mice and in gastric biopsy samples obtained from
consenting patients suffering from GC. Male or female C57BL/6 mice (n=16 for both
control and infected groups) were infected with H. felis. Following 12 months of infection,
antral gastric tissue sections were made and were immunostained for TES and FLN-C
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proteins. Protein expression was assessed by immunofluorescence microscopy. Expression
of TES and FLN-C was decreased in infected gastric tissues as compared to the uninfected
tissues (Figure 6.7A and Figure 6.7B).
The metastatic gastric tissue samples obtained from consenting patients (n=10, and H.
pylori-infected) showed TES and FLN-C downregulation as compared to the uninfected
non-cancerous tissues (Figure 6.7C and Figure 6.7D).

Figure 6.7: TES and FLN-C expression is decreased in infected mouse and human
gastric epithelia following Helicobacter infection
(A) Representative fluorescence microscopic images of antral gastric mucosa from H. felisinfected and uninfected C57BL/6 mice (n=16) and stained for TES and (B) FLN-C proteins
showed that TES and FLN-C were decreased in infected gastric epithelia as compared to
uninfected tissue. (C) Representative fluorescence microscopic images of H. pylori-infected
metastatic GC biopsy samples and uninfected non-cancerous tissue obtained from
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consenting patients (n=10) showing expression of TES and (D) FLN-C proteins. The
immunofluorescence data shows that TES and FLN-C proteins were downregulated in
Helicobacter-infected human metastatic GCs. Magnification 100X. Scale bar shown 100
μm.

6.7. Discussion
Proteasomal degradation of tumor suppressor proteins is common in cancer (241-243). Siah2
is upregulated in various cancers including gastric cancer (137, 244). In the previous chapters
we have shown that Siah2 acetylation downregulated PHD3 expression, thereby helping in
the accumulation of Hif1α which promotes the invasive property of infected GCCs. Here, we
established that p300-mediated acetylation and stabilization of Siah2 was responsible for the
degradation of actin-binding proteins TES and FLN-C, resulting in increased invasiveness of
H. pylori-infected GCCs. High expression of ac-Siah2 and decreased expression of TES and
FLN-C was observed in H. felis-infected mouse model and also in human stomach cancer
biopsy tissues showing the therapeutic potential of targeting Siah2 acetylation to treat gastric
cancer.
TES and FLN-C act as tumor suppressors in various cancers including gastric cancer
where they affect the cell proliferation and motility (122, 130-133). They are involved in
cytoskeletal rearrangement, adhesion structures and actin binding. Therefore, these proteins
directly influence cell shape and cell-cell interactions (122, 123, 126). So, in order to become
invasive, cancer cells often downregulate these adhesion proteins. This is also proved by the
fact that H. pylori CagA protein causes modulation of signaling events which lead to
cytoskeletal rearrangements in gastric cancer (118, 245, 246). However, this study is the first
ever investigation to study the role of acetylation of an E3 ubiquitin ligase in disrupting cell
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adhesion-related molecules TES and FLN-C by proteasomal degradation in H. pylori-infected
gastric epithelia.
TES and FLN-C silencing by promoter hypermethylation is reported in advanced stages
of gastric cancer (125, 130). It is interesting to highlight that many tumor suppressors like cell
cycle regulators, E3 ubiquitin ligases, signaling molecules, etc. undergo silencing by
promoter hypermethylation as well as by degradation through proteasome-mediated pathways
in various cancers (93, 247-251). We could not determine the extent of TES and FLN-C
hypermethylation and its relation with Siah2-mediated proteasome degradation in H. pyloriinfected GCCs. The sequential or simultaneous occurrence of hypermethylation and
proteasomal degradation of TES and FLN-C warrant further investigation.
Actin cytoskeletal rearrangement involving filopodia, lamellipodia, stress fibers which
regulate the cell elasticity are usually observed during H. pylori infection. Filopodia imparts
cell-cell, cell-matrix attachments helping in invasive behaviour of cells during carcinogenesis
(252-254). Lamellipodia, another component of cell motility is involved in the sheet-like cell
edge formation at the protruding ends (255). FLNs help in forming the filopodial arrangement
(245, 256) whereas, TES in association with its interacting proteins regulate filopodia
formation (129). Out of several widely-distributed actin-binding proteins (ABPs) actin-related
proteins (ARPs) like ARP2/3 are essential ones regulating the actin motor-driven processes
known to be present from yeasts to humans (257). ARP2/3 along with other accessory factors
regulating actin polymerization-depolymerization process are distributed differentially in
between lamellipodia and filopodia which help them regulate cellular movements. We have
shown that TES and FLN-C promote formation of filopodia and their reduction led to the
formation of lamellipodia. However, the exact mechanism of TES and FLN-C regulating
actin assembly in H. pylori-infected cells needs to be studied in detail.
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Overall, this study advanced our understanding of the effect of Siah2 in promoting H.
pylori-mediated GC invasiveness. Data presented here confirmed that down regulation of
actin-binding proteins TES and FLN-C and increased Hif1α-accumulation in the infected
gastric epithelium were the resultant effect of Siah2 acetylation and these processes
contributed in increasing invasiveness of H. pylori-infected GCCs.
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SUMMARY AND CONCLUSION

Chapter 7
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Major conclusions from this study are summarily presented here.

Summary figure 7.1: Regulation of p300-mediated Siah2 acetylation enhances PHD3
degradation and Hif1α accumulation in H. pylori-infected GCCs
❖

H. pylori infection induces Siah2 and p300 expression in GC cells. p300 HAT

function promotes Siah2 K139 residue acetylation in infected GCCs.
❖

Acetylation of Siah2 (ac-K139Siah2) stabilizes Siah2 and protects it from undergoing

proteasome-mediated degradation.
❖

Thus, ac-K139Siah2 enhances degradation of PHD3 leading to accumulation of

Hif1α which increases invasiveness of GCCs.
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Summary figure 7.2: Acetylated Siah2 elevates GC invasiveness by degrading TES and
FLN-C
❖

H. pylori-induced Siah2 acetylation at K139 residue increases degradation of tumor

suppressor proteins TES and FLN-C in infected GCCs.
❖

Silencing of TES and FLN-C enhances invasiveness of infected GCCs.

❖

Ac-K139Siah2-mediated downregulation of TES and FLN-C increases lamellipodia

formation however disrupts filopodia formation resulting in enhanced migration and
invasion of H. pylori-infected GCCs.
In conclusion, this thesis demonstrates the critical role of H. pylori in acetylation of
Siah2 which is characterized by enhanced migration and invasion behaviour of H. pyloriinfected GCCs. Our findings elucidate a novel pathway regulated by p300 HAT domain in
acetylating Siah2 primarily at the K139 residue that rescues Siah2 from proteasome-mediated
degradation in the infected GCCs. Our work elaborates further on the mechanisms through
which Siah2 acetylation enhances the degradation of tumor suppressor proteins like PHD3,
TES and FLN-C intensifying the invasive property of H. pylori-infected GCCs. Our
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investigation adds to the present knowledge of factors that enhance Hif1α expression in H.
pylori-infected gastric epithelia. Thus, the above mechanisms highlight on the importance of
acetylation in functional regulation of Siah2 apart from known PTM like phosphorylation.
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MATERIALS AND METHODS

Chapter 8
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8. MATERIALS AND METHODS
8.1. MATERIALS USED
8.1.1. Cell lines
The human gastric epithelial cancer cells (GCCs) MKN45, AGS and Kato III were procured
from the University of Virginia, USA. The immortalized human GCC HFE145 was received
as a gift from Prof. Hassan Ashktorab, Department of Medicine, Howard University, USA.
Details of several stable cell lines generated in our lab are described later.
8.1.2. Helicobacter strains
Strains of Helicobacter used in this study: H. pylori 26695, a cag PAI (+) strain; strain 8-1, a
cag PAI (-) strain and mouse gastric pathogen H. felis strain 49179 (ATCC, #49179)
(received from the University of Virginia, USA).
8.1.3. DH5α and XL10 competent cells
For cloning of plasmids, subcloning efficiency DH5α competent cells (#18265-017,
Invitrogen, Carlsbad, California, USA) were used. During site-directed mutagenesis for
cloning purpose, XL10-Gold ultracompetent cells (#200514, Agilent, Santa Clara,
California, USA) were used.
8.1.4. Biopsy samples
GC patients, diagnosed for different stages of cancer were studied and gastric biopsy
samples (from the antral gastric mucosa) were collected from patients undergoing diagnostic
esophagogastroduodenoscopy test following a National Institute of Science Education and
Research (NISER) Review Board-approved protocol. Written informed consent was
obtained from all patients prior to the study. Tissue samples obtained were further processed
for immunofluorescence microscopy as described later.
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8.1.5. Antibodies, siRNAs and plasmid constructs
List of all antibodies, siRNAs and plasmid constructs used in this research are mentioned in
appendix I, II, III and IV, respectively.
8.2. METHODOLOGY
8.2.1. Cloning, site-directed mutagenesis and expression
8.2.1.1. Cloning of human siah2 acetylation-null lysine to arginine (K-R) mutants
Primer designing: Cloning and mutagenesis primers were designed to generate human siah2
K13R, K17R, K107R, K129R and K139R mutant constructs by using Integrated DNA
Technology (IDT) software (appendix V for details).
Generation of siah2 K13R, K17R, K107R, K129R and K139R mutants by site-directed
mutagenesis: Site-directed mutagenesis was carried out by QuikChange multisite-directed
mutagenesis kit (#200517, Agilent technologies) using a single primer for inserting a single
point mutation in siah2 gene construct (163).
The amino acid sequence of Siah2 is as follows:
E3 Ub-protein ligase SIAH2 [Homo sapiens]
NCBI Reference Sequence: NP_005058.3
>gi|31982899|ref|NP_005058.3| E3 ubiquitin-protein ligase SIAH2 [Homo sapiens]
MSRPSSTGPSANK*PCSK*QPPPQPQHTPSPAAPPAAATISAAGPGSSAVPAAAAVIS
GPGGGGGAGPVSPQHHELTSLFECPVCFDYVLPPILQCQAGHLVCNQCRQK*LSCCP
TCRGALTPSIRNLAMEK*VASAVLFPCK*YATTGCSLTLHHTEKPEHEDICEYRPYSC
PCPGASCKWQGSLEAVMSHLMHAHKSITTLQGEDIVFLATDINLPGAVDWVMMQS
CFGHHFMLVLEKQEKYEGHQQFFAIVLLIGTRKQAENFAYRLELNGNRRRLTWEAT
PRSIHDGVAAAIMNSDCLVFDTAIAHLFADNGNLGINVTISTCCP
The corresponding nucleotide sequence is:
Nucleotide sequence: Homo sapiens Siah2 mRNA
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ACCESSION NM_005067 REGION: 628.1602
VERSION

NM_005067.5 GI:55925659

1 atgagccgcc cgtcctccac cggccccagc gctaataaac cctgcagcaa gcagccgccg
61 ccgcagcccc agcacactcc gtccccggct gcgcccccgg ccgccgccac catctcggct
121 gcgggccccg gctcgtccgc ggtgcccgcc gcggcggcgg tgatctcggg ccccggcggc
181 ggcggcgggg ccggcccggt gtccccgcag caccacgagc tgacctcgct cttcgagtgt
241 ccggtctgct ttgactatgt cctgcctcct attctgcagt gccaggccgg gcacctggtg
301 tgtaaccaat gccgccagaa gttgagctgc tgcccgacgt gcaggggcgc cctgacgccc
361 agcatcagga acctggctat ggagaaggtg gcctcggcag tcctgtttcc ctgtaagtat
421 gccaccacgg gctgttccct gaccctgcac catacggaga aaccagaaca tgaagacata
481 tgtgaatacc gtccctactc ctgcccatgt cctggtgctt cctgcaagtg gcaggggtcc
541 ctggaagctg tgatgtccca tctcatgcac gcccacaaga gcattaccac ccttcaggga
601 gaagacatcg tctttctagc tacagacatt aacttgccag gggctgtcga ctgggtgatg
661 atgcagtcat gttttggcca tcacttcatg ctggtgctgg agaaacaaga gaagtacgaa
721 ggccaccagc agttttttgc catcgtcctg ctcattggca cccgcaagca agccgagaac
781 tttgcctaca gactggagtt gaatgggaac cggcggagat tgacctggga ggccacgccc
841 cgttcgattc atgacggtgt ggctgcggcc atcatgaaca gcgactgcct tgttttcgac
901 acagccatag cacatctttt tgcagataat gggaaccttg gaatcaatgt tactatttct
961 acatgttgtc catga
The 13th, 17th, 107th, 129th and 139th lysine residues (marked with *) of Siah2 wild
type (WT) protein were replaced with arginine residue to form Siah2 K13R, K17R, K107R,
K129R and K139R constructs, respectively. Codons AAA or AAG which represent lysine,
was mutated to AGA or AGG representing arginine (primers used are listed in Appendix V).
The mutagenesis reaction mix (25 µl) was prepared with following components:
Table 1. Components for site-directed mutagenesis
Components

Amount

Final conc.

2.5 µl

1X

Quik solution

0.75 µl

NA

dNTP mix

1 µl

2 mM/ reaction

10X QuikChange multireaction buffer
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Primer (10 μM)

1 µl

100 ng/ reaction

Plasmid DNA template

1 µl

100 ng/ reaction

QuikChange multi enzyme

1 µl

Mole. grade H2O

17.75 µl

Final volume

2-5 units/
reaction
NA

25 µl

The PCR reaction (PCR Master cycler provapo. protect, Eppendorf, Hamburg,
Germany) conditions for site-directed mutagenesis are mentioned in Appendix VI.
After completion of the site-directed mutagenesis, the amplified products were
treated with 1 μl (10 U/ reaction) of Dpn I restriction enzyme (an endonuclease; targeted
sequence: 5´-Gm6ATC-3´ and is specific for methylated and hemi-methylated DNAs) and
was incubated at 37 °C in PCR machine for 2 h. This enzyme digests the parental strands of
DNA at specific sites leaving the daughter strands intact. After digestion, the Dpn I-treated
ssDNA strands from mutagenesis reaction were transformed into XL10-Gold ultracompetent
cells (#200515, Agilent) where the mutant closed-circle ssDNA was converted into a duplex
form in vivo. The mutants generated were further confirmed by agarose gel electrophoresis
(AGE), restriction digestion, sequencing and positive clones were further amplified by maxi
prep method (#43776, Qiagen, Hilden, Germany). For the primers used for sequencing and
the sequencing results, please refer appendix VII and VIII.
Transformation: 5 μl site-directed mutagenesis product was mixed with gently-thawed 45 μl
XL10-Gold ultracompetent cells in 1.5 ml microcentrifuge tube. 2 μl of beta-mercapto
ethanol (β-ME) was added to the mix. The mix was mixed by swirling and incubated on ice
for 10 min with intermittent gentle swirling every 2 min. Heat-shock was given to the tubes
in a 42oC preset water bath (Model No. CD-200F refrigerated circulator, JULABO,
Seelbach, Germany) for 30 seconds. Tubes were incubated on ice for 2 min. Pre-warmed
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450 μl SOC media (#15544034, Invitrogen) was added to the tube quickly, mixed and
incubated (Model No. Innova 42R, New BrunswickTM, Eppendorf) for 1 h at 37 oC with
shaking at 225-250 rpm. After incubation, appropriate volume of reaction mix was spread on
Luria-Bertani agar, Miller {(LB), #M1151, HiMedia, Mumbai, India} plates containing 100
μg/ml Sodium-Ampicillin salt (#A022, HiMedia) using L-shaped spreader gently and
uniformly till the bacterial suspension gets absorbed completely and the plate was incubated
for overnight at 37 oC. In order to verify the transformation efficiency of XL10-Gold
ultracompetent cells, transformation using 1 μl pUC18 control plasmid (0.01 ng/μl) was also
performed (as positive control).
Selection of positive clones: After 24 h of transfection, 4-5 isolated colonies were selected
from the plate using a sterile toothpick or inoculation needle. A master plate was prepared at
first and the same toothpick was inoculated into 5 ml LB broth, Miller (#M1245-500G,
HiMedia) with 100 μg/ml of Sodium-Ampicillin salt and incubated O/N at 37 oC with 225250 rpm shaking. Plasmid DNA was isolated from bacterial culture next day using miniprep
kit.
Miniprep plasmid isolation: For the plasmid miniprep isolation, QIAprep Spin Miniprep Kit
(#27106, Qiagen) was used. O/N-grown 5 ml bacterial culture was pelleted at 6800xg for 3
min at 4 oC. The bacterial pellet was resuspended in pre-chilled 250 μl buffer P1 (RNase A
added). The bacterial pellet was broken by vortexing for a short span or by using a
micropipette. 250 μl buffer P2 was added and the tube was inverted several times till the
color of solution turned evenly blue and was kept for 5 min at RT for bacterial lysis.
Precaution was taken not to lyse for more than 5 min as it would lead to plasmid shearing.
350 μl buffer N3 was mixed immediately and thoroughly mixed by 4-6 times by inverting
the tube till the solution turned cloudy. The suspension was spun-down at RT for 10 min and
the supernatant was applied to the QIAprep spin column by decanting or pipetting. After a
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30-60 sec spin, the flow-though was discarded and the column was washed with 500 μl
buffer PB followed by 750 μl buffer PE and spun down for 1 min. An additional 1 min spin
was given to remove residual buffers. 30 μl of pre-warmed EB buffer was added on the
column, followed by a 1 min stand and centrifugation for 1 min at top speed to elute
plasmids. The concentrations of the isolated plasmids were measured (ModelNanoDropTM2000 Spectrophotometer, ThermoFisher Scientific, Waltham, Massachusetts,
USA) using TE buffer as blank/ control.
In order to select the plasmid with mutation, agarose gel electrophoresis (AGE) was
performed before confirmation by restriction digestion using Hind III/Xho I enzymes and
DNA sequencing.
Agarose gel electrophoresis of the mutant plasmids: Agarose gel electrophoresis was
performed to verify proper isolation of plasmids and further confirmation by double
digestion and sequencing. 1% agarose gel (#0219398425, MP Biomedicals, Santa Ana,
California, USA) was prepared in 1X Tris acetate-EDTA buffer {(TAE) (#ML016-500ML,
HiMedia)}, 0.5 μg/ml concentration of ethidium bromide {(EtBr) (#MB074-10ML,
HiMedia)} and was allowed to polymerize for 20 min. The gel was run at 50-100 V in a
horizontal mini-electrophoresis

unit

(#170-4467, Bio-Rad

Laboratories,

Hercules,

California, USA) till the loading dye reached 3/4th of the gel and band position of plasmids
along with its corresponding molecular weight markers (#N3232L-1 ml, New England
BioLabs Inc., Ipswich, Massachusetts, USA) were visualized and image was captured using
an ultraviolet (UV) trans-illuminator (ChemiDoc XRS plus, Model No. 1708265, Bio-Rad
Laboratories Laboratories). The plasmids that showed the same band size as that of siah2
WT plasmid were only selected for double digestion confirmation.
Restriction digestion of siah2 WT and mutant constructs: Hind III (#R0104S, New England
Biolabs Inc.) and Xho I (#R0146S, New England Biolabs Inc.) were used for confirmation
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of mutants by double digestion. Double digestion was done using 1 μg amount of the
plasmids in a 37 oC water bath for 3 h. For restriction digestion, the following components
were used:
Table 2. Components for restriction digestion
Components

Amount

Final conc.

10X buffer 2.1

5 µl

1X

Xho I

0.5 µl

20,000 U/ml

Hind III

0.5 µl

20,000 U/ml

Plasmid DNA

2 µl

1 μg

42 µl

NA

Mole. Grade
H2O
Final volume

50 µl

The digested products were run on 1% agarose gel and visualized using UV transilluminator as described previously. Positive clones were amplified by maxiprep method and
finally confirmed by DNA sequencing.
Maxiprep of plasmid: Maxiprep kit (#43776, Qiagen) was used to amplify the selected
positive clones. Positive clones were picked from the master plate and inoculated in 10 ml
LB broth with 100 μg/ml of ampicillin sodium salt and were incubated for 10-12 h at 37oC
and 225-250 rpm shaking till sufficient growth occurred. This bacterial suspension was
inoculated into 100 ml LB broth containing 100 μg/ml of ampicillin sodium salt followed by
incubation in a shaker incubator for 16 h at 37 oC. 1-2 ml of the culture was removed to
prepare glycerol stocks. The culture was pelleted at 6000xg for 15 min at 4 oC. The
supernatant was discarded and the bacterial pellet was resuspended in 10 ml of prechilled
buffer P1 (containing RNase A and lyseblue reagent as per the manufacturer’s instruction).
10 ml of buffer P2 was added, mixed vigorously by inverting 4-6 times till the mix turned
blue and incubated for 5 min at RT. 10 ml of prechilled buffer P3 was added, mixed
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thoroughly by vigorous mixing 4-6 times. The lysate was poured into the barrel of the
Qiafilter cartridge with a cap fitted on the nozzle to prevent loss of the content as flowthrough. The mix was then incubated for 10 min at RT without disturbance. While the
incubation proceeded, Hispeed maxi tip was equilibrated by adding 10 ml Buffer QBT and
the column was allowed to drain by gravity flow into a discard bowl. The cap fitted to the
Qiafilter cartridge was removed and the bacterial lysate was filtered into the previously
equilibrated Hispeed tip. The clear lysate was allowed to enter the resin through gravity
flow. The Hispeed tip was washed with 60 ml Buffer QC. DNA was eluted into a 50 ml of
centrifuge tube by adding 15 ml Buffer QF to the Hispeed tip. 10.5 ml of isopropanol was
added to the eluate for precipitating DNA, mixed properly and incubated at RT for 5 min.
The mixture was transferred to a 30 ml syringe attached to a Qiaprecipitator and filtered
applying uniform pressure by the plunger provided. 2 ml 70% molecular grade ethanol was
added to the 30 ml syringe and was filtered through Qiaprecipitator. This procedure was
repeated once or twice to remove residual ethanol. The outlet nozzle of Qiaprecipitator was
also air-dried to prevent ethanol carryover. The Qiaprecipitator was attached to a 5 ml
syringe and 500 μl of prewarmed TE buffer was added to the syringe. The plunger was
inserted to collect DNA from the other side in a DNase/RNase free microcentrifuge tube.
Glycerol stock preparation:
2 ml bacterial culture was used to prepare glycerol stocks. 2 ml of grown culture was taken
in a sterile test tube, to which 2 ml of autoclaved 50% glycerol (#RM1027-1LTR, HiMedia)
was added and mixed thoroughly by pipetting several times. 500 μl of the bacterial mix was
transferred to sterile, labelled 1.5 ml cryovials and the cryovials were stored at -80oC.
8.2.2. Culture of MKN45, AGS, Kato III and HFE145
MKN45, AGS, Kato III and HFE 145 were maintained in Roswell park memorial
institute (RPMI)-1640 media containing L-Glutamine and Sodium bicarbonate (#AL028A,
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HiMedia) media supplemented with 10 % fetal bovine serum (heat-inactivated) (FBS,
#RM9970, HiMedia) in a CO2 incubator (New Brunswick Galaxy 170R, Eppendorf) at 37
o

C temperature, 5% CO2 and 95% humidity. All cells were routinely maintained by sub

culturing.
All the cell culture-related work was performed in clean and sterile biosafety cabinets
(Model No. Cell Gard ES NU-480-400E Class II, Nuaire, Minneapolis, USA). During sub
culturing, spent media was removed by decanting from the T-25/T-75 flasks (#430639,
#430641, Corning, New York, USA) and adherent/ semi-adherent GCCs were treated with
pre-warmed 0.25% Trypsin-EDTA solution (#TCL007, HiMedia). After 5 min of incubation
in preset incubator, cells were dislodged using sterile serological pipette from the flask.
Cells were suspended in fresh RPMI 1640 + 10% FBS in a sterile centrifuge tube, counted
and seeded into new flasks in recommend numbers as suggested by the size chart of cell
culture flasks. The procedure for cell counting was as mentioned below.
Cells were counted using a Neubauer hemocytometer (#0640010, Paul Marienfeld
GmbH & Co. KG, Germany) under an inverted microscope (Primo vert, Carl Zeiss,
Oberkochen, Germany) followed by centrifugation (Model No. 5415-R, Eppendorf) at
150xg (Rotations/minute) for 8 min at room temperature (RT). Cell number was counted as
per the standard formula: Total no. of cells/4x104 x total volume of cell suspension. Cell
pellet was resuspended in the calculated volume of medium and were plated as per the
requirement of any particular experiment.
8.2.3. Freezing and revival of cells
Cell freezing was done after cells in a cell culture flask containing cells reached 70-80%
confluency. Cells were trypsinized with pre-warmed trypsin-EDTA solution and were
suspended in a centrifuge tube containing fresh complete media. Cells were spun down at
150xg for 8 min at RT. Supernatant was discarded and cell pellet was resuspended in
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freezing mix containing 20% dimethyl sulfoxide (DMSO) in FBS (163, 166). Cell
suspension was aliquoted in cryovials and were first kept overnight at -80oC followed by
storage in liquid nitrogen (-196 oC) for longer preservation. Frozen cells were revived by
quickly transferring the cryovials from liquid nitrogen to a water bath preset at 37 oC. Then
the thawed cells were gently transferred to T-25/T-75 cm2 cell culture flasks containing
prewarmed complete media and put back to the incubator.
8.2.4. Transient transfection of cell lines
Lipofectamine 3000 reagent (#L3000015, Invitrogen) was used for transient transfection of
various plasmid constructs and siRNAs. The cell: DNA: lipofectamine ratios for different
sizes of cell-culture plates are mentioned in Table 3.
Table 3. Parameters for transient transfection (Adapted from Invitrogen)
Culture

Cell

Volume of

DNA

P300

Lipofectamine

DNA-lipid

pate

No. per

plating

amount

Reagent

3000

complex to

plate

media (μl)

(μg)

(μl)

(μl)

cells (μl)

6 well

1 X 106

2000

2.5

5

7.5

250

12 well

4 X 105

1000

1.75

3.5

2.5

150

24 well

2 X 105

500

1

2

1.5

50

48 well

1 X 105

250

0.5

1

0.5

25

96 well

4 X 104

100

0.25

0.5

0.3
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GCCs were plated in cell culture plates with an appropriate volume of complete growth
media 24 h prior to the transfection and were incubated at 37 oC and 5% CO2. 1 h prior to
transfection, spent growth media was gently aspirated from the wells and fresh complete
growth media was added. Mix A and mix B were prepared in two separate sterile 1.5 ml
micro-centrifuge tubes. An appropriate amount of DNA and P3000 reagent was added to
mix A tube containing serum free media (SFM) or dilution medium whereas, in mix B tube
Lipofectamine 3000 reagent was mixed in SFM. Tubes were incubated for 5 minutes at RT.
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Then both the components were mixed together gently by pipetting 4-5 times and the mix
was incubated at RT for 15-20 min to allow the Lipofectamine-DNA complex formation.
The reaction mixture was added to respective wells containing cells drop-wise while
swirling the plate gently to ensure uniform distribution of the complex. Cells were incubated
with the complex in the incubator for 48-72 h at 37 ºC, 5% CO2. After completion of the
incubation period, cells were treated accordingly as per the requirement of experiment.
8.2.5. Generations of stable cell lines overexpressing empty vector, siah2 WT and siah2
ac-lys mutants
Empty vector (pcDNA3.1+), siah2 WT and siah2 mutant construct-expressing stable cells
were generated using MKN45 and AGS cells. 24 h prior to transfection, cells were seeded in
two 96-well plates with 4x104 cells/well and 150 μl of RPMI-140 complete media. Cells
were transfected and 48 h post-transfection, cells were trypsinized using 50 μl trypsin/well.
From that, 15 μl of trypsinized cells were transferred in 6-well plates. Initially, 200 µg/ml of
G418 (#G8168-10ML, Sigma-Aldrich, St. Louis, Missouri, USA) was added to select cells
expressing the desired protein. Spent media along with floating non-transfected cells were
removed and replaced by fresh complete media containing 200 µg/ml of G418 every third
day. After 10-12 days, G418 concentration was increased to 300 µg/ml. This selectionpressure was maintained till visible isolated colonies were obtained from single cells. These
colonies were marked and isolated using cloning discs (#Z374458-100EA, Sigma-Aldrich).
Cloning discs were placed in a 12-well plate and were kept under the 300 µg/ml G418
selection pressure. After the cells settled to the bottom of the plate, cloning discs were
removed. After a few days, confluent cultures were trypsinized, and cells were transferred to
T-75 cm2 flask with 300 µg/ml G418 selection pressure some cells were taken in a microcentrifuge tube for confirmation of overexpression of a protein by immunoblotting and
immunofluorescence (IF) techniques. After confirming the protein’s overexpression, cells in
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the T-75 cm2 flask were grown till 70-80% confluency was attained. Flasks were trypsinized
and cells were frozen in freezing mix and stored in liquid nitrogen (Liq. N2, -196oC) as
explained earlier.
8.2.6. Maintenance of Helicobacter strains and cell infections
Various strains of Helicobacter were maintained on trypticase soy agar (TSA) plates
containing 5% sheep blood (#221239, Becton Dickinson and Company, New Jersey, USA)
and incubated at 37 ºC in a microaerophilic atmosphere containing 10 % CO2 for 48-72 h.
After incubation, uniform lawn of colonies grown on plate were scraped using a sterile
inoculation loop and were introduced in membrane-filtered Brucella broth (#211088, BD
BBL, New Jersey, USA) supplemented with 10% heat-inactivated FBS. The inoculated
culture was grown with shaking (Tarsons, West Bengal, India) at 180 rpm for 14-16 h. Next,
1ml of bacterial suspension was used to measure bacterial growth in a UV-visible
spectrophotometer (Model No. DU-720, Beckman Coulter, California, USA) at 600 nm. The
growth was calculated as per the given formula: Optical density (OD600) 0.3 was equivalent
to 2x108 colony forming units/ml (CFU/ml). Culture with OD between 0.5-1.2 was
considered optimal for cell infection and was pelleted at 300xg (Model No. D35720, Sorvall
Biofuge Stratos, Thermo Scientific, Massachusetts, USA) for 8 min at RT. The bacterial
pellet was dissolved in complete RPMI-1640 media to reach desirable multiplicity of
infection (MOI) of 100MOI/10μl. The cultured cells were infected as per the requirement of
the experiment. After 72 h of incubation, the bacteria were passaged on a fresh TSA plate
using sterile cotton swab and the plate was replaced back in the incubator.
8.2.7. Maintenance of C57BL/6 mice and H. felis infection
C57BL/6 mice (both male and female) aged between 4-5 weeks were procured from the
National Centre for Laboratory Animal Sciences (NCLAS) of the National Institute of
Nutrition (NIN, Hyderabad, India). Animal rooms were maintained at 22.2ºC with a relative
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humidity of 50-65%. A 12 h light-dark cycle (12:12 h L/D cycle) was strictly followed with
automatic timers in the animal facility registered under Committee for the Purpose of
Control and Supervision of Experiments (CPCSEA), Ministry of Environment & Forest,
Government of India. All experiments performed were as per the CPCSEA and Institutional
Animal Ethics Committee (IAEC) guidelines for laboratory animals. The average numbers
of mice maintained were 2-3/cage. Mice were kept in cages containing sterilized corn and
husk bedding. Cage lids were fitted with replacement filters to avoid cross-contamination
due to infections. Polypropylene water bottles and food pellets were supplied through the
top grid. Mice were kept in isolation for 1-2 weeks in order to assess existing infections
before starting experiments. O/N-grown H. felis growth was measured at O.D600 and the
bacterium was suspended in 1X PBS such that 1 ml of suspension contained 1 X 1010 CFU
of bacterium. The mice from infected group were orally fed with 0.5 ml of H. felis
suspension each using 20 mm oral gavage needles whereas, mice from control group were
orally fed with 0.5 ml of 1X PBS solution each. Animals were maintained for the duration of
12 months.
8.2.8. Infection of GCCs with H. pylori
Cells were infected with H. pylori at 100, 200 and 300 MOI for 6 h, 12 h and 24 h time
points.
8.2.9. Treatment of cells with a proteasomal inhibitor MG132 and a p300 HAT inhibitor
(CTK7A)
24 h after cell seeding or 48 h of transfection, cells were pretreated with 50 μM proteasomal
inhibitor MG132 (#M7449-200UL, Sigma-Aldrich) for 24 h before infecting cells. MG132
is available as ready solution with a concentration of 10 mM in DMSO. Sodium-4-(3,5bis(4-hydroxy-3-methoxystyryl)-1H-pyrazol-1-yl) benzoate {(CTK7A) (#382115-10MGCN,
Merck Millipore, Darmstadt, Germany)}, a derivative of curcumin which inhibits HAT
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activity of p300/CBP was used for co-treatment of cells at 100 μM concentrations along
with H. pylori infection. CTK7A was dissolved in DMSO in order to make a stock solution
with 2 mM. The stock solution was stored at -20 oC.
8.2.10. Whole cell lysate preparation
After completion of H. pylori infection time points, cells were dislodged from plates by
either trypsinization or scraping. Samples were collected in pre-chilled 1.5 ml
microcentrifuge tubes. Then, cells were centrifuged at 250xg for 5 min at 4 oC and the
supernatant was discarded. Cell pellets were kept on ice and required amount of 2X protease
inhibitor cocktail (#ML051-1 ml, 100X protease inhibitor cocktail, HiMedia) was added to
the pellets and vortexed for 15-30 sec. 2X Laemmli sample buffer (#ML-021, HiMedia)
with β-mercaptoethanol {(β-ME) (#MB041-500ML, HiMedia)} was added to the mix in 1:1
ratio and vortexed. Samples were finally boiled at 100 oC (dry bath) for 8 min to prepare the
whole cell lysate and stored lysates at -80 oC for future use.
8.2.11. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
Protein samples were separated by SDS-PAGE following cell lysates preparation by
Laemmli method (1970).
Gel components (stock solutions):
Acrylamide-bisacrylamide (solution A): (29:1) 30 % acrylamide: bis-acrylamide solution
(#161-0156-500ML, Bio-Rad Laboratories).
Resolving gel buffer (solution B): 1.5 M Tris-HCl buffer solution, pH 8.8. Resolving/
separation gel buffer (161-0798-500ML, Bio-Rad Laboratories)
Stacking gel buffer (solution C): 0.5 M Tris-HCl buffer solution, pH 6.8. Stacking gel buffer
(161-0799-500ML, Bio-Rad Laboratories)
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Glycerol (Molecular grade): A 50% glycerol solution was made by mixing glycerol
(#MB060-500ML, HiMedia) and molecular grade water (#ML024-10X100ML, HiMedia) in
1:1 proportion.
TEMED: N, N, N’, N’-Tetramethyl ethylenediamine {(TEMED) (#1610800, Bio-Rad
Laboratories)} was used as an essential catalyst for polymerization of gels.
Ammonium persulfate (APS): A 10% solution was prepared by dissolving 100 mg of APS
(#161-0700, Bio-Rad Laboratories) in 1000 μl molecular grade water. It acts an oxidizing
agent, used with TEMED for polymerization of gels. TEMED and APS were prepared fresh
for quick polymerization.
Working solutions:
Resolving gel solution: The stock solutions were mixed in the proportions given in the table
below to obtain one resolving gel of 5-15%. To prepare more number of gels, the volume of
solution was multiplied appropriately with the number of gels required keeping the
percentage of gels constant.
Table 4. Components for the resolving gel

Components

5%

7.5%

10%

12.5%

15%

Acrylamide: bisacrylamide

0.75 ml

1.125 ml

1.5 ml

1.875 ml

2.25 ml

1.125 ml

1.125 ml

1.125 ml

1.125 ml

1.125 ml

Distilled water

1.375 ml

1 ml

1.25 ml

0.5 ml

Nil

50% glycerol solution

1.25 ml

1.25 ml

1.25 ml

1.25 ml

1.25 ml

TEMED

2.5 μl

2.5 µl

2.5 μl

2.5 μl

2.5 μl

10% APS

35 μl

35 µl

35 μl

35 μl

35 μl

solution (Solution A)
1.5 M Tris-HCl buffer, pH
8.8 (Solution B)

110

Stacking gel solutions: The stock solutions were mixed in the following proportions (for 1
gel):
Table 5. Components for stacking gel
Components
Acrylamide: bisacrylamide solution (Solution
A)
1.5 M Tris-HCl buffer, pH 6.8 (Solution C or
stacking gel buffer)

Volume
0.45 ml

0.75 ml

Distilled water

1.8 ml

TEMED

3 µl

10% APS

18 µl

Freshly prepared 10% APS and TEMED were added to each solution just before
polymerization.
Electrophoresis buffer: Gel running buffer (1X Tris-HCl/Glycine/Sodium Dodecyl Sulfate
or TGS buffer containing 25 mM Tris-HCl, 190 mM glycine and 0.1% SDS) was prepared
from 10X TGS buffer (#1610732, Bio-Rad Laboratories) by adding 100 ml of 10X TGS to
900 ml of double distilled water.
Sample denaturing (Laemmli) buffer: Ready to use 2X Laemmli buffer (#ML-021,
HiMedia) was used to prepare sample denaturing buffer and 5% (v/v) β-ME (37.5 μl β-ME
+ 750 μl 2X Laemmli buffer) was added to it. It was saved at –20ºC.
Protease inhibitor cocktail: 100X protease inhibitor cocktail mix (#ML-051, HiMedia) was
used to prepare 2X protease inhibitor cocktail mix by adding 3.6 μl 100X protease inhibitor
cocktail to 176.4 μl molecular biology grade water.
Casting of the SDS-PAGE gel (polymerization process):
SDS-PAGE was performed using Mini-PROTEAN tetra-system gel assembly (#165-8003,
Bio-Rad Laboratories). As per the manufacturer’s guidelines, a clean pair of thin glass plates
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and thick spacer glass plate (1 mm) were fitted inside the gel casting stand. The resolving
gel solution was poured in between the assembled glass plates up to the three-fourth spacer
plate height. Stacking gel solution was slowly added on top of resolving gel without
disturbing the level of the resolving gel. A 1 mm thick 10/15-well comb was inserted into
the stacking gel solution and the solutions were allowed to polymerize for 20-30 min at RT.
After gel polymerization, the comb was gently removed and the glass plates were fitted into
SDS-PAGE running electrode. Electrophoresis buffer was poured on the upper surface of
the gel plates and the whole glass plate assembly was kept inside the Mini-PROTEAN gel
apparatus. Inner chamber of the apparatus was filled with chilled electrophoresis buffer
which also removed bubbles trapped inside wells and unpolymerized acrylamide. Next,
chilled electrophoresis buffer was poured in the outer chamber to fill it halfway.
Sample preparation:
Samples prepared as per previously-explained protocol and stored at -80oC were taken out,
thawed at room temperature before loading on gel.
Sample loading and electrophoresis:
Samples were loaded into individual wells of the stacking gel. Standard molecular weight
protein marker (#BM008-500, BLUelf pre-stained protein ladder, BR Biochem, New Delhi,
India) was used to identify the molecular masses of sample proteins. The electrophoresis
chamber was connected to a power pack and electrophoresis was carried at a constant
voltage of 130 volts for 15 min for proper stacking of proteins followed by gel running at
180 volts till the bromophenol blue dye front was about to exit from the gel.
8.2.12. Immunoblotting
Immunoblotting was performed to identify proteins of interest by employing the method
designed by Towbin et al. (1979)
Buffers and solutions:
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Tris-buffered saline (TBS):
Table 6. Components for 10X TBS solution
Components

Amount

Final conc.

Tris

48.4 gm

20 mM

NaCl

584.8 gm

500 mM

x ml

7.5

pH (Adjusted with 1N HCl)
Final volume (Distilled
water)

2L

1X TBS was prepared from 10X TBS by taking 100 ml of 10X TBS in a measuring cylinder
and adjusting the final volume to 1000 ml by adding double-distilled water (NaCl; Sodium
chloride, HCl; Hydrochloric acid).
Phosphate-buffered saline (PBS):
Table 7. Components for 10X PBS solution
Components

Amount

Final conc.

Na2HPO4

14.4 gm

10 mM

KH2PO4

2.4 gm

2 mM

NaCl

80 gm

137 mM

KCl

2 gm

2.7 mM

pH adjusted to 7.4 with 1 N HCl and
final volume was made up to (with

1L

double-distilled water)

1X PBS was prepared from 10X PBS by taking 100 ml of 10X PBS in a measuring cylinder
and adjusting the final volume to 1000 ml by adding double-distilled water (Na2HPO4; Disodium, hydrogen phosphate, KH2PO4; Potassium di-hydrogen phosphate KCl; Potassium
chloride).
TBS-Tween-20 wash solution (TBST): 0.1% (v/v) Tween-20 (RM156-500G, HiMedia) was
dissolved in 1X TBS.
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Blocking buffer and antibody dilution buffer: 5% non-fat-dry-milk {(NFDM) (#RM1254,
HiMedia)} dissolved in TBST and 3% (w/v) bovine serum albumin {(BSA, Cohn fraction
V) (#RM3151, HiMedia)} dissolved in TBST, respectively. Sometimes, both primary and
secondary antibodies were diluted in blocking buffer as suggested by antibody
manufacturers.
Transfer buffer for polyvinylidene (PVDF) membrane (10X):
100 ml of 10X TG buffer (#161-0772, Bio-Rad Laboratories) was dissolved in 700 ml of
double distilled water and 200 ml of methanol. 0.0375 gm of SDS was added to 1X TG
buffer.
Procedure for transfer of protein onto PVDF membrane (wet transfer method): Wet transfer
methodology was employed to transfer high molecular weight proteins. The transfer of
protein onto PVDF membrane was performed in mini trans-blot cell wet transfer apparatus
(Model No. 170-3940, Bio-Rad Laboratories). Protein samples were resolved using SDSPAGE. After the run, the gel was immediately transferred into pre-chilled transfer buffer for
5 min. Hydrophobicity of PVDF membrane (#PVH00010, EMD Millipore) was reduced by
treating it with pre-chilled methanol for 5 min and then washed with water followed by
soaking in pre-chilled transfer buffer. All other components to prepare the wet transfer
sandwich were also kept soaked in pre-chilled transfer buffer. Mini gel holder cassette was
placed inside the casserole with the gray-side down. Pre-wetted foam pad was placed on the
gray side of the cassette, followed by a sheet of Mini trans-blot pre-cut thin filter paper
(#1703933, Bio-Rad Laboratories), the electrophoresed gel, the pre-soaked PVDF
membrane, filter paper and a foam pad. A roller was used to make the whole assembly
bubble-free. The cassette was closed and placed inside the transfer module and immersed in
the tank with gray-side towards the black-side (anode) and transparent-side towards the redside (cathode) of the module. A magnetic stir bar was placed inside the tank. The tank was
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filled completely with chilled transfer buffer. The transfer unit lid was closed which was
connected with cables to a power pack (Model No. 1645050, PowerPacTM Basic Power
Supply, Bio-Rad Laboratories). Transfer was carried out at a “constant volt” of 40 V for
240 min. To keep the whole set up cool, the entire module was placed on an ice-filled tray
and the tray was placed on magnetic stirring surface.
Semi-dry Transfer: The immunoblotting semi-dry transfer method, used to transfer low
molecular weight proteins, was performed in mini trans-blot semi-dry blot apparatus (Model
No. 170-3940, Bio-Rad Laboratories). After completion of SDS-PAGE, the PVDF
membrane and the gel were treated in the same manner as mentioned for the wet transfer.
Before starting the transfer, the semi-dry apparatus kept on a flat, horizontal surface. The
level was adjusted using a bubble-inclinometer provided. A pre-cut thick filter paper
(#1703932, Bio-Rad Laboratories), soaked in transfer buffer was placed over the transfer
assembly (anode), followed by a PVDF membrane, the electrophoresed gel and a thick paper
(towards the cathode). After removal of air bubbles from the stack using a roller, semi-dry
transfer was performed at “constant volt” of 25 V for 35 min.
After the transfer process, the PVDF membrane was washed once with TBS for 5 min
and then incubated at RT in blocking buffer (5% NFDM in 0.1% TBST on shaker for 1 h, to
prevent non-specific binding of antibodies. The membrane was probed with a specific
primary antibody solution (diluted in blocking buffer in a specific ratio as per the instruction
from antibody manufacturer) and incubated at RT for 1 h on static condition or constant
shaking, followed by O/N incubation at 4 oC at either the static or shaking condition. After
incubation, the membrane was washed three times with 1X TBST/ PBST, and then kept into
the secondary antibody solution, a horse-radish peroxidase (HRP)-conjugated IgG specific
to the primary antibody. It was incubated in the secondary antibody solution at RT for 1-2 h
with constant shaking. The membrane was washed three times with 1X TBST/ PBST for 5
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min each and finally with 1X TBS/ PBS. For HRP signal detection on immunoblots,
SuperSignal West Femto Chemiluminescent Maximum Sensitivity Substrate kit (#34094,
ThermoFisher Scientific) was used for the detection of proteins with low expressions and
ImmobilonTM Western Chemiluminescent HRP Substrate kit (#WBKLS-0050, Merck
Millipore) was used for the detection of proteins with high-expressions. Luminol and stable
peroxide solutions provided in the kit were mixed in equal ratio and were uniformly applied
on the immunoblot. The developed blots were imaged using ChemiDoc XRS plus (Model
No. 170-8265, Bio-Rad Laboratories) and analyzed with Quantity 1-D analysis software
version 4.6.9 (Bio-Rad Laboratories) equipped with the instrument.
Reprobing of the PVDF membrane: Reprobing was performed using ready-to-use Restore
Plus Western Blot Stripping Buffer (#46430, ThermoFisher Scientific) for the removal of
primary and secondary antibodies bound on the blotted membrane to detect other proteins
with similar molecular size. After the detection, the blot was incubated in reprobing buffer
for 30 min with constant shaking at RT. The blot was washed three times with 1X TBST for
15 min each followed by blocking, primary antibody incubation, washing with 1X TBST,
secondary antibody incubation and washing. Finally, membranes were developed as
mentioned previously to visualize bands. Refer appendix I and II for the dilutions of primary
and secondary antibodies.
8.2.13. Immunoprecipitation (IP) assay
Immunoprecipitation (IP) assay was performed to study protein-protein interactions. It was
mainly performed to identify various Siah2-binding partners. 1x106 cells were seeded in 6–
well cell culture plates 24 h prior to transfection and/or infection. 48 h after transfection
and/or 12 h and 24 h of infection, GCCs were lifted off the cell culture plates by scraping as
mentioned earlier. Cells were centrifuged at 300xg for 5 min at 4 oC and to the cell pellet,
200 μl of triton-buffer was added (composition mentioned in table 8).
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Table 8. Components of TEN + Triton X-100 buffer
Components

Concentration
Stock

Working

NaCl

5M

150 mM

Tris, pH- 7.5

1M

50 mM

EDTA

5M

1 mM

Triton X-100

10%

1%

Protease Inhibitor cocktail
(PIC)

100X

1X with 10 μl/ml
of buffer

The cell pellet was resuspended properly by vortexing for 30-40 sec and was kept on
ice for 30 min with intermittent vortexing (at every 10 min interval for thorough cell lysis).
Then the cell lysate was centrifuged at 850xg for 10 min at 4 oC to clear cell debris and the
supernatant was transferred to a clean 1.5 ml microcentrifuge tube. 800 μl TEN buffer
without Triton X-100 with the composition mentioned below was added to each tube.
Table 9. Components of TEN – Triton X-100 buffer
Components

Concentration
Stock

Working

NaCl

5M

150 mM

Tris, pH- 7.5

1M

50 mM

EDTA

5M

1 mM

Protease Inhibitor cocktail (PIC)

100X

1X with 10 μl/ml
of buffer

10 µl of protein A/G plus-agarose (#SC-2003, Santa Cruz Biotechnology) was added
in each tube to precipitate the debris and incubated at 4 oC for 30 min. Tubes were
centrifuged at 850xg for 5 min at 4 oC and the supernatants were transferred to a clean
microcentrifuge tube. Specific protein antibodies using which interaction was studied and
equivalent normal/ control IgG were added to the respective samples as per the
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recommended dilutions. Tubes were incubated O/N at 4 oC with shaking. After incubation,
tubes were centrifuged at 230xg for 2 min at 4 oC and 15 μl of 50% protein A/G plusagarose was added to each tube followed by incubation with shaking for 3 h at 4 oC. Agarose
bead-attached immunocomplex was pulled-down at 230xg for 5 min at 4 oC and then the
immunocomplex was washed twice with chilled 1X PBS (230xg, 5 min, 4 oC). Finally,
agarose was boiled in 25 μl of sample buffer containing 5% β-ME at 100 oC for 10 min.
Lysates were then loaded onto SDS gel and proteins were separated based on their molecular
weight followed by immunoblotting, antibody probing and detection as previously
described. Otherwise, gel was stained with coomassie brilliant blue-R250 dye {(CBBR250) (#161-0436, Bio-Rad Laboratories)} for the identification of Siah2-binding partners
by mass spectrometry. Refer to appendix I and II for the dilutions of proteins-specific
primary antibodies and IgG.
8.2.14. Identification of proteins by mass spectrometry
For the identification of novel binding partners of Siah2 protein, 1 X 106 MKN45 cells were
seeded in 6-well plates 24 prior to transfection, transiently transfected with siah2 WT and
siah2 acetylated lysine (ac-lys) mutant constructs siah2 K129R and siah2 K139R following
infection with 200 MOI H. pylori for 12 h. Immunoprecipitation was carried out using Siah2
antibody and SDS-PAGE-based separation of proteins as described in the previous section.
The SDS gel was stained O/N using ready to use CBB-R250 staining solution followed by
distaining with gel distaining solution of following composition:
Table 10. Components of gel distaining solution

Components

Volume

Glacial acetic acid

500 ml

Methanol

400 ml
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Distilled water
Final volume

100 ml
1L

Visibly different band patterns were marked in order to identify new protein bands
after comparing bands from infected-sample lane with uninfected sample-lane. Bands were
excised using a new scalpel blade in a clean area to avoid keratin contamination and placed
in labelled new and sterile (to avoid keratin contamination) 1.5 ml microcentrifuge tube. 50
μl sterile, molecular biology grade water was added to each tube to avoid gel plug drying
and were sealed firmly using parafilm. Gel samples were sent to the University of Texas
Medical Branch, Biomolecular Resource Facility (UTMB BRF) Mass Spectrometry Core
Lab, Texas, USA for Liquid Chromatography-Mass Spectrometry/ Mass Spectrometry (LCMS/MS) analysis. Gel piece from protein free area was also analyzed by LC/MS/MS and
was used as a control. From the obtained results those proteins detected in control sample
were summarily rejected whereas only those proteins with minimum two peptides having
ion score threshold value above 40 were shortlisted.
8.2.15. Soft-agar colony formation assay or anchorage-independent growth assay
The soft-agar assay was the method employed to study anchorage-independent growth of
MKN45 and AGS cells in 4 different experimental conditions as follows:
8.2.15.1. MKN45 siah2 WT and siah2 ac-lys mutant stable cells with or without H. pylori
infection were used to find out the effect of ac-lys mutation on anchorage-independent
growth of cells.
8.2.15.2. MKN45 cells co-treated 100 μM CTK7A and H. pylori were used to study the
effect of CTK7A treatment on cell invasiveness.
8.2.15.3. MKN45 cells transiently transfected with siRNA for Siah2 (siSiah2), siTES and
siFLN-C were used to study the effect of siah2, TES and FLN-C knockdown on anchorageindependent growth of cells.
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8.2.15.4. AGS empty vector, scrambled shRNA and hif1α-shRNA expressing stable cells
were used to study the effect of hif1α knockdown on colony forming ability of cells.
In this technique, cells trapped in between agar were allowed to come to the surface
and form colonies on the top agar.
Preparation of the bottom agar/ hard agar (0.6%):
1.2 gm of Bacto Agar (#199835, MP Biomedicals) was dissolved in 100 ml of distilled
water and was autoclaved at 121 oC for 20 min to prepare 1.2% agar. After autoclaving, the
agar was maintained at 50-60 oC to avoid solidification. 0.2 gm of Dulbecco's Modified
Eagle Medium/ Nutrient Mixture F-12 Ham’s media {(DMEM/ F-12, 1:1 mixture)
(#AT140A, HiMedia)}, 0.06 gm of L-Glutamine {(Q) (#TC243-10G, HiMedia)}, 0.6 gm of
Sodium bicarbonate {(NaHCO3) (#TC230-100G, HiMedia)} and 500 μl of PenicillinStreptomycin solution (#P0781, Sigma-Aldrich) were dissolved in 50 ml distilled water
(v/v) and the media was membrane-filtered to make 2X DMEM: F-12 media. 500 μl of 1.2%
Bacto Agar and 2X DMEM: F-12 Ham’s media were mixed in equal proportion and poured
in per well of a 6-well plate, followed by incubation at 37 oC, 5% CO2 for 30 min.
Preparation of cell suspension:
After completion of H. pylori infection, the spent media was discarded, cells were washed
once using 1X PBS buffer (#SH30256.02, HyClone, South Logan, Utah, USA) and were
incubated in RPMI complete media containing 50 μg/ml gentamycin sulfate (#A01010mg/ml, HiMedia) for 2 h at 37 oC, 5% CO2 to kill extracellular bacteria. Then, cells were
trypsinized and taken in a sterile 1.5 ml microcentrifuge tube. Cell counting was performed
using the Neubauer chamber and centrifuged at 150xg for 8 min at RT. Cells were
resuspended in appropriate amount of RPMI complete media to make cell density 1x106
cells/ ml.
Preparation of top agar:
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Top agar was prepared by adding 2X (DMEM/ F-12 Ham, 1:1 mixture) media, 1.2% agar,
10 μl cell suspension (containing 10000 cells) and distilled water. Then the mix was poured
slowly on solidified bottom agar by swirling the plate. Plates were placed back inside
incubators containing 5% CO2 at 37 oC for 3-4 weeks. 500 μl fresh complete media was
added thrice every week. After 3 weeks of incubation, visible colonies formed on the top
agar were counted and the colony size was compared between various treatment groups. All
components are summarized below:
Table 11. Components for soft-agar assay (For single well)
Components

Top Agar

Bottom Agar

0.5 ml

1 ml

1 ml

1 ml

Cell suspension

10 μl

-

Distilled water

0.5 ml

-

Final volume

~2 ml

2 ml

1.3% Agar
2X DMEM: F-12 Ham’s
media

8.2.16. Wound-healing assay or scratch assay
Wound-healing assay was performed to study the wound-healing property of AGS siah2
WT and various siah2 ac-lys mutant stable cells. It was also used to study the effect of p300
HAT activity inhibitor, CTK7A on migration of AGS cells. The wound healing ability of
AGS cells transiently transfected with empty vector, shHif1α, scrambled shRNA, siTES, and
siFLN-C was also studied using this assay. 1x106 AGS cells were seeded in 6-well cell
culture plates and incubated for 16-24 h to get monolayer of cells. Next day, before making
wound, images were captured. Wound was created by scraping cells from the 6-well using a
200 μl micropipette tip and floating cells were discarded followed by addition of 1.5 ml of
fresh complete media. When required, cells were co-treated with CTK7A and H. pylori.
Images were captured at 6 h, 12 h and 24 h time points using an inverted microscope
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(Model- Primo Vert, Carl Zeiss). The number of cells migrated were counted and the extent
of wound healing with time was measured using ImageJ 1.50i software (National Institute of
Health-NIH, Bethesda, Maryland, USA).
8.2.17. Transwell migration and invasion assay
Transwell migration and invasion assay as were performed to study invasive properties of
GCCs overexpressing Siah2 WT, Siah2 ac-lys mutant constructs or TES siRNA and FLN-C
siRNA or control siRNAs. Cell migration and invasion assays were performed using 8 μm
pore size Transwell Bio coat control inserts (#353097, Becton Dickinson and Company) and
transwell invasion assay was performed using 8 μm pore size transwell Bio coat matrigelcoated inserts (#354483, Becton Dickinson and Company) as per manufacturer’s guidelines.
AGS cells were seeded in a 24-well cell culture plate 24 h prior to transfection. Next, cells
were either transfected with overexpression plasmids of siah2 WT, siah2 ac-lys mutants,
pcDNA3.1+. In another experiment, cells were transfected with either siRNA of TES, FLNC and control duplex. 48 h post transfection, cells were trypsinized and 5x104 cells
(suspended in complete RPMI media) were seeded on top of transwell control inserts or
coated matrigel inserts were placed inside a 24-well plate. The upper chamber was filled
with RPMI media containing 0.1% FBS whereas, the lower chamber was filled with 20%
FBS containing RPMI media in order to create an increasing gradient of nutrient
concentration. Cells were then infected with H. pylori or left uninfected and was incubated
in a humidified incubator at 37 oC and 5% CO2 for 24 h. After completion of incubation,
inserts were taken out and cells on the top of transwell surface were scraped off twice by
using a moist cotton swab. Inserts were washed with 1X PBS and the cells attached to the
lower side of inserts were fixed with 4% paraformaldehyde for 30 min at RT followed by
O/N fixation. Inserts were washed with 1X PBS followed by permeabilization with 0.5%
Triton X-100 in PBS. Cells were then stained with hematoxylin {(#S034, Hematoxylin
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(Harris), HiMedia)} for 30 min and washed with 1X PBS. After final wash with 1X PBS,
inserts were dried for 60 min, membrane was cut from the insert using scalpel blade and
mounted over glass slide keeping the lower side down. Images were captured, migrated and
invaded cells were counted under a bright field microscope.
8.2.18. Clonogenicity or cell proliferation assay
MKN45 cells stably expressing pcDNA3.1+, siah2 WT and siah2 ac-lys mutant constructs
were analyzed for their viability following H. pylori infection for 12 h. 2x105 cells were
seeded in a 24 well plate 24 h prior to H. pylori infection and were incubated in a humidified
incubator at 37 oC and 5% CO2. After infection with H. pylori for 12 h, the cells washed
with 1X PBS followed by 50 μg/ml gentamicin treatment for 2 h. The cells were trypsinized
and seeded in a 6 well plate with 500 cells per well and incubated again in the incubator for
3 weeks. 500 μl RPMI complete media was given in each well thrice every week. After 3
weeks of incubation, clonies formed and those were fixed with 4% PFA in PBS for 30 min,
permeabilized with 0.1% Triton X-100 in PBS for 20 min and washed with 1X PBS twice.
The permeabilized-colonies were stained with Gram’s Crystal Violet stain (#S012,
HiMedia) for 10 min and finally washed with 1X PBS twice. Plates were dried for 1 h,
colonies were counted and images were taken using brightfield microscope as described
previously.
8.2.19. Tetrazolium dye 3-[4, 5- dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide
(MTT) assay
Proliferation and viability of MKN45 cells stably expressing pcDNA3.1+, siah2 WT and
siah2 ac-lys mutants were assessed by using EZcountTM MTT Assay kit (#CCK003-1000,
HiMedia). In another experiment, proliferation ability of MKN45 cells treated with CTK7A
was also determined. This assay used the quantitative method for measurement of reduction
in the extracellular yellow colored water soluble MTT dye to insoluble formazan crystals by
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mitochondrial enzyme lactate dehydrogenase in metabolically active cells. These formazan
crystals exhibited a purple color upon dissolving in an appropriate solvent. The intensity of
the purple color formation was proportional to the number of viable cells which could be
measured spectrophotometrically (Model No. 168-1135, iMarkTM Microplate Absorbance
Reader, Bio-Rad) at 570nm.
Preparation of MTT reagent:
6 ml of cell assay buffer was added aseptically to a vial containing 30 mg MTT reagent
powder and vigorously mixed pipetting up and down 10-15 times with a serological pipette
to completely dissolve the reagent, forming a bright yellow-colored 5mg/ ml MTT reagent
solution. It was then filter sterilized and stored at -20oC in aliquots till further use.
Preparation of cells:
MKN45 cells were seeded in a 96-well cell culture plate 24 h before treatment with CK7A
and/or infection with H. pylori for 24 h and incubated at 37 oC in a 5% CO2 incubator as
previously described.
Assay procedure:
Post infection (p.i), spent media was removed, cells were washed with 1X PBS and MTT
reagent was added to a final concentration of 10% of the total volume of fresh RPMI
complete media. The plate was wrapped with an aluminum foil to avoid exposure to light
and was again incubated at 37 oC in a 5% CO2 atmosphere for 2 to 4 h depending on the
progression of formation crystal formation. Cells were observed at periodic intervals under
the brightfield microscope for the presence of intracellular needle-shaped, dark purple
colored precipitate. When the purple precipitate was clearly visible, 100 μl of solubilization
buffer was added to each well and the plate was gently stirred by placing it on a nutating
shaker (Model No. SBS500-3, MiniTwistTM nutating mixer, Select BioProducts, GE
Healthcare, Edison, New Jersey, USA). The absorbance was measured using an enzyme-
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linked immunosorbent assay (ELISA) reader at 570 nm and a reference wavelength higher
than 650 nm. Specific absorbance was calculated using the formula: Absorbance of test
sample

(570 nm)

– Absorbance of blank sample

(570 nm)

– Absorbance of test sample

(>650 nm).

Data were analyzed by plotting absorbance values on Y-axis and experimental parameter on
X-axis.
8.2.20. Peptide synthesis and custom antibody generation
To determine the H. pylori-mediated Siah2 acetylation at K129 and K139 residues, custom
synthesized rabbit monoclonal antibodies were generated against acetylated K129 and K139
residues (ac-K129Siah2 and ac-K139Siah2) using the target-specific native ac-Siah2 protein
peptide sequence. These antibodies were also specific for ac-K130 and ac-K140 residues of
mouse Siah2, respectively. Two-step affinity purified antibodies were purchased from
Bioklone Biotech Pvt. Ltd., Chennai, India. The company determined antibody titers by
ELISA assay from the first and second bleeds. Peptide sequences used for generating
antibodies are listed in appendix VIII. Antibodies were used for the detection of Siah2
acetylation in H. pylori-treated cell lysates by western blotting and immunoprecipitation
assays as described earlier. Antibodies were also used for immunofluorescence staining of
human gastric antral metastatic tissue sections and C57BL/6 mouse stomach tissue sections
which are discussed below.
8.2.21. C57BL/6 mouse experiments
7-8 weeks old male and female mice were blindly divided into two groups: “uninfected” and
“infected”. H. felis infection was given as per the following protocol (200). 0.5 ml PBS was
fed orally three times at two-day intervals to the “uninfected group” and 0.5 ml 1010 CFU/ml
in PBS of O/N-grown H. felis suspension to the “infected group”. Mice were maintained for
a period of 10-12 months. After 12 months, weight of mice was measured and animals were
euthanized. Metastases were examined in gastrointestinal (GI) tract, other vital organs and
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adjoining lymph nodes. Weight of spleen from both the uninfected and infected mice was
measured to study splenomegaly, a very common symptom of infection. Gastric tissue was
collected from the antral portion of the stomach and was preserved in 4% paraformaldehyde
solution (PFA) at 4 oC for further use.
8.2.22. Embedding and sectioning of gastric biopsy samples
Antral portion of the C57BL/6 mouse stomach and human gastric biopsies stored overnight
in 4% PFA were transferred in 25% sucrose solution for at least 48 h before sectioning. The
cryostat instrument (Model No. LEICA CM3050 S, Leica Biosystems, Wetzlar, Germany)
was set to -20 oC, 24 h prior to sectioning. Just before the start of sectioning, poly-l-lysine
(#P8920-100ML, Sigma Aldrich) uniform coating was made on glass slides where tissue
sections would be mounted and incubated in 37 oC incubator for 30 min. Tissue sample was
embedded on specimen holder using optimal cutting temperature compound {(OCT)
(#3808609E, Leica Biosystems)} followed by fixing it inside the cryostat instrument in
order to freeze the tissue embedded in OCT. Sections with 5 µm thickness were cut from
tissues of human biopsies and C57BL/6 mouse antral gastric mucosa. Tissue sectionmounted glass slides were kept in slide storage box and were stored at -20 oC until further
use. Tissue sections were processed for hematoxylin and eosin staining and
immunofluorescence microscopy as described in the next section.
8.2.23. Hematoxylin and eosin (H&E) staining
Tissue sections were stained with H&E to study the morphological differences between
uninfected and human adenocarcinoma tissue from infected patients. Likewise, H. felisinfected antral gastric mucosa of mouse was compared with uninfected tissues to identify the
extent of cancer induction in H. felis-infected gastric tissue samples. The H&E was
performed as per the standard protocol (258). Tissue-mounted glass slides were removed
from -20 oC and were kept at RT for 30 min. Sections were washed with 1X PBS thrice to
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remove OCT followed by hematoxylin (#S058, Mayer’s Hematoxylin solution, HiMedia)
staining for 3 min. Sections were washed under running tap water for 5 min followed by
eosin Y (#S007, 2% w/v Eosin Y stain, HiMedia) staining for 2 min. Sections were washed
with 1X PBS thrice and mounted with antifade mounting reagent (#P36930, ProLongTM gold
antifade mountant, ThermoFisher Scientific) by placing a coverslip over the slide. Images
were captured under inverted brightfield microscope (Carl Zeiss).
8.2.24. Immunofluorescence microscopy
Immunofluorescence (IF) staining was performed to study the expression of Siah2, ac-K139
Siah2, PHD3 and Hif1α in MKN45, AGS cells and also in gastric tissue sections of patients
and C57BL/6 mice. TES and FLN-C expression were also studied in human metastatic
gastric tissue sections and mouse antral gastric mucosa tissue sections.
For immunofluorescence staining of AGS and MKN45 cells, 0.2x106 cells were
seeded on coverslips 24 h prior to infection as described earlier. After H. pylori infection
time point, old spent media was discarded, fresh complete media was given and uninfected
or H. pylori-infected cells were fixed with 4% PFA in PBS and permeabilized with 0.1%
Triton-X-100 as described earlier. Cells were kept in blocking buffer (3% BSA in PBST) for
1 h, followed by O/N incubation with respective primary antibodies diluted in blocking
buffers as per the manufacturer’s instructions. Next day, cells were washed in PBST for two
times and kept in secondary antibody incubation for 2 h on RT in dark condition to avoid
bleaching. Cells were washed twice with 1X PBST followed by staining with 4', 6Diamidino-2-phenylindoledihydrochloride (DAPI) for 15 min. Finally, cells were washed
with 1X PBS twice and mounted on Fluoromount G (#0100-01, Southern BiotechThermoFisher Scientific). Images were captured at 200X and 600X magnification using
digital camera models DS Ri2 and DS Qi2 attached to inverted microscope (Model- Eclipse
Ti-U, Nikon Corporation Tokyo, Japan).
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Human gastric adenocarcinoma biopsy tissues and C57BL/6 antral gastric tissue
sections were processed to study the expression of Siah2, ac-K139 Siah2, PHD3, Hif1α, TES
and FLN-C by immunostaining following procedure as mentioned above. These tissue
section consist of multilayer of cells, so, the sections were permeabilized with 0.5% Triton
X-100 in PBS for 20 min. Imaging was done using inverted research microscope (Nikon
Corporation) (Refer to appendix I and II for details of antibodies used).
8.2.25. Confocal microscopy
Empty vector, siah2 WT and siah2 K139R-expressing MKN45 and AGS stable cells and
siah2 siRNA-expressing AGS cells were used for confocal microscopy. Cells were seeded,
transfected and infected as per the protocols described previously. Cells were processed and
stained with Siah2, Siah2 ac-K139, TES, FLN-C specific antibodies, followed by DAPI and
Phalloidin-FITC conjugate probe (#A12379, Invitrogen) treatments. Imaging was done
using a laser scanning confocal microscope (Model No. LSM- 800, Carl Zeiss). Images were
captured using LSM-TPMT camera system (Carl Zeiss), analyzed using LSM software (Carl
Zeiss) and were processed using Adobe Photoshop (Version- 7.0, Adobe Systems, San Jose,
California, USA).
8.2.26. Densitometric and statistical analysis
Except for the in-vivo studies, all experiments were performed in a non-randomized and
non-blinded manner. Densitometric analyses of western blot images were done by Quantity
1-D Analysis software (Version- 4.6.9, Bio-Rad Laboratories). All in-vitro experiments were
performed at least three times with three technical repeats and the results were graphically
expressed as means±SEM. Statistical analysis was performed using GraphPad Prism
software (Version- 7.03, GraphPad, La Jolla, California, USA). Statistical significance
between two groups was calculated by Student’s t-tests or 1-way ANOVA at *P<0.05. 2-

128

way ANOVA was applied for comparing two or more independent groups with Tukey’s post
hoc analysis.
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APPENDIX I
PRIMARY ANTIBODIES USED

Antibodies
ac-K129Siah2
(CUSTOMIZED)
ac-K139Siah2
(CUSTOMIZED)
EGLN3/PHD3

Dilution
1:250 (WB), 1:50
(IF)
1:250 (WB), 1:50
(IF)

GAPDH

(IF)
1:500 (WB)

(IF)

(IF)

(IF)
1:1000 (WB), 1:50

KAT3B/p300

(IF)
1:1000 (WB),

Pan-ac lysine

1:300 (IP)
1:1000 (WB), 1:50

Siah1

(IF)
1:500 (WB), 1:100

Siah2
Siah2

(IP)
1:50 (IF)
1:500 (WB), 1:50

TES

(IF)
1:1000 (WB),

CagA

#ac-KYS

Bioklone Biotech,
Chennai, India

139SS

1:2000 (WB), 1:50
Hif1α

Bioklone Biotech,
Chennai, India

(IF)

1:500 (WB), 1:50
FLN-C

#ac-KLS

#NB100-

1:500 (WB), 1:50
FLN-A

Company

1:1000 (WB), 1:50

1:500 (WB), 1:50
GAL-4

Catalogue

1:100 (IF)

#sc-19286
#10100-11
#sc-7565

#sc-48495

Novus Biologicals,
CO, USA
Santa Cruz
Biotechnology, CA,
USA
Abgenex, Odisha,
India
Santa Cruz
Biotechnology, CA,
USA
Santa Cruz
Biotechnology, CA,
USA

#ab1066

Abcam, MD, USA

#ab3164

Abcam, MD, USA

#9441

Cell Signaling
Technology, MA, USA

#NB300-974

Novus Biologicals,
CO, USA

#sc-5507

Santa Cruz
Biotechnology, CA,
USA

#ab208642

Abcam, MD, USA

#sc-34737

#sc-28368

Santa Cruz
Biotechnology, CA,
USA
Santa Cruz
Biotechnology, CA,
USA
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Normal goat IgG

1:2000 (IP)

#sc2028

Normal mouse
IgG

1:2000 (IP)

#sc2025

Normal rabbit
IgG

1:2000 (IP)

#sc2027

Santa Cruz
Biotechnology, CA,
USA
Santa Cruz
Biotechnology, CA,
USA
Santa Cruz
Biotechnology, CA,
USA

WB- western blotting, IP- Immunoprecipitation, IF- Immunofluorescence

APPENDIX II
SECONDARY ANTIBODIES USED (FOR WESTERN BLOTTING)
Antibodies

Conjugate

Dilution

Catalogue

Anti-goat

HRP-conjugated
IgG

1:3000

#ab6741

Anti-mouse

HRP-conjugated
IgG

1:2000

#7076S

Anti-rabbit

HRP-conjugated
IgG

1:2000

#7074S

Company
Abcam,
MD, USA
Cell
Signaling
Technology,
MA, USA
Cell
Signaling
Technology,
MA, USA
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SECONDARY ANTIBODIES USED (FOR IMMUNOFLUORESCENCE
MICROSCOPY)
Antibodies

Conjugate

Dilution

Catalogue

Anti-goat IgG
(H+L)

Alexa flour
488

1:500

#A-11055

Anti-goat IgG
(H+L)

Alexa flour
594

1:500

#A-11058

Anti-mouse
IgG (H+L)

Alexa flour
488

1:500

#A-11001

Anti-mouse
IgG (H+L)

Alexa flour
594

1:500

#A-11005

Anti-rabbit
IgG (H+L)

Alexa flour
488

1:500

#A-21206

Anti-rabbit
IgG (H+L)

Alexa flour
594

1:500

#A-11012

PhalloidinFITC

FITC (488)

1:3000

#F432

DAPI

Dye

1:2000

#D3571

Company
Thermo Fisher
Scientific,
Waltham, MA
USA
Thermo Fisher
Scientific,
Waltham, MA
USA
Thermo Fisher
Scientific,
Waltham, MA
USA
Thermo Fisher
Scientific,
Waltham, MA
USA
Thermo Fisher
Scientific,
Waltham, MA
USA
Thermo Fisher
Scientific,
Waltham, MA
USA
Thermo Fisher
Scientific,
Waltham, MA
USA
Thermo Fisher
Scientific,
Waltham, MA
USA
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APPENDIX III
PLASMID CONSTRUCTS USED
Constructs

Description

Source

pcDNA3.1+

Empty vector construct

#28128, Addgene,
MA, USA
Gastroenterology.

p300 WT

Wild type construct

2009 June; 136(7):
2258–2269

p300 ΔHAT

HAT region is deleted from

Gastroenterology.

WT p300

2009 June; 136(7):
2258–2269

siah2

siah2 K13R

siah2 K17R

siah2 K107R

siah2 K129R

siah2 K139R

WT construct

#RG203802, Origene,
Maryland, USA

13th lysine (K) mutated to

Generated from WT

Arginine (R) in WT siah2

siah2

17th lysine (K) mutated to

Generated from WT

Arginine (R) in WT siah2

siah2

107th lysine (K) mutated to

Generated from WT

Arginine (R) in WT siah2

siah2

129th lysine (K) mutated to

Generated from WT

Arginine (R) in WT siah2

siah2

139th lysine (K) mutated to

Generated from WT

Arginine (R) in WT siah2

siah2
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APPENDIX IV
siRNAs USED
siRNA

Catalogue No.

Company

Control siRNA

#sc-37007

Santa Cruz Biotechnology,
CA, USA

siah2 siRNA

#SR-304370

Origene, Maryland, USA

FLN-C siRNA

#sc-60639

Santa Cruz Biotechnology,
CA, USA

TES siRNA

#sc-45509

Santa Cruz Biotechnology,
CA, USA

APPENDIX V
CONDITIONS USED FOR SIAH2 SITE-DIRECTED MUTAGENESIS
Phase

Temperature

Time

Cycle

Initial denaturation

95 oC

1 min

--

Final denaturation

95 oC

1 min

Annealing

55 oC

1 min

Extension

65 oC

13 min

Final extension

65 oC

13 min

--

Hold

4 oC

∞

--

30 cycles
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APPENDIX VI
PRIMERS USED FOR SIAH2 SITE-DIRECTED MUTAGENESIS

Primer

Sequence

K13R
mutation

5’-CGGCCCCAGCGCTAATAGACCCTGCAGCAAGCAGC-3’

K17R
mutation

5’-AATAGACCCTGCAGCAGGCAGCCGCCGCCGCAG-3’

K107R
mutation

5’-AACCAATGCCGCCAGAGGTTGAGCTGCTGCCCG-3’

K129R
mutation

5’-AACCTGGCTATGGAGAGGGTGGCCTCGGCAGTC-3’

K139R
5’-GTCCTGTTTCCCTGTAGGTATGCCACCACGGGC-3’
mutation
AGA/ AGG- Arginine (R)-specific codons.

APPENDIX VII
PRIMERS USED FOR SIAH2 SITE-DIRECTED MUTAGENESIS SEQUENCING

Primer

Sequence

T7 promoterspecific primer

5’-TAATACGACTCACTATAGGG-3’
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APPENDIX VIII
SIAH2 SITE-DIRECTED MUTAGENESIS SEQUENCING RESULTS
1.

K13R mutation

2.

K17R mutation

3.

K107R mutation

4.

K129R mutation

5.

K139R mutation
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APPENDIX IX
PEPTIDES USED FOR CUSTOMIZED ANTIBODY GENERATION

Primer

Sequence

ac-K129 Siah2

KLSCCPTCRGALTPSIRNLAMEK (acetylated)

ac-K139 Siah2

(acetylated) KYATTGCSLTLHHTEKPEHEDI
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Membrane-bound β-catenin degradation is enhanced by
ETS2-mediated Siah1 induction in Helicobacter pylori-infected
gastric cancer cells
L Das1,5, SB Kokate1,5, P Dixit1, S Rath1, N Rout2, SP Singh3, SE Crowe4 and A Bhattacharyya1
β-catenin has two different cellular functions: intercellular adhesion and transcriptional activity. The E3 ubiquitin ligase Siah1 causes
ubiquitin-mediated degradation of the cytosolic β-catenin and therefore, impairs nuclear translocation and oncogenic function of
β-catenin. However, the effect of Siah1 on the cell membrane bound β-catenin has not been studied. In this study, we identiﬁed
that the carcinogenic bacterium H. pylori increased ETS2 transcription factor-mediated Siah1 protein expression in gastric cancer
cells (GCCs) MKN45, AGS and Kato III. Siah1 protein level was also noticeably higher in gastric adenocarcinoma biopsy samples
as compared to non-cancerous gastric epithelia. Siah1 knockdown signiﬁcantly decreased invasiveness and migration of
H. pylori-infected GCCs. Although, Siah1 could not increase degradation of the cytosolic β-catenin and its nuclear translocation, it
enhanced degradation of the membrane-bound β-catenin in the infected GCCs. This loss of membrane-bound pool of β-catenin
was not associated with the proteasomal degradation of E-cadherin. Thus, this work delineated the role of Siah1 in increasing
invasiveness of H. pylori-infected GCCs.
Oncogenesis (2017) 6, e327; doi:10.1038/oncsis.2017.26; published online 8 May 2017

INTRODUCTION
Siah family of E3 ubiquitin ligases are involved in the proteasomedependent degradation of target proteins. These proteins
modulate several cellular functions including angiogenesis,
inﬂammation, cell proliferation, cell migration and apoptosis.1–5
Humans have siah1, siah2 and siah3 genes whereas, mice have
siah1a, siah1b and siah2 genes.6,7 Animal model-based studies
support oncogenic functions of both Siah1 and Siah2 while tumorpromoting roles of Siah2 and apoptosis-inducing role of Siah1 are
mostly reported from cell line-based assays.8
Siah1 is involved in the p53-mediated degradation of the
oncogene β-catenin in the cytosol.9–11 β-catenin is involved in the
cell–cell adhesion, as well as Wnt-signaling in epithelial cells.12,13
Two separate pools of β-catenin maintain these two very different
functions—a nonmembranous cytoplasmic-nuclear pool and a cell
membrane pool bound with E-cadherin.14 In the absence of
Wnt-signaling, the cytoplasmic β-catenin is degraded by the
ubiquitin-proteasomal degradation pathway. This results in the
accumulation and translocation of β-catenin to the nucleus and
causes transcriptional activation of its target genes.15
Siah1-mediated degradation of cytoplasmic β-catenin is a
phosphorylation-independent mechanism. While several studies
reported about proteasomal degradation of β-catenin in the
cytosolic compartment, very little is known about its proteasomal
degradation in the cell membrane adherens junction. However,
this is clear that cell membrane-bound β-catenin degradation
is associated with the loosening of the cell–cell attachment. The
E3 ubiquitin ligase Hakai ubiquitinates cell membrane-bound

E-cadherin and β-catenin leading to the internalization of the
E-cadherin complex and enhanced epithelial cell migration.16,17
What happens to the cadherin-bound β-catenin after the complex
is dissociated from the adherens junction is not clearly known but
it is considered to be either degraded or recycled.18 Another E3
ubiquitin ligase, Ozz-E3, ubiquitinates β-catenin and causes its
proteasomal degradation.19 Since there is only one report of a rare
inactivating mutation of siah1 in gastric cancer20 and none in any
other cancers,21 the cellular function of Siah1 in regulating gastric
cancer possibly is not limited to its tumor-suppressive role. This
notion is further supported by animal studies, which have shown
Siah1 as a tumor-promoter.8
We sought to investigate the effect of H. pylori infection on the
expression and activity of Siah1 protein in the infected gastric
cancer cells (GCCs). Our ﬁndings reveal a novel mechanism of
H. pylori pathogenesis wherein H. pylori-mediated upregulation of
ETS2 induces siah1 transcription. We observe that Siah1 causes
membrane-bound β-catenin degradation and induces invasiveness and migration of infected GCCs.
RESULTS
Siah1 mRNA and protein levels in H. pylori-infected human GCCs
To study the Siah1 protein level in H. pylori-infected gastric cancer
cells (GCCs), MKN45 cells were infected with a cytotoxinassociated gene pathogenicity island-positive {cag PAI(+)} H. pylori
strain 26695 at a multiplicity of infection (MOI) 100 and 200 for 3 h
and 6 h. Western blot analysis revealed that although MOI 100 at
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Figure 1. H. pylori enhance Siah1 expression in GCCs. (a) Western blottings of whole cell lysates from uninfected and H. pylori-infected (3 h and
6 h with MOI 100 and 200) MKN45 cells show increased Siah1 protein levels in infected cell lysates. α-tubulin is the loading control. (b) Time
kinetics of Siah1 protein induction (1–6 h) in H. pylori-infected MKN45 cells. (c) Real time RT-PCR shows increased Siah1 mRNA expression in
H. pylori-infected MKN45 cells. Bars shown in panels A–C represent normalized data (mean ± s.e.m., n = 3), *Po0.05. (d) Western blot results of
showing Siah1 protein levels from cell lysates isolated from uninfected and H. pylori-infected MKN45 cells. Two different strains of H. pylori
compared are cag PAI(+) strain 26695 and cag PAI(-) strain 8-1.

6 h post infection (p.i.) and MOI 200 at both 3 h and 6 h
signiﬁcantly induced Siah1 protein, MOI 200 at 6 h was maximally
effective (Figure 1a). To identify the optimal time for Siah1 protein
induction with 200 MOI of H. pylori infection, MKN45 cells were
infected for 1 h, 3 h and 6 h. Representative western blot results
(n = 3) showed that 6 h was the optimal time required for Siah1
protein induction (Figure 1b). To assess the effect of H. pylori
infection on Siah1 transcription, MKN45 cells were infected with
MOI 200 of H. pylori. The real-time RT-PCR data (n = 3) conﬁrmed
that Siah1 messenger RNA (mRNA) was signiﬁcantly (*P o0.05)
enhanced after 2 h p.i. as compared to the uninfected control
(Figure 1c). Comparison of the cag PAI(+) strain with an isogenic
cag PAI(-) mutant strain 8-1 revealed that Siah1 protein induction
was a cag PAI-independent event (Figure 1d). So, all future
experiments used only strain 26695, unless speciﬁed differently.
ETS2 binds with siah1 5ʹ UTR and enhances Siah1 transcription in
the H. pylori-infected GCCs
To identify the transcription factor responsible for Siah1 upregulation in the H. pylori-infected human GCCs, siah1 promoter and
5ʹ UTR analysis was done using the Genomatix Suite of sequence
analysis tool MatInspector (professional version 6.2.2). We identiﬁed
Oncogenesis (2017), 1 – 12

the presence of an E26 transformation-speciﬁc (ETS) binding
site (EBS) in the siah1 5ʹ UTR (core element GGAA located between
+92 and +95, GenBank: AJ400626.1)22 (Figure 2a).
In vitro binding assay was performed to study ETS2 binding with
the EBS of the 5′ UTR of siah1 in uninfected and infected MKN45
cells. WT and EBS-mut oligonucleotides were 5′ biotinylated
(Supplementary Figure 1). Nuclear extracts prepared from uninfected or 3 h H. pylori-infected MKN45 cells were incubated with
biotinylated-oligonucleotides coated over magnetic beads. Western
blots of bead-bound proteins showed ETS2 binding with the siah1
promoter EBS only in the infected cells (Figure 2b). Western blot of
input nuclear lysates showed ETS2 protein level in the nuclear
fraction. HDAC1 was used as a nuclear loading control. In vivo
binding of ETS2 with siah1 EBS was further conﬁrmed by chromatin
immunoprecipitation (ChIP) assay. Uninfected and H. pylori-infected
MKN45 cells were immunoprecipitated using ETS2 speciﬁc antibody.
PCR products obtained from the immunocomplex represented the
siah1 promoter and 5′ UTR ﬂanking the EBS (S = speciﬁc PCR
product). PCR product was not obtained from the 5ʹ far upstream
sequence (NS = non-speciﬁc PCR product) (Figure 2c).
Next, dual luciferase assays were performed to study the effect
of ETS2 on siah1 transactivation. WT or EBS-Mut siah1 reporter
constructs were co-transfected with Renilla luciferase construct

Siah1 increases membrane β-catenin degradation
L Das et al

3

Figure 2. ETS2 binds to EBS in the 5ʹ UTR and induces siah1 transcription and protein expression in the H. pylori-infected GCCs. (a) Promoter
and 5ʹ UTR analysis of human siah1 gene shows that an EBS located between +92 and +95 (represented by a box). We assume that the most
upstream exon 1 of the Siah1 cDNA is at position +122. (b) Western blot results showing the status of ETS2 binding with the siah1 5′ UTR (n = 3)
in the presence or absence of H. pylori. ETS2 binds to the WT EBS only but not with the EBS-Mut oligo. Western blot of nuclear lysates shows
the levels of ETS2 protein expression in the input lanes. HDAC1 is the loading control for nuclear lysates. (c) ChIP assay of ETS2
immunocomplex for siah1 EBS. IgG = immunoglobulin G; M = MW marker; NS = non-speciﬁc primer, S = speciﬁc primer. (d) Figure shows
dual luciferase assay involving WT and ETS2-Mut siah1 5ʹ UTR-transfected and infected or uninfected MKN45 cells. Data are analyzed by twoway ANOVA with Tukey’s post hoc test (n = 3). Error Bars, s.e.m. ***P o 0.001, **P o 0.01, *P o 0.05. (e) Bar graph of dual luciferase assay result
showing transcriptional activation of WT siah1 5’ UTR with ectopic ETS2 expression and H. pylori infection. Data are analyzed by two-way
ANOVA with Tukey’spost hoc test. Error bars, s.e.m. ***P o0.003; ****Po 0.0001. (f) Transient transfection of ETS2 siRNA followed by western
blotting shows Siah1 suppression in the ETS2-suppressed MKN45 cells.

phRLTK in MKN45 cells followed by infection with H. pylori for 1 h.
Data conﬁrmed that H. pylori signiﬁcantly increased siah1
transactivation in the WT siah1 EBS-expressing cells as compared
to the mut EBS-expressing cells (Figure 2d). Reduced siah1
transactivation in EBS-mut H. pylori-infected MKN45 cells compared with WT EBS-expressing H. pylori-infected cells further
conﬁrmed the positive effect of ETS2 on siah1 transcription in H.
pylori-infected GCCs. Further, dual luciferase assay was performed
with co-transfection of empty vector or ETS2 overexpression
plasmid along with the WT siah1 promoter construct and the
Renilla luciferase construct phRLTK followed by infection for 1 h.
Results (Figure 2e) conﬁrmed that ETS2 could signiﬁcantly
enhance H. pylori-mediated siah1 transcription.

To ﬁnd out the role of ETS2 knockdown on Siah1 protein level,
we transfected MKN45 cells with siETS2 or control duplex and
infected with H. pylori or left uninfected. A noticeable decrease in
H. pylori-induced Siah1 protein level was observed in ETS2suppressed cells after H. pylori infection as compared to the
control duplex-transfected cells. This conﬁrmed the role of ETS2 in
inducing Siah1 protein during H. pylori infection (Figure 2f).
ETS transcription factors are crucial for cancer progression.23 We
also studied the status of ETS2 along with Siah1 proteins after
infection with 100 and 200 MOI at 3 and 6 h. H. pylori MOI and
time-dependently increased ETS2 as well as Siah1 proteins in
MKN45 cells and 200 MOI was optimal (Figure 3a). To ﬁnd out the
expression of Siah1 and ETS2 at 200 MOI, MKN45 cells were
Oncogenesis (2017), 1 – 12
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(Figure 3d) suggesting of cag PAI-independent regulation of
Siah1. Figures 3a–d are graphically presented in Supplementary
Figure 2.
Helicobacter-infected human and mouse gastric epithelia show
enhanced expression of ETS2 and Siah1
ETS2 and Siah1 were assessed in gastric adenocarcinoma, antral
biopsy samples (stage III, rapid urease test-positive) collected from
consenting patients. H&E staining and ﬂuorescence microscopy
showed marked induction of ETS2 and Siah1 in adenocarcinoma
samples (n = 10) compared to non-cancer tissues (n = 10)
(Figure 4a). These data showed coexistence of ETS2 and Siah1
proteins in H. pylori-mediated gastric adenocarcinoma.
C57BL/6 mice were infected with H. felis as this model
represents the classical cascade of H. pylori-driven carcinomatous
changes observed in humans.25 Eight months p.i. all infected mice
showed precancerous lesions represented by marked mucusgland metaplasia, enhanced ETS2 and Siah1 expression (n = 16) as
compared to the uninfected tissues (n = 16) (Figures 4b and c).

Figure 3. Parallel ETS2 and Siah1 induction occurs in H. pyloriinfected GCCs, as well as in human gastric adenocarcinoma biopsy
samples. (a) A representative western blot (n = 3) showing optimal
induction of ETS2 and Siah1 by 200 MOI of H. pylori at 3 h and 6 h p.i.
(b) Cells infected for various time periods are analyzed for ETS2 and
Siah1 protein expression (n = 3). (c) Western blot (n = 4 showing
ETS2 and Siah1 proteins in uninfected and H. pylori-infected Kato III,
MKN45 and AGS cells. (d) Western blot results (n = 3) depicting equal
effectiveness of 8-1 and 26695 in inducing ETS2 and Siah1 proteins.
Graphical representations of panels A–D are shown in
Supplementary Figure 2.

infected for 1, 3 and 6 h. Although ETS2 and Siah1 expressed from
1 h p.i., 3 and 6 h infection resulted in highly-induced expression
of both of these proteins (Figure 3b). Like MKN45, other GCCs, that
is, Kato III and AGS also showed ETS2 and Siah1 expression at 6 h
of infection with MOI 200 (Figure 3c). Siah1 was earlier reported
to be activated by p53.9,22,24 As Kato III cells are p53-null cells,
our data conﬁrmed that Siah1 expression in H. pylori-infected
GCCs was p53-independent. In addition, 26695 and 8-1 strains
equally induced ETS2 and Siah1 proteins in MKN45 cells
Oncogenesis (2017), 1 – 12

Siah1 enhances loss of membrane-bound β-catenin in the
H. pylori-infected GCCs
Siah1 was previously reported to induce apoptosis and cell-cycle
arrest by degradation of cytosolic β-catenin.9,10 Siah1 enhanced
β-catenin degradation in the cytosolic compartment of
hepatocytes and thereby reduced its nuclear localization and
effectiveness as an oncogenic factor.26 The same study, however,
showed that the membrane-bound β-catenin was not affected by
Siah1. Siah1 was also reported to degrade cytosolic β-catenin in
the cervical epithelial cancer cells.27 To ﬁnd out the effect of
H. pylori infection on β-catenin, we performed western blot of
whole cell lysates prepared from H. pylori-infected (6, 14 and 20 h)
or uninfected MKN45 cells. Data indicated that although Siah1 was
signiﬁcantly (*Po 0.05) induced by H. pylori, β-catenin level in the
whole cell lysate did not change with H. pylori infection
(Figure 5a). We next assessed the membrane-enriched, cytoplasmic and nuclear-fraction-enriched lysates by western blotting.
Pan-cadherin, α-tubulin and histone-deacetylase 1 (HDAC1) served
as loading controls for the membrane fractions, cytoplasmic
fractions and nuclear fractions, respectively. Membranous
β-catenin was signiﬁcantly (*Po 0.05) downregulated only after
20 h of H. pylori infection (Figure 5b). However, no change in
membrane-bound Siah1 was noted following H. pylori infection.
Surprisingly, cytoplasmic fractions which showed signiﬁcantly
high (*Po 0.05) Siah1 protein levels after H. pylori infection at all
time points, did not demonstrate any loss of β-catenin in infected
cells. P.i., nuclear fractions also showed a time-dependent
signiﬁcant (*Po 0.05) increase in Siah1 but unchanged β-catenin
protein level. Confocal microscopy performed on MKN45 cells
further conﬁrmed that expression of only the membrane-bound
β-catenin was highly reduced 20 h p.i. (Figure 5c). To ﬁnd out
whether membrane β-catenin loss was a proteasome-dependent
degradation process or not, we infected MKN45 cells with H. pylori
in the presence or absence of 50 μM MG132, a proteasome
inhibitor. H. pylori-mediated downregulation of membrane-bound
β-catenin was markedly rescued by MG132 treatment indicating
that H. pylori-mediated membrane-bound β-catenin loss was due
to proteasomal degradation (Figure 5d).
To assess the effect of siah1and ETS2 on membrane β-catenin
level, we performed a few assays. Siah1-overexpressed MKN45
cells showed no change in β-catenin in whole cell lysates
even after 20 h of H. pylori infection (Figure 6a). With Siah1
overexpression, however, β-catenin loss in the membrane was
signiﬁcantly enhanced (Figure 6b). siSiah1 transfection had no
impact on the β-catenin level in whole cell lysates (Figure 6c).
However, siSiah1 transfection signiﬁcantly (*Po 0.05) blocked
H. pylori-mediated membrane β-catenin degradation (Figure 6d).
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Figure 4. Induced ETS2 and Siah1 expression in Helicobacter-infected human and mouse gastric epithelia. (a) H&E staining of human noncancer (a) and adenocarcinoma (e) biopsy samples (n = 10 for each group) and ﬂuorescence microscopy of the staining for Siah1 (b and f),
ETS2 (c and g) and DAPI (d and h). Original magniﬁcation × 100, inset × 400. Scales shown 50 μm. Inset scale 20 μm. (b) H&E staining of
uninfected (n = 16) and infected (n = 16) antral gastric tissues from C57BL/6 mice (a and e, respectively) and their corresponding ﬂuorescence
microscopy images showing Siah1 (b and f ), ETS2 (c and g) and DAPI (d and h) staining. Infected mice show inﬂammation (thin arrow), mucus
gland metaplasia (open arrow) in the mucosa. (c) Data representing similar observations in another set of uninfected and infected mice gastric
tissues. Original magniﬁcation × 100, inset × 400. Scales shown in b and c: 50 μm.
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Figure 5. Membrane-bound β-catenin degradation in H. pylori-infected GCCs is proteasome-mediated. (a) Western blotting for Siah1 and
β-catenin in uninfected and H. pylori-infected (6 h, 14 h and 20 h) MKN45 whole cell lysates (n = 3). (b) Western blotting of membrane,
cytoplasmic and nuclear fractions of uninfected or H. pylori-infected lysates for detection of Siah1 and β-catenin proteins (n = 3). Pan-cadherin,
α-tubulin and HDAC1 are used as respective loading controls. Bars depicting panels A–B represent normalized data (mean ± s.e.m., n = 3),
*Po 0.05. (c) A representative confocal microscopy result (n = 3) showing degradation of membrane-bound β-catenin in H. pylori-infected
MKN45 cells. (d) Western blot (n = 3) showing rescue of membrane-bound β-catenin from degradation by treatment with the proteasome
inhibitor, MG132.
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Figure 6. Siah1 promotes membrane-bound β-catenin degradation in H. pylori-infected GCCs. (a) Western blotting result (n = 3) of whole cell
lysates prepared from Siah1 or empty vector (pcDNA3.1+)-transfected and H. pylori-infected or uninfected MKN45 cells. Blots are incubated
with Siah1 and β-catenin primary antibodies. α-tubulin is the loading control. (b) Decreased membrane-bound β-catenin expression is
detected by western blotting (n = 3) in Siah1-overexpressed and H. pylori-infected cells. (c) Western blotting result (n = 3) of whole cell lysates
prepared from siSiah1 or siControl duplex-transfected and H. pylori-infected or uninfected MKN45 cells. Blots are incubated with Siah1 and
β-catenin primary antibodies. α-tubulin is the loading control. (d) Decreased membrane-bound β-catenin expression is seen in Siah1supressed and H. pylori-infected cells. (e) Western blotting result (n = 3) of whole cell lysates prepared from siETS2 or siControl duplextransfected and H. pylori-infected MKN45 cells. Blots are incubated with Siah1 and β-catenin primary antibodies. α-tubulin is the loading
control. (f) Decreased membrane-bound β-catenin expression is detected in western blotting (n = 3) in ETS2-supressed and H. pylori-infected
cells. (g) Siah1 is immunoprecipitated with anti-Siah1 antibody from the membrane fraction and immunoblotted to detect β-catenin and
Siah1 interaction. Non-speciﬁc band = immunoglobulin heavy chain. Graphical representations are shown in Supplementary Figure 3.

Next, we tried to assess the effect of ETS2 knockdown on Siah1
protein. siETS2 signiﬁcantly (*Po 0.05) reduced ETS2, as well as
Siah1 protein levels in the whole cell lysates (Figure 6e). Post
siETS2 transfection, cell membrane fractions showed signiﬁcant
reduction in membrane Siah1 level (Figure 6f). siETS2 could
signiﬁcantly (*Po 0.05) decrease H. pylori-driven membrane
β-catenin degradation. Data shown in Figures 6a-f have been
graphically presented in Supplementary Figure 3. Interaction of
Siah1 with membrane-bound β-catenin was studied by immunoprecipitation assay of membrane-rich lysates. Result (Figure 6g)
showed that although Siah1 interacted with β-catenin in
uninfected or infected cells at 14 h and in uninfected cells at

20 h, β-catenin was completely lost in the immunoprecipitate only
after 20 h of infection.
As both E-cadherin and β-catenin are degraded by E3 ubiquitin
ligases16 and previous studies reported about loss of E-cadherin
from the membrane in H. pylori-infected GCCs,28,29 we wanted to
assess E-cadherin status in the membrane of Siah1-overexpressed
cells in the presence or absence of H. pylori. For this, MKN45
cells were transfected with the empty vector (pcDNA3.1+) or
Siah1 construct. Transfected cells were infected with H. pylori
for 20 h in the presence or absence of either vehicle control or
50 μM MG132. Data revealed that neither Siah1 overexpression nor
H. pylori promoted membrane-bound E-cadherin loss in GCCs
Oncogenesis (2017), 1 – 12
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Figure 7. Siah1 increases the rate of cell migration in H. pylori-infected GCCs. (a) Graphical representations (n = 3) of wound healing assay
showing enhanced migration potential of Siah1-overexpressed and H. pylori-infected cells. 24 h post transfection, wound is marked and the
scratched area is monitored from 6 h-24 h. Data have been analyzed by 2-way ANOVA with Tukey’s post hoc test. Error bars, s.e.m.
****Po0.0001. (b) Cell migration assay performed in transwell chambers with AGS cells show decreased migration of infected cells expressing
siSiah1 as compared to the siControl group. Arrowheads indicate migrated cells; scales shown: 50 μm. Bar graphs denote the average number
of migrated cells (mean ±s.e.m., n = 3). Data are analyzed by 2-way ANOVA with Tukey’s post hoc test. Error bars, s.e.m. ***Po 0.003;
****Po0.0001. Protein level of siSiah1 cells are shown in the accompanying western blot images. (c) Matrigel invasion assay with
Siah1-suppressed AGS cells showing reduced invasiveness in H. pylori-infected GCCs. Bar graphs denote the average number of cells invaded
through the Transwell matrigel (n = 3). Arrowheads indicate invaded cells. Data are analyzed by two-way ANOVA with Tukey’s post hoc test.
Error bars, s.e.m. **P o0.01; ***Po 0.003; ****P o0.0001. Scales shown: 50 μm. (d) Soft agar colony formation assay is performed on MKN45
cells. Siah1 stably-transfected cells show a substantial increase in colony forming ability post H. pylori infection as compared to cells expressing
the empty vector. Siah1 level in Siah1-stable cells are shown in the accompanying western blot result. (e) Soft agar assay performed with
uninfected or infected MKN45 cells that stably-express either ETS2 or empty vector show a substantial increase in colony forming ability of
ETS2-expressing cells. Protein level of ETS2 stable cells are shown in the accompanying western blot images. Scales shown in b and c: 100 μm.
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(Supplementary Figure 4). Western blotting of the membranefraction showed E-cadherin expression under the above experimental conditions.
Siah1 promotes migration and invasiveness of H. pylori-infected
GCCs
It is well established that loss of membrane-bound β-catenin
enhances cancer invasiveness.30–32 Membrane-bound β-catenin
loss is also frequent in metastatic gastric cancer cases.33 As we
found that Siah1 could increase membrane-bound β-catenin
degradation and it is also well known that H. pylori induces
invasiveness of infected cells,34 we next wanted to assess the
effect of Siah1 in increasing metastatic properties in GCCs. To
evaluate the inﬂuence of Siah1 overexpression on the ability of
migration of H. pylori-infected GCCs, we performed woundhealing assay. For this, the highly adherent gastric adenocarcinoma cell AGS was preferred over the partially adherent MKN45
cells (poorly-differentiated gastric adenocarcinoma cells) since
MKN45 cells partly grow in clumps.35 pcDNA3.1+ or Siah1 stablyexpressing AGS cells were grown in monolayer, a wound was
marked and cells were incubated in the presence or absence of
H. pylori for various time periods. A signiﬁcant time-dependent
increase in cell migration was observed in Siah1-expressing
H. pylori-infected AGS cells than empty-vector-expressing infected
cells (Figure 7a). To further conﬁrm the role of Siah1 in cell
migration, Transwell migration assay was performed with Siah1suppressed AGS cells. siSiah1-expressing cells showed signiﬁcantly
less H. pylori-induced cell migration (Figure 7b). Cell invasiveness
was studied by Matrigel-invasion assay using exogenous siSiah1expressing AGS cells. Signiﬁcantly less (*Po 0.05) cell invasion
was observed in siSiah1-expressing infected AGS cells as
compared to control duplex-expressing infected AGS cells
(Figure 7c). Western blot results alongside the Transwell migration
assay data indicated status of siSiah1. Soft agar colony formation
assay was performed to study anchorage-independent growth of
H. pylori-infected cells. Both Siah1 or ETS2-expressing AGS cells
showed markedly increased colony formation in soft agar plates as
compared to empty vector-expressing H. pylori-infected cells
(Figure 7d and e, respectively). Western blot results alongside the
soft agar assay data indicated status of Siah1 and ETS2 proteins in
the respective stable cells used for soft agar assays.
DISCUSSION
H. pylori colonization enhances inﬂammatory responses and
neoplastic changes owing to the loss of the gastric epithelial cell
barrier function. Loss of cell-to-cell adhesions takes place in the
infected epithelium as disruption of the junctional cadherincatenin complex occurs. Here, we report for the ﬁrst time that
ETS2 enhances siah1 transcription in the H. pylori-infected GCCs.
We prove that H. pylori-mediated Siah1 upregulation promotes
invasiveness of H. pylori-infected GCCs by increasing degradation
of the membrane-bound β-catenin. In addition, we also show that
increased expression of Siah1 protein in H. pylori-infected GCCs
does not cause E-cadherin loss from the cell membrane.
Cadherin-bound β-catenin is an integral component of the
adherens junctions. An E3 ubiquitin ligase Hakai induces
E-cadherin ubiquitination and internalization by endocytosis.16
Endocytosis possibly plays a role in releasing β-catenin from the
internalized E-cadherin complex.36 Otherwise, tyrosine phosphorylation of β-catenin can also disrupt the α-catenin-E-cadherin
association.37 It is believed that E-cadherin-bound β-catenin can
accumulate at the perinuclear endocytic recycling compartment
and translocate to the nucleus upon Wnt activation.38 After
internalization, Hakai-mediated E-cadherin ubiquitination redirects
the latter from a recycling pathway to a lysosome-mediated
degradation process.39 Membrane-bound β-catenin is also

targeted for ubiquitin-mediated degradation by E3 ubiquitin
ligases Hakai and Ozz.16,19 Other ubiquitin ligases such as MDM2
and K5, can also ubiquitinate and degrade E-cadherin.40,41
We show here that the E3 ubiquitin ligase Siah1 enhances
degradation of the cell membrane-bound β-catenin in the
H. pylori-infected GCCs which can be prevented by inhibiting
proteasomal degradation.
This study reveals that Siah1 mediated membrane β-catenin
degradation is independent of membrane E-cadherin status.
Interestingly, H. pylori CagA can interact with E-cadherin and to
disrupt the E-cadherin-β-catenin complex. Thereby, CagA
increases cytoplasmic β-catenin degradation and its nuclear
accumulation.42 In contrast to this, we notice no β-catenin loss
in the cytosol and no nuclear β-catenin accumulation in MKN45
cells by the cag PAI(+) H. pylori strain. Our ﬁndings corroborate
another report by Bebb et al. which shows that the reduction in
membrane β-catenin occurs in H. pylori-infected cells without
concomitant increase in its cytosolic and nuclear pool.43 However,
as only nonphosphorylated CagA interacts with E-cadherin42,44
while CagA gets phosphorylated in the infected host,45,46 cell
disruption of E-cadherin-β-catenin interaction by CagA in our
system is ruled out. We note that loss of membrane-bound
β-catenin only takes place in H. pylori-infected GCCs but not in
uninfected GCCs. This could be due to increased activity of Siah1
protein in H. pylori-infected GCCs. Research is currently underway
in our laboratory to identify the possible role of posttranslational
modiﬁcation(s) in regulating Siah1 activity and whether that is
restricted to the cell membrane.
Siah1-mediated cytosolic β-catenin degradation is thought to
have an overall tumor-suppressive effect. We ﬁnd that Siah1
protein is induced by ETS2 in H. pylori-infected GCCs but it does
not cause any change in the cytosolic and nuclear pool of
β-catenin. These observations are in complete contradiction with
earlier ﬁndings which have shown that the cytosolic fraction of
β-catenin is degraded by Siah1 and thus, Siah1 act as a tumor
suppressor.9,10,47 As Siah1 can be upregulated in a p53-dependent
manner,20,48,49 association of Siah1 with apoptosis is also widely
accepted. Surprisingly, we ﬁnd that the level of Siah1 protein in
H. pylori-infected GCCs is not dependent on p53 as it is also
induced in the p53-null Kato III cells. As basal expression of Siah1
is noticed in uninfected GCCs when ETS2 protein is not expressed,
it is clear that p53 and ETS2-independent mechanisms of siah1
transcription exist.
E3 ubiquitin ligases are involved in various cellular processes
including cancer and inﬂammation.3,50 Recently we have shown
that Siah2 was induced by ETS2 and Twist1 in H. pylori-infected
GCCs.51 It is therefore evident from the current study that ETS2
can simultaneously induce both Siah1 and Siah2 proteins in
H. pylori-infected GCCs. As Siah1 lacks Twist1-binding site, we
speculate that these isotypes can still be differentially regulated
since ETS2 and Twist1 expression might vary depending on
the staging of gastric cancer. As we have not observed any role
of Siah2 in membrane-bound β-catenin degradation in H. pyloriinfected GCCs (unpublished data), target molecules of these Siah
isotypes might very well be different. We believe that despite
having a common transcription factor ETS2, Siah1 and Siah2 have
unique roles in the cell and disease processes.
Since this work uncovers a new mechanism of H. pylori-induced
degradation of cell membrane-associated β-catenin, we believe
that Siah1 is a crucial factor regulating gastric cancer progression
and metastasis. Stage-dependent variation in Siah1-β-catenin
interaction might exist that can determine the course of
treatment-outcome. For this, further studies with patient samples
are required which will surely enrich our current knowledge of the
molecular basis of H. pylori-mediated gastric cancer pathogenesis.
Oncogenesis (2017), 1 – 12
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MATERIALS AND METHODS
Cells, plasmids, siRNAs and inhibitors
The human adenocarcinoma GCCs MKN45, Kato III, AGS were cultured and
maintained, as described earlier.52,53 Full-length wild type (WT) human
Siah1 cDNA was subcloned in HindIII/XhoI restriction sites of eukaryotic
expression vector pcDNA3.1+ (Invitrogen, CA, USA). ETS2 construct
(#28128) was procured from Addgene, MA, USA. The full length human
siah1 promoter was cloned into the pGL3 basic vector (Promega, WI, USA)
using restriction sites KpnI and HindIII. The promoter construct siah1 WT
was used as a template to generate mutation at the ETS2-binding site (EBS)
using Quik Change site-directed mutagenesis kit (Agilent Technologies, CA,
USA). Constructs were conﬁrmed by sequencing. Primer sequences are
shown in Supplementary Figure 1. sisiah1 were purchased from Santa Cruz
Biotechnology, Texas, USA, whereas siETS2 was purchased from Origene,
MD, USA. The proteasome inhibitor Z-Leu-Leu-Leu-al (MG132) was
purchased from Sigma-Aldrich, WI, USA.

Bacterial infection, inhibitor treatment and human gastric mucosal
biopsy specimen collection
H. pylori strains 26695, 8-1 and H. felis strain 49179 (#49179, ATCC, VA, USA)
were cultured and maintained as reported previously.52,53 Unless otherwise
speciﬁed, GCCs were infected with strain 26695 at 200 MOI for the
indicated period. To study proteasome-mediated degradation, cells were
co-treated with the proteasome inhibitor MG132 for 6 h at 50 μM dose.
Endoscopic biopsy samples (from the antral region of the stomach) were
collected from consenting patients who were suffering from stage III
gastric adenocarcinoma following a National Institute of Science Education
and Reseach (NISER) Review Board-approved protocol. Pathologicallyconﬁrmed gastric cancer cases with paired non-cancerous gastric tissues
were included for the study. Patients with a history of previous H. pylori
eradication therapy were excluded. The investigation was carried out in
compliance with the Helsinki Declaration (2013) of the World Medical
Association.

Transient transfection and generation of stable cells
To transiently express Siah1, 1 × 106 MKN45 cells were seeded in 6-well
plates. On the next day, cells were transfected with 2.5 μg of plasmid DNA,
5 μl of P3000 reagent and 7.5 μl of Lipofectamine3000 reagent (Invitrogen). After 36 h, cells were infected with H. pylori. To knockdown
expression of ETS2 and siah1, 0.2 × 106 MKN45 cells were seeded in
6-well plates. On the next day, cells were transfected with 50 nM siRNA of
ETS2 or Siah1 along with 10 μl of Lipofectamine3000 reagent (Invitrogen).
To generate stable cell lines, MKN45 or AGS cells were seeded in 96 well
plates 18–24 h before transfection. Stable transfectants were established
with G418 selection.

Real-time reverse transcription (RT)-PCR analysis
Total RNA was isolated from MKN45 cells after 30 min and 2 h of infection
using an RNeasy kit (Qiagen, CA, USA). cDNA was synthesized and real-time
RT-PCR was performed as described previously.51

In vitro binding assay
0

Nuclear lysates were incubated with 5 biotinylated double-stranded (ds)
siah1 EBS oligonucleotide (WT or Mut) coated on streptavidin-coated
superparamagnetic beads (Dynabeads M-280 Streptavidin, Dynal, Invitrogen). Binding assays were performed as described previously.51 Oligos are
shown in Supplementary Figure 1.

Chromatin immunoprecipitation (ChlP) assay
ChIP assay was performed using QuikChIP chromatin immunoprecipitation
kit (Imgenex, CA, USA) according to the manufacturer’s protocol.51
Chromatins were immunoprecipitated using ETS2 antibody (#22803, Santa
Cruz Biotechnology, CA, USA). PCR ampliﬁcation was performed to analyze
the in vivo binding of ETS2 to siah1 5ʹ UTR EBS. Primers used for ChIP assay
are shown in Supplementary Figure 1.

phRLTK Renilla luciferase constructs at a ratio of 50:1 using Lipofectamine
2000 reagent (Invitrogen). For another set of experiment, cells were
co-transfected with WT siah1 luciferase construct along with ETS2
overexpression plasmid and phRLTK Renilla luciferase construct at a ratio
of 25:25:1 using Lipofectamine 2000 reagent (Invitrogen). At 36 h of
transfection, uninfected or 2 h H. pylori-infected cells were lysed with
passive lysis buffer (Promega) and analyzed for luciferase activity as
described earlier.51

Immunoblotting and antibodies
Nuclear, cytoplasmic and membrane proteins were isolated from H. pyloriinfected MKN45 cells using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Pierce, Rockford, IL, USA). Around 2 × 106 MKN45 cells were
seeded in 60 mm cell culture dish 24 h before infection. Postinfection,
cytoplasmic and nuclear fractions were isolated as per manufacturer’s
instruction, whereas membrane proteins were isolated from the cytoplasmic extract after further centrifugation at 16000g for 45 min at 4 °C.
Whole cell extracts were prepared from uninfected or H. pylori-infected
GCCs. For immunoblotting, proteins were resolved on SDS-PAGE gel and
blotted onto PVDF membranes. The following primary antibodies
were used: Siah1 (1:250) (#300974, Novus Biologicals, CO, USA), ETS2
(1:1000) (#22803, Santa Cruz Biotechnology, CA, USA), E-cadherin (1:1000)
(#3195, Cell Signalling Technology, MA, USA) and β-catenin (1:5000)
(#32572, Abcam, MA, USA). α-tubulin (1:5000) (#52866, Abcam), histonedeacetylase 1 (HDAC1) (1:1000) (#2062, Cell Signalling Technology),
Pan-cadherin (1:1000) (#4068, Cell Signalling Technology) antibodies
were used for normalization of protein loading. Immunoreactive bands
were detected as described earlier.51

Coimmunoprecipitation assay
For, coimmunoprecipitation assays, 5 × 106 MKN45 cells were seeded in
100 mm cell culture dish 24 h before infection. Membrane fractions were
isolated and were incubated with Siah1 primary antibody (Novus) for
overnight at 4 °C. The protein-antibody complex was pulled down using
50% A/G agarose followed by washing with ice-cold phosphate-buffered
saline (PBS). Proteins were denatured by using Laemmli buffer (HiMedia,
Mumbai, India) and analyzed by western blotting.

Cell migration and invasion assays
AGS cells were transfected with or control duplex RNA and siRNA of Siah1.
Cell migration and invasion assay was performed following a previouslydescribed protocol.51

Wound-healing assay
To study the effect of Siah1 on the wound-healing property of GCCs,
adherent AGS cells were preferred than semi-adherent MKN45 cells. AGS
cells stably-expressing siah1 or pcDNA3.1+ were seeded and woundhealing assay was performed as described previously.51

Soft agar assay
Anchorage-independent growth was studied by performing soft-agar
assay using the empty vector (pcDNA3.1+) or ETS2 or Siah1-expressing
MKN45 stable cells following a previously-described method.51

H. felis infection in C57BL/6 mice
Four to ﬁve week-old both male and female C57BL/6 mice were procured
from the National Centre for Laboratory Animal Sciences of the National
Institute of Nutrition (Hyderabad, India). The study was performed after
getting the institutional animal ethics committee (IAEC) approval provided
by NISER (approval No SBS-AH/03/13/05). Male and female mice of
7–8 weeks of age were randomly and blindly divided into two
groups- uninfected and infected (16 mice in each group) and infected
with H. felis as mentioned earlier.25 After 8 months of observation, mice
were killed and the stomach was isolated from uninfected and infected
animals. After ﬁxation, antral sections (5 μm) were either stained with H&E
or processed for immunoﬂuorescence microscopy as mentioned below.

Luciferase assay
Dual luciferase assays was performed to study activity of siah1 promoter
after H. pylori infection. Cells were co-transfected either with the WT or
ETS2-Mut siah1 luciferase constructs (cloned in pGL3 basic vector) and the
Oncogenesis (2017), 1 – 12

Confocal and immunoﬂuorescence microscopy and H&E staining
MKN45 cells were seeded on glass coverslips 24 h before infection to study
endogenous levels of various proteins. For transfection-based assays,
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MKN45 cells were seeded on coverslips 24 h before transfection and were
transfected using Lipofectamine3000 (Invitrogen). Nontransfected and
transfected cells were either infected with H. pylori for 20 h or left
uninfected followed by ﬁxation and staining.51 Cells were incubated with
Siah1 (1:100, #sc101252, Santa Cruz Biotechnology) or β-catenin (1:250,
Abcam) or E-cadherin (1:100, Cell Signalling Technology) primary
antibodies for overnight and Images were taken using a confocal
microscope.51
For immunostaining, 5 μm thick gastric adenocarcinoma biopsy
specimen were ﬁxed as before.51 Fixed sections were incubated with
primary antibodies against Siah1 (1:50, #ab49177, Abcam) or ETS2 (1:100,
Santa Cruz Biotechnology) followed by incubation with secondary
antibodies. Images were taken following a previously-described
method.51 H&E staining was done following standard procedure.

Statistical analysis
In vitro experiments had a minimum of three independent experiments,
each with three technical replicates. No statistical method was used to
predetermine the sample size. Experiments were performed and analyzed
in non-randomized and non-blinded fashion (except for animal studies).
Statistical analysis of data was performed by Student’s t-test for
comparisons involving two groups. Values were given as mean ± s.e.m.
Statistical signiﬁcance was determined at *P o0.05. Two-way ANOVA was
performed to compare various transfection groups. Tukey’s test was done
for post hoc comparisons. There was no estimate of variation within
each group.

ABBREVIATIONS
ChIP, Chromatin immunoprecipitation; cag, Cytotoxin-associated gene;
DAPI, 40 , 6-Diamidino-2-Phenylindole, Dilactate; EBS, E26 transformationspeciﬁc sequence 2-binding site; ETS2, E26 transformation-speciﬁc
sequence 2; GCCs, Gastric cancer cells; H&E, Haematoxylin and eosin;
HDAC1, Histone-deacetylase 1; H. pylori, Helicobacter pylori; MOI, Multiplicity of infection; MDM2, Mouse double minute 2 homolog; PAI,
Pathogenicity island; PBS, Phosphate-buffered saline; PVDF, Polyvinylidene
ﬂuoride; Real-time RT-PCR, Real-time reverse transcription PCR; RING, Really
interesting new gene; Siah, The seven in absentia homolog; SIP, Siahinteracting protein
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Gastric epithelial cells infected with Helicobacter pylori acquire highly invasive and metastatic characteristics. The seven in absentia homolog (Siah)2, an E3 ubiquitin ligase, is one of the major proteins that induces
invasiveness of infected gastric epithelial cells. We find that p300-driven acetylation of Siah2 at lysine 139 residue
stabilizes the molecule in infected cells, thereby substantially increasing its efficiency to degrade prolyl hydroxylase
(PHD)3 in the gastric epithelium. This enhances the accumulation of an oncogenic transcription factor hypoxiainducible factor 1a (Hif1a) in H. pylori–infected gastric cancer cells in normoxic condition and promotes invasiveness of infected cells. Increased acetylation of Siah2, Hif1a accumulation, and the absence of PHD3 in the
infected human gastric metastatic cancer biopsy samples and in invasive murine gastric cancer tissues further
confirm that the acetylated Siah2 (ac-Siah2)–Hif1a axis is crucial in promoting gastric cancer invasiveness. This
study establishes the importance of a previously unrecognized function of ac-Siah2 in regulating invasiveness of
H. pylori–infected gastric epithelial cells.—Kokate, S. B., Dixit, P., Das, L., Rath, S., Roy, A. D., Poirah, I., Chakraborty,
D., Rout, N., Singh, S. P., Bhattacharyya, A. Acetylation-mediated Siah2 stabilization enhances PHD3 degradation in
Helicobacter pylori–infected gastric epithelial cancer cells. FASEB J. 32, 000–000 (2018). www.fasebj.org

ABSTRACT:

E3 ubiquitin ligase • hypoxia-inducible factor
modification • proteasomal degradation

KEY WORDS:

Helicobacter pylori are the most potent causative agents for
gastric cancer (1, 2). Strains possessing the cytotoxinassociated gene (cag) pathogenicity island (PAI) or cag PAI
(+) strains are associated with greater disease severity (3, 4)
despite its short lifespan in epithelial cells (5). H. pylori
infection induces the expression of a number of inflammatory, neoplastic, and stress-inducible genes. Enhanced
production of reactive oxygen species (ROS) in H. pylori–
infected gastric epithelial cells (6) stabilizes hypoxia-inducible
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factor 1a (Hif1a) in normoxic condition (7, 8). Hif1a expression is positively correlated with gastric cancer
progression (9), metastasis (10), treatment resistance (11,
12), and poor prognosis (13).
Stability of Hif1a, a major factor responsible for the
regulation of cancer progression and metastasis, is influenced by a seven in absentia homolog (Siah) family protein, Siah2. Siah proteins belong to the “really interesting
new gene” (14) family, the largest family of E3 ubiquitin
ligases. By targeting the degradation of its target molecules, Siah proteins can function as tumor suppressors and
as oncogenic inducers (15–17). The oncogenic potential of
Siah2 has been established by several recent studies
(18–20), and it can increase the invasiveness of gastric
epithelial cancer cells (GCCs) (18).
The degradation of the hypoxia-inducible a-residue of
Hif1 under normoxia is regulated by hydroxylation of
Hif1a at proline residues (P402 and P564 in humans and P402
and P562 in mice). The reaction is catalyzed by prolyl hydroxylases (PHDs). ROS generated in H. pylori–infected
gastric epithelium can inactivate PHD enzymes (21) and
contribute to Hif1a accumulation in the infected gastric
1
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epithelium. PHD3 is one of the major stress-related genes
up-regulated during H. pylori infection (4). In hypoxia,
PHD3 is targeted for degradation by Siah2 (22). It has been
recently reported that the function and stability of the E3
ubiquitin ligase mouse double minute 2 are tightly regulated by p300-mediated acetylation (23), wherein acetylation results in reduced self-ubiquitination–mediated
degradation of mouse double minute 2. However, the effect of acetylation in regulating Siah function and H. pylori
pathogenesis is unknown.
Given the impact of Siah2 on PHD3, we investigated
whether Siah2 is acetylated in H. pylori–infected GCCs
and its effect on Hif1a stability. This study shows that
p300 acetylates Siah2 in the H. pylori–infected GCCs.
Acetylation stabilizes Siah2, which causes PHD3 degradation and increases Hif1a accumulation, resulting in
enhanced invasiveness of H. pylori–infected cells. The
presence of acetylated Siah2 (ac-Siah2) in murine gastric cancer tissue and in human gastric cancer biopsy
samples suggests that ac-Siah2 might be useful as a
therapeutic target.
MATERIALS AND METHODS
Cell culture, Helicobacter, and chemicals
Human GCCs MKN45, AGS, Kato III, and H. pylori strains
26695 [cag PAI (+)], 8-1 [cag PAI (2)], and Helicobacter felis
strain 49179 (American Type Culture Collection, Manassas,
VA, USA) were used in this study and were maintained as
previously described (24, 25). GCCs were infected with strain
26695 at 200 multiplicity of infection (MOI) for the indicated period unless mentioned otherwise. When required,
GCCs were treated with 100 mM CTK7A (Merck Millipore,
Burlington, MA, USA) along with H. pylori infection. Z-LeuLeu-Leu-al (MG132; MilliporeSigma, Milwaukee, WI, USA)
at 50 mM concentration was used to study proteasomal
degradation events.
Expression plasmids, site-directed mutagenesis,
transfection, and stable cell line generation
p300 wild-type (WT) and histone acetyltransferase (HAT) mutant
constructs have been reported by Bhattacharyya et al. (26). siah2
WT plasmid was purchased from Origene Technologies (Beijing,
China), and empty vector (pcDNA3.1+) was purchased from
Thermo Fisher Scientific (Waltham, MA, USA). siah2 acetyl lysine
mutants K129R and K139R were generated from the siah2 WT
construct using the QuikChange Site-Directed Mutagenesis Kit
(Agilent Technologies, Santa Clara, CA, USA). Primers used were
as follows: K129R, 59-GAACCTGGCTATGGAGAGGGTGGCCTCGGCAGTCC-39 and K139R, 59-CAGTCCTGTTTCCCTGTAGGTATGCCACCACGGGCTG-39 for K139R mutation.
Mutations at specific sites were confirmed by sequencing.
Twenty-four hours after plating, cells were transfected with
the recommended amount of DNA, P3000 reagent, and Lipofectamine 3000 (Thermo Fisher Scientific) following manufacturer’s instructions and were incubated for 48 h. Stably
transfected positive clones were selected using G418 solution
(MilliporeSigma) following the standard protocol described by
Das et al. (15).
Stable hif1a knocked out AGS cells, scrambled negativecontrol AGS cells, and empty vector short hairpin RNA (shRNA)
cells (8) were also used in this study.
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Western blotting and immunoblotting
A total of 1 3 106 cells were seeded 24 h before treatment. Whole
cell extracts were prepared, and proteins were separated on SDSPAGE gel followed by immunoblotting onto the PVDF membranes. The primary antibodies used were Siah2 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), acetylated lysine (Cell
Signaling Technology, Danvers, MA, USA), p300 (Abcam, MD,
USA), HIF1a (Abcam), and PHD3 (Novus Biologicals, Littleton,
CO, USA). Antibodies used as loading control were a-tubulin
(Abcam) and GAPDH (Abgenex, Bhubaneswar, Odisha, India).
Bands were detected as described by Das et al. (18).
Immunoprecipitation assay was performed by using p300
antibody (Abcam). Equivalent normal mouse IgG (Santa Cruz
Biotechnology) was used to assess the specificity of immune
interactions.
Customized acetylated K129 and K139 (ac-K129 and ac-K139)
human Siah2 antibodies (anti-rabbit, polyclonal) were obtained
from Bioklone Biotech Pvt. Ltd. (Chennai, India). These antibodies
could also detect ac-K130 and ac-K140 of mouse Siah2, respectively.
Human and mouse gastric tissue collection
Antral endoscopic biopsy samples were collected from consenting patients who had a positive rapid urease test (Halifax
Research Laboratory, Kolkata, India) and who had stage III
metastatic adenocarcinoma following a protocol approved by the
National Institute of Science Education and Research Review
Board (Jatni, India). Noncancerous and uninfected gastric tissues
were used as controls. Patients with a history of previous H. pylori
eradication therapy were not included in the study. This study
was performed in compliance with the Helsinki Declaration
(2013), World Medical Association.
C57BL/6 mice (4–5 wk old) were procured from the National
Centre for Laboratory Animal Sciences of the National Institute
of Nutrition (Hyderabad, India). After reaching 7–8 wk of age,
male and female mice were blindly divided into 2 groups (uninfected, n = 16; infected, n = 16) and orogastrically fed with
H. felis following the standard protocol. After 12 mo, mice were
killed, and stomachs were collected. Tissues were fixed and
sectioned at 5 mm thickness. The stomach mucosa was examined
to detect mononuclear cell infiltration, hyperplasia, adenocarcinoma, and invasiveness of adenocarcinoma. Four out of 16 infected mice showed symptoms of invasive adenocarcinoma and
splenomegaly. The study was performed in accordance with the
Institutional Animal Ethics Committee approval of the National
Institute of Science Education and Research.
Immunofluorescence microscopy
MKN45 or AGS cells were seeded on glass coverslips 1 d prior to
transfection followed by infection or infection only. Tissues were
processed for immunofluorescence microscopy and hematoxylin
and eosin (H&E) staining as described by Das et al. (15). The
following antibodies were used for immunofluorescence staining: Siah2 (Abcam), PHD3 (Novus Biologicals), HIF1a (Abcam),
custom-synthesized ac-K129 and ac- K139 Siah2 antibody (Bioklone
Biotech), and CagA (A-10) (Santa Cruz Biotechnology). The
following fluorophore-linked secondary antibodies were used:
anti-rabbit IgG (H+L) Alexa Fluor 488 (Thermo Fisher Scientific),
anti-mouse IgG (H+L) Alexa Fluor 594 (Thermo Fisher Scientific),
and anti-rabbit IgG (H+L) Alexa Fluor 594 (Thermo Fisher Scientific). H&E staining was done following the standard procedure. An inverted research microscope (Eclipse Ti-U; Nikon
Corp., Tokyo, Japan) was used, and images were captured
at 3200 and 600 magnification using digital cameras (DS Ri2 and
DS Qi2; Nikon Corp.).
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In vitro invasion and migration assays
To study the effect of Siah2 ac-lys mutation and the effect of HAT
inhibitor CTK7A on the invasive and migratory properties of
GCCs, cell culture inserts with 0.3 cm2 polyethylene terephthalate
membrane (8-mm pore size and 6.4-mm diameter) (Falcon Corning,
Tewksbury, MA, USA) were used with (invasion assay) and
without (migration assay) growth factor–reduced standard Matrigel matrix (Becton Dickinson, Franklin Lakes, NJ, USA) following a
previously reported method (27). Invaded and migrated cells were
counted from at least 5 different fields, and the images were captured using the forementioned microscope and camera models.
Wound-healing assay
The stable cells (either shRNA-expressing stable cells or WT or acK139R siah2 mutant or empty-vector overexpressing AGS cells)
were seeded in 6-well plates and maintained for 24 h until 95%
confluency was achieved followed by infection with H. pylori.
Wound-healing assay was performed following the standard
protocol (27) using a Nikon microscope and the camera systems
described above.
To study the effect of HAT inhibitor CTK7A on the woundhealing property of GCCs, AGS cells were seeded in a 6-well plate
24 h prior to CTK7A treatment and H. pylori infection. CTK7Atreated and untreated cells were infected, and wound-healing
assay was performed.
Soft agar assay
pcDNA3.1+, siah2 WT, and siah2 ac-K139R mutant-expressing
stable MKN45 cells were seeded in a 24-well plate with 0.16 3 104
seeding density and were incubated for 24 h. Cells were infected
with H. pylori for 12 h followed by gentamicin treatment for 2 h to
kill extracellular H. pylori. When required, cells were treated with
CTK7A along with H. pylori infection before performing the soft
agar assay. The experiment was performed using the protocol of
Das et al. (18). Images were captured from 4 to 5 marked places
once in a week at regular intervals, and the number and size of the
colonies were measured using ImageJ 1.50i software (National
Institutes of Health, Bethesda, MD, USA).
MTT assay
Proliferation of transfected MKN45 cells and untreated or
CTK7A-treated cells with or without H. pylori infection were
assessed by using an MTT assay kit as described by Das et al. (18).
Clonogenicity assay
MKN45 cells expressing pcDNA3.1+, siah2 WT, and siah2 acK139R constructs were assessed for their viability after H. pylori
infection. Cells were seeded in a 24-well plate with 0.16 3 104
seeding density and incubated for 24 h followed by gentamicin
treatment for 2 h. The cells were trypsinized and seeded in a
6-well plate with 500 cells/well. After 3 wk of incubation, 4%
paraformaldehyde-fixed colonies were washed with 13 PBS and
stained with crystal violet (0.5%). Colonies were counted, and
images were taken as described above.
Statistical analysis
All experiments were performed at least 3 times, and the results
were graphically expressed as means 6 SEM. Statistical analysis
was done using GraphPad Prism software v.7.03 (GraphPad, La
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Jolla, CA, USA). Statistical significance between 2 groups was
calculated by Student’s t tests at P , 0.05. Two-way ANOVA was
applied for comparing 2 or more independent groups.

RESULTS
H. pylori increases acetylation of Siah2 in the
infected GCCs
The specificity in ubiquitination-mediated proteasomal
degradation is provided by E3 ligases. Deregulation of E3s
has been reported in several diseases, including cancer (24,
28–30). Although phosphorylation-mediated regulation of
E3 ligases is known (31), the effect of acetylation on E3
ligases is less understood. Siah2 enhances invasiveness of
H. pylori–infected GCCs (18). Because GCCs also express
p300, which by virtue of its HAT function plays an important role in regulating the lifespan of GCCs (26, 27, 32,
33), we examined the acetylation status of Siah2. MKN45
cells were infected with cag PAI (+) H. pylori strain 26695
at 200 MOI for 6, 12, and 24 h. Western blotting for acSiah2 and total Siah2 was performed on whole cell lysates. Densitometric analyses (ac-Siah2: GAPDH; Siah2:
GAPDH; and ac-Siah2: total Siah2) revealed that Siah2
and its acetylation were significantly induced in the infected cells as compared with the uninfected cells at all
time points, with 12-h infection being significant for
Siah2 acetylation (Fig. 1A). To determine the optimal
MOI for expression of ac-Siah2 protein, Western blotting
was performed after infecting MKN45 cells with 100,
200, and 300 MOI for 12 h. The ratio of ac-Siah2 to total
Siah2 was significantly high at 200 MOI and at 300 MOI
(Fig. 1B). Because 200 MOI had an equivalent effect as
that of 300 MOI in inducing ac-Siah2, we used 200 MOI
for the rest of our experiments. Two other GCCs, Kato III
and AGS, showed a similar trend of Siah2 acetylation
after being infected with H. pylori (MOI 200 at 12 h),
indicating that Siah2 acetylation by H. pylori is not limited to MKN45 cells (Fig. 1C).
Siah2 expression is increased in H. pylori–infected GCCs
and cag PAI (+) as well as cag PAI (2) strains were equally
effective in increasing Siah2 expression (18). To identify the
role of cag PAI on Siah2 acetylation, we infected MKN45
cells with MOI 200 of cag PAI (+) strain 26695 and the cag
PAI (2) strain 8-1 for 12 h. The cag PAI (+) and PAI (2)
strains showed equal effectiveness in increasing Siah2
acetylation (Fig. 2A). H. pylori can strongly induce Hif1a
(8) and PHD3 (4). On one hand, normoxic degradation of
Hif1a is mediated by PHD proteins; on the other hand,
PHD3 degradation in hypoxia is mediated by Siah2 (22).
To determine whether p300 interacts with Siah2, Hif1a,
and PHD3 proteins in the H. pylori–infected epithelium,
whole cell lysates were immunoprecipitated with p300
antibody, Western blotted, and probed with p300, Hif1a,
ac-lys, Siah2, and PHD3 antibodies (Fig. 2B). Input lysates
were also Western blotted for these proteins. Data showed
that p300 was not much altered after infection, but Hif1a
was highly induced and PHD3 level was decreased. These
findings were also reflected in the p300-immunoprecipitates.
Moreover, H. pylori infection resulted in significantly higher
Siah2 and ac-Siah2 in the p300-immunoprecipitated
3
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Figure 1. Siah2 acetylation is
induced in H. pylori–infected
human GCCs. A) Western blot
analysis of cell lysates prepared
from uninfected and H. pylori–
infected MKN45 cells (6, 12,
and 24 h with 200 MOI of H.
pylori infection) shows induced
expression of Siah2 and acSiah2. Graphical representations
of the data clearly show a
signiﬁcant increment in Siah2
acetylation at all time points,
with 12 h being the optimal time
to detect ac-Siah2. GAPDH is
used as a loading control. Data
are means 6 SEM (n = 3). B) Western blotting analysis of cell lysates (n = 3) prepared from H. pylori–infected (100, 200, and 300 MOI for
12 h) MKN45 cells. A representative bar diagram indicates that MOI 200 is the optimum time point for Siah2 acetylation (means 6 SEM,
n = 3). C) Western blot analysis (n = 3) showing the ratio of ac-Siah2 to total Siah2 in H. pylori–infected AGS, MKN45, and Kato III cells.
Representative bar graph data generated by 2-way ANOVA (means 6 SEM, n = 3). *P , 0.05, ****P , 0.0001.

complex than in the noninfected cell. This was more
apparent when immunoprecipitation results were compared with the expression of p300, Siah2, and ac-Siah2 in the
input lanes. p300, being a bromodomain-containing protein, showed higher efficiency in pulling down ac-Siah2 in
the infected cell. To further understand the importance of
p300 HAT activity on Siah2 acetylation, MKN45 cells were
transfected with the empty vector, p300 WT and p300
DHAT constructs. Western blot data revealed that p300
HAT deletion mutant significantly reduced Siah2 and acSiah2 protein levels (Supplemental Fig. 1A). Coincubation
of MKN45 cells for 12 h with H. pylori and CTK7A, an
inhibitor of p300 lysine/HAT activity (27), remarkably reduced Siah2 and ac-Siah2 proteins (Supplemental Fig. 1B).
The effect of HAT inhibitor CTK7A on cell migration and
invasion was studied by in vitro cell migration and invasion
assays using adherent AGS cells (MKN45 cell is semiadherent in nature) (Supplemental Fig. 1C, D). A woundhealing assay was performed to further evaluate the effect
of CTK7A on AGS cell migration (Supplemental Fig. 1E).
CTK7A significantly decreased AGS migration, invasion,
and wound healing ability, as shown in the bar graphs in
Fig. 1E. A similar result was detected in CTK7A-treated
MKN45 cells after performing soft agar assay (Supplemental Fig. 1F). All data (Supplemental Fig. 1C–F) were
analyzed by 2-way ANOVA with Tukey’s post hoc analysis.
We performed MTT assay to determine the effect of CTK7A
on MKN45 cell proliferation (Supplemental Fig. 1G). H.
pylori–mediated increase in cell proliferation was significantly down-regulated upon CTK7A treatment.
Human Siah2 protein (GenBank: CAA75557.1) has
several lysine (K) residues (Fig. 2C). Acetylation of Siah2
was predicted using the GPS-PAIL tool (34). Among the
predicted K residues with high probability for acetylation,
K129 and K139 belong to the substrate-binding domain of
Siah2. In mouse, the corresponding residues are K130 and
K140 (mouse Siah2 GenBank: NP_033200.2). E3 ubiquitin
ligase function depends on the acetylation of the “really
interesting new gene” domain (23, 35). Therefore, we examined the effects of acetylation-null mutations at K129
and K139 of Siah2. Acetylation-null siah2 K129R and K139R
constructs were generated by site-directed mutagenesis.
4
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The empty vector pcDNA3.1+, siah2 WT, siah2 K139R, and
siah2 K129R were overexpressed in MKN45 cells. Acetylation of Siah2 was examined by probing the Western
blotted membrane with Siah2 and ac-lys antibodies. The
H. pylori–mediated increase in Siah2 and ac-Siah2 was
optimal in WT construct–transfected cells. The amount of
these proteins was slightly less in K129R-transfected cells
as compared with the WT construct–transfected cells (Fig.
2D). In K139R-expressing cells, Siah2 and ac-Siah2 were
remarkably less compared to the other 2 transfected
groups, which indicated probable instability of Siah2
when mutated at the K139 residue. Siah2 bands were not
detected in empty vector–transfected lanes, and we believed that strong Siah2 band intensities in the WT lanes
were masking the appearance of Siah2 bands in empty
vector–overexpressed lanes. Therefore, stable cells
expressing empty vector, Siah2 WT, and K139R constructs
were generated, and Siah2 expression was compared by
performing Western blot. Data (n = 3) confirmed that Siah2
was markedly decreased in K139R-stable cells when
compared with WT cells even after H. pylori infection
(Fig. 2E). Because stable cells consistently showed (n = 3)
better Siah2 and ac-Siah2 bands than transient transfections, stable cells were used for future studies. Acetylation may compete with ubiquitination and suppress
ubiquitination-mediated proteasomal degradation (36, 37).
Acetylation can also mark proteins for ubiquitin-mediated
degradation (38). Presuming that K139R Siah2 might undergo increased proteasomal degradation, K139R mutant–expressing MKN45 stable cells were treated with MG132
prior to H. pylori infection and compared with MG132-treated
WT cells. MG132 rescued K139R Siah2 protein from being
degraded, indicating that Siah2 acetylation at K139 could
protect Siah2 from ubiquitination-mediated proteasomal
degradation (Fig. 2F).
H. pylori–mediated acetylation of Siah2 at
K139 enhances degradation of PHD3 and
causes Hif1a protein accumulation in GCCs
H. pylori can induce Hif1a as well as PHD3. Because PHD3
is responsible for Hif1a degradation in normoxia and is a
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Figure 2. p300 regulates Siah2 acetylation
in H. pylori–infected human GCCs. A) A
representative immunoblot analysis (n =
3) from uninfected and infected [200
MOI of cag PAI (+) strain 26695 or (2)
strain 8-1 for 12 h]. MKN45 cell lysates
show the protein level of p300, ac-Siah2,
and Siah2 (means 6 SEM, n = 3). B)
Protein lysates were immunoprecipitated
(n = 3) using p300 antibody to determine
the interaction of p300 with Siah2, PHD3,
and Hif1a. Representative bar diagrams
show signiﬁcant increase in ac-Siah2
formation and p300-Siah2 interaction in
infected cells when compared with uninfected cells (means 6 SEM, n = 3). C )
Schematic depictions of different multidomain structures of Siah2 protein from
N- to C-terminal, dimerization domain,
substrate-binding domain (SBD), really
interesting new gene (RING), or zinc
ﬁnger domain (ZFD) and Sina family–
conserved region. D) Western blot analysis (n = 3) showing ac-Siah2 and Siah2
expression in cell lysates prepared from
transiently transfected pcDNA3.1+, siah2
WT, siah2 K129R, and K139R cells after
H. pylori infection. E ) Western blot data
(n = 3) showing ac-Siah2 and Siah2 bands
in cell lysates prepared from pcDNA3.1+,
siah2 WT, siah2 K129R, and K139Rexpressing stable cells after H. pylori
infection. F ) Immunoblotting showing
the effect of MG132 treatment (50 mM,
for 24 h) on WT or siah2 K139R-expressing stable cells. GAPDH is used as a
loading control. *P , 0.05, **P , 0.01,
***P , 0.0001.

target of Siah2-mediated ubiquitination, we determined
the effect of Siah2 K139 acetylation on PHD3 and Hif1a
protein level in H. pylori–infected GCCs. To identify the
specificity of acetylation, the Western blotted membrane
was probed with customized ac-K139 Siah2 antibody.
Western blot results confirmed that overexpression of
siah2 markedly increased the level of Hif1a protein in infected GCCs, whereas K139R mutant abrogated this effect
(Fig. 3A). The specificity of ac-K139 antibody was assessed
by performing Western blotting of cell lysates prepared
from uninfected and infected WT and K129R stable cells
(Fig. 3B). To confirm the effect of K139R mutation on
PHD3 protein, immunofluorescence microscopy was
done using uninfected and H. pylori–infected MKN45
cells stably transfected with the empty vector, siah2 WT,
and siah2 K139R constructs. WT siah2–transfected and
infected cells showed significantly low PHD3 but significantly high Hif1a protein when compared with
the other transfected groups (Fig. 3C). K139R mutant–
expressing infected cells, in contrast, showed significantly low immunofluorescence for Hif1a but significantly
high immunofluorescence for PHD3 among all of these
H. pylori–infected groups. The effect of Siah2 acetylation
on PHD3 was studied by performing Western blot using
cell lysates prepared from the empty vector, WT siah2, or
ACETYLATED SIAH2 ENHANCES GASTRIC CANCER INVASIVENESS

K139R mutant–expressing cells. Results established that
Siah2 acetylation at K139 had significant effects on PHD3
degradation and Hif1a accumulation in H. pylori–infected
GCCs (Fig. 3D).
Hif1a suppression reduces cell migration and
invasiveness of H. pylori–infected GCCs
The relationship of PHD3 and Siah2 with Hif1a is complex. In hypoxic cells, PHD3 can be induced by Hif1a and
might control Hif1a in a negative-feedback manner
(39–41). Siah2 can also get up-regulated in hypoxic cells
(42). Therefore, we studied the effect of hif1a suppression
on PHD3 and Siah2 proteins in H. pylori–infected GCCs. In
addition, we assessed the effect of hif1a suppression in the
infected GCCs. MKN45 cells were not used for stable
hif1a-suppressed cell generation due to their semiadherent
and clumpy nature, which make them unsuitable for cell
invasion and migration assays (18). Instead, more adherent AGS cells stably transfected with Hif1a shRNA (43)
were used. H. pylori–mediated down-regulation of PHD3
was equally effective in the empty vector, scrambled shRNA,
and hif1a shRNA–expressing stable cells, indicating that
Hif1a had no effect on PHD3 protein (Supplemental Fig. 2).
Similarly, an H. pylori–mediated increase in Siah2 was
5
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Figure 3. Siah2 acetylation at K139 decreases PHD3 expression and increases
Hif1a expression in H. pylori–infected
human GCCs. A) Expression of Siah2
WT or ac-K139 Siah2 on Hif1a was
assessed by (n = 3) using cell lysates
prepared from MKN45 cells stably transfected with pcDNA 3.1+, siah2 WT, or
siah2 K139R constructs and infected with
200 MOI H. pylori for 12 h. Ac-K139 Siah2
is detected using Ac-K139 Siah2 customgenerated antibody. GAPDH is used as a
loading control. B) The speciﬁcity of acK139 antibody was assessed by Western
blotting of cell lysates prepared from
uninfected and infected WT and K129R
stable cells. C ) A representative immunoﬂuorescence microscopy result (n = 3)
derived from MKN45 cells overexpressing
the above-mentioned constructs with or
without H. pylori infection indicates low
PHD3 but a high level of Hif1a in H.
pylori–infected WT-cells, whereas the
K139R-expressing cells show high PHD3
and low Hif1a in H. pylori–infected
WT cells. Mean ﬂuorescence intensities
of various proteins were plotted after
recording signals from at least 15 cells
from 3 different ﬁelds. Quantitation was
done by Nikon advanced analysis software, and images were captured using a
digital camera (DS Qi2; Nikon Corp.).
Data were analyzed by 2-way ANOVA.
Error bars represent means 6 SEM (n = 3).
Original magniﬁcation, 3600. Scale bars,
10 mm. D) A representative immunoblot
(n = 3) result detects the level of PHD3
along with ac-Siah2, Siah2, and Hif1a in
the above-mentioned stable MKN45 cells
after H. pylori infection. PHD3 degradation was signiﬁcantly down-regulated in
K139R cells in comparison to WT cells.
Error bars indicate SEM (n = 3). **P ,
0.01, ***P , 0.001, ***P , 0.0001.

equally detected in these stable cells, establishing no effect of
hif1a knockdown in regulating Siah2 in H. pylori–infected
GCCs. It is well established that Hif1a is a determinant factor
of metastasis in gastric adenocarcinoma (44).
We performed Transwell migration assay to evaluate
the effect of hif1a suppression on cell migration ability
of H. pylori–infected GCCs. Migration ability of hif1a
shRNA–transfected AGS cells was significantly impaired in both the uninfected and infected cells in comparison to their counterparts in the empty vector or
scrambled shRNA-transfected groups (Fig. 4A). Woundhealing assay showed a similar trend; H. pylori–induced
wound healing ability was remarkably less in hif1asuppressed AGS cells in comparison to the empty vector
and scrambled shRNA-expressing cells (Supplemental
Fig. 3). Matrigel-invasion assay was performed to assess cell invasiveness of hif1a shRNA–expressing AGS
cells. Significantly less cell invasion was observed in
hif1a-suppressed and infected AGS cells as compared with the empty vector–expressing infected AGS
cells (Fig. 4B). Western blotting showed significantly
6
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suppressed Hif1a protein in hif1a shRNA–expressing cells
(Fig. 4C).
Acetylation of Siah2 at K139 enhances
invasiveness of GCCs via up-regulation
of Hif1a
We found that siah2 WT induced Hif1a in the infected
GCCs, whereas siah2 K139R markedly reduced this effect (Fig. 3A). Because Hif1a mediated the invasiveness
and migration-inducing effect of H. pylori (Fig. 4 and
Supplemental Fig. 3), we investigated the effect of
K139R mutation on the adherence property of GCCs.
MKN45 cells were stably transfected with the empty
vector, WT siah2, or siah2 K139R constructs. siah2 WT
construct–transfected cells were round and less adherent than the weakly adherent K139R-transfected or
empty vector–expressing cells (Fig. 5A). The change
in anchorage-independent clonogenic potential of
siah2-expressing H. pylori–infected cells was assessed
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Figure 4. hif1a suppression reduces migration and
invasion of H. pylori–infected human GCCs. A)
Transwell migration assay shows the effect of hif1a
silencing on migration ability of empty vector,
scrambled shRNA, and hif1a shRNA stably transfected
AGS cells. The migrated cells were counted under the
microscope, and images were captured and plotted.
The graph depicts means 6 SEM (n = 3). Original
magniﬁcation, 3200. Scale bars, 50 mm. B) Result
represents the invasive property of AGS hif1a stable
cells. The graph represents means 6 SEM (n = 3).
Scale bars, 50 mm. C) Representative Western blot
analysis (n = 3) from cell lysates of empty vector,
scrambled shRNA, and hif1a shRNA-expressing AGS
cells after 12 h of H. pylori infection. Bars depict Hif1a
expression over GAPDH control. Data were analyzed
by 2-way ANOVA with Tukey’s post hoc analysis. Error
bars represent SEM (n = 3). ****P , 0.0001.

by soft-agar assay. The number of foci formed was significantly higher in the infected WT siah2–expressing cells
as compared with the K139R and empty vector–
expressing infected cells (Fig. 5B). Likewise, anchoragedependent clonogenic potential was significantly higher in
WT siah2 construct–transfected cells (Fig. 5C). Due to the
inherent semiadherent nature of MKN45 cells, a more
adherent gastric adenocarcinoma cell line (AGS cells) was
used to study the effect of H. pylori on the wound-healing
property. For this, AGS cells were stably transfected with
the empty vector, WT siah2, or siah2 K139R constructs. WT
siah2–expressing cells showed significantly more woundhealing ability than the empty vector and K139Rexpressing cells (Fig. 5D). To evaluate the influence of
Siah2 acetylation at K139 on the ability of migration and
invasion of H. pylori–infected GCCs, transwell migration, and invasion assays were performed using AGS
pcDNA3.1+, siah2 WT, and siah2 K139R mutant stably
transfected cells. siah2 K139R mutant stable cells showed
significantly less cell migration and cell invasion as
ACETYLATED SIAH2 ENHANCES GASTRIC CANCER INVASIVENESS

compared with their counterparts from the other 2
transfected groups (Fig. 5E, F). MKN45 cells were
transfected with siah2 WT and K139R overexpression
plasmids, and the differences in their proliferation were
assessed by MTT assay. The K139R mutation resulted
in significantly decreased proliferation as compared
with the WT siah2–transfected cells after 12 h H. pylori
infection (Fig. 5G).
Helicobacter-infected mouse and human
gastric epithelia have remarkably high
ac-K139 Siah2, Siah2, and Hif1a proteins
C57BL/6 mice infected for 12 mo with H. felis manifested
the classic events of Helicobacter-driven carcinogenic cascade. Immunofluorescence microscopy of the tissue samples that revealed features of invasive adenocarcinoma
showed very high expression of ac-K139 Siah2, Siah2, and
Hif1a as compared with the uninfected noncancer tissues.
7
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Figure 5. siah2 K139R mutation reduces cell
migration and invasion. A) Images showing cellular
morphology after siah2 K139R mutation in MKN45
cells. Original magniﬁcation, 3600. Scale bars, 20 mm.
B) Soft agar colony formation assay performed with
MKN45 siah2 WT, siah2 K139R, or empty vector stable
cells shows a signiﬁcant increase in colony forming
ability of siah2 WT cells, which was reduced signiﬁcantly upon K139R mutation. Bar graph represents
the mean of number of invaded cells (means 6 SEM,
n = 3). C) Bar graph representing clonogenicity assay
using MKN45 pcDNA3.1+, siah2 WT, and siah2 K139R
stable cells showing increased anchorage-dependent
growth of siah2 WT cells than the other transfected
groups (n = 3). D) Graphical representation of the
wound-healing assay using MKN45 pcDNA3.1+, siah2
WT, and siah2 K139R stable cells shows that K139R
mutation diminishes the wound-healing ability induced by H. pylori. The data represent the mean
number of migrated cells from 3 independent experiments (means 6 SEM). E) The role of ac-K139 Siah2
on the invasiveness of infected GCCs was assessed
by Transwell migration and invasion assays using AGS
pcDNA3.1+, siah2 WT, and siah2 K139R stable cells.
Graphical representation of the data shows that siah2
WT stable cells attain maximal migration ability after
H. pylori infection than their counterparts in other
transfection groups. Bar graph represents mean
number 6 SEM of migrated cells (n = 3). F) Bar
graph generated from the Transwell migration
showing that the average number of cells invading
the matrigel after infection was signiﬁcantly higher in
the siah2 WT group as compared with the K139R
stable cells. Bars indicate means 6 SEM. G) MTT assay
graph shows H. pylori–mediated induction of cell
proliferative ability of siah2 WT–expressing cells as
compared with K139R-expressing cells (means 6 SEM,
n = 3). All data are analyzed by 2-way ANOVA with
Tukey’s post hoc analysis. Error bars represent SEM (n =
3). ****P , 0.0001.

Infected mice showed remarkably high mucus gland
metaplasia, dysplasia, or invasive adenocarcinoma. All
infected tissues showed marked infiltration of mononuclear cells in the submucosa or marked hypertrophy of
the gastric mucosa (H&E staining) (Fig. 6A). Mice that
showed invasive cancer also had significantly high
splenomegaly (Fig. 6B).
Comparison of metastatic gastric cancer biopsy
samples (n = 14, urease test positive) collected from
consenting patients with noncancer tissues showed
that cancer samples had high expression of ac-K139
Siah2, Siah2, and Hif1a in comparison to noncancerous samples (n = 14) (Fig. 6C). Accompanying H&E
staining revealed the histologic features of normal
gastric mucosa and metastatic gastric cancer. CagA
protein expression was also compared between urease
test–positive metastatic gastric biopsy samples collected from patients and uninfected tissues. The immunofluorescence data clearly showed that invasive
gastric cancer samples were infected with CagA (+)
H. pylori strains.
Overall, our data confirmed that Siah2 expression
is induced in H. pylori–infected GCCs. p300 HAT–
mediated acetylation of Siah2 at the K139 position
8
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increases its stability, promoting degradation of PHD3
and accumulation of Hif1a. Hif1a, in turn, increases
invasiveness of H. pylori–infected GCCs. Figure 7 summarizes our findings.

DISCUSSION
We have reported previously that H. pylori increase
Siah2 expression and enhance invasiveness in GCCs
(18). Here, we show for the first time that Siah2 gets
acetylated by p300 in H. pylori–infected GCCs and
identify that acetylation of Siah2 is crucial to increase
Hif1a stability in the infected epithelium. Siah2 acetylation at K139 stabilizes the protein and thereby promotes
degradation of PHD3 and causes accumulation of
Hif1a in the infected GCCs. This study also establishes
the significance of Siah2 acetylation in regulating
Hif1a-mediated metastasis. The novelty of this work lies
in the fact that until now acetylation of Siah2 and its
effect have not been reported, whereas SUMOylation
and phosphorylation effects have been studied (45–49).
Because ac-K139 Siah2 is significantly induced in the infected and metastatic GCCs in comparison to the
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Figure 6. Enhanced Siah2 and Hif1a expression
and decreased PHD3 expression in Helicobacterinfected mouse and human gastric epithelia. A)
H&E staining of uninfected (a) and infected (b, k,
l) antral gastric tissues from C57BL/6 mice.
Infected mice show thickening of mucosa (bar),
inﬂammatory inﬁltrations (thick arrow), mucosal
metaplasia (thin arrow), and dysplasia (open
arrow). Mucosa to submucosal invasiveness is also
observed in b (elbow arrow). Corresponding
ﬂuorescence microscopy data from tissues (a, b)
showing Siah2 (c, d), ac-K139 Siah2 (g, h), PHD3
(m, n), Hif1a (q, r), and DAPI (e, f, i, j, o, p, s, t).
Original magniﬁcation, 3100 (inset, 3400). Scale
bars, 100 mm (50 mm; k, l). B) Splenomegaly in
infected mice. Data were analyzed by Student’s t
test. Error bars indicate SEM. *P , 0.05. C ) H&E
staining of human noncancer, uninfected (a), and
metastatic gastric cancer (b) biopsy samples and
ﬂuorescence microscopy showing Siah2 (c, d), AcK139 Siah2 (g, h), PHD3 (k, l), Hif1a (o, p), and
DAPI (e, f, i, j, m, n, q, r). Original magniﬁcation,
3100; 400 (inset). Scale bar, 50 mm; 25 mm
(inset). D) Human noncancer and metastatic
gastric cancer biopsy samples showing immunoﬂuorescence microscopy data of CagA (a, b) and
DAPI staining (c, d), merged images (e, f). Original
magniﬁcation, 3200. Scale bars, 50 mm.

uninfected GCCs, we believe that ac-Siah2–Hif1a axis
may be a good target for therapy.
Werth et al. (50) ascribe Hif1 activation as a “general
phenomenon” in various human infections with bacteria, viruses, protozoa, and fungi and link enhanced
Hif1 level with host defense strategies. A solid line of
evidence supports this view (51–54). Myeloid cells
phagocytose bacteria more efficiently under hypoxic
conditions, and Hif1 contributes to this process (55).
Hif1 has recently been implicated in maintaining
the gut barrier function (56). The synergy between the
hypoxic and immune response is established by the
transcription factor NF-kB. In macrophages, NF-kB is
induced in hypoxia and in bacterial infection, and it can
transcriptionally up-regulate Hif1a (57).
Post-translational modification in the form of hydroxylation, however, is responsible for normoxic degradation of Hif1a. Hydroxylation of Hif1a at specific
proline residues is catalyzed by PHD proteins under
normoxia. Hydroxylated Hif1a attracts the tumor suppressor E3 ubiquitin ligase von Hippel-Lindau and leads
to the proteasomal degradation of Hif1a (58). Although
this mode of post-translational regulation by PHDs under normoxia has been widely studied, the nonhypoxic
ACETYLATED SIAH2 ENHANCES GASTRIC CANCER INVASIVENESS

regulation of Hif1a by PHD3 is less explored. Recent
views indicate that many nonhypoxic stimuli, such as
lipopolysaccharide, angiotensin II, thrombin, and vitamin D analog paricalcitol, can accumulate Hif1a protein
by mechanisms other than protein stability (59, 60). Inhibition of PHDs during hypoxia is one mechanism for
hypoxic accumulation of Hif1a (61). A few studies have
identified the mechanism of suppression of PHD2 in
normoxia. Vaccinia virus C16 protein can bind with
PHD2 protein, thereby barring degradation of Hif1a
(62). In normoxia, NO and ROS can inhibit PHD2 activity (63). Cholesterol can also cause Hif1a accumulation
in normoxic hepatocytes in an ROS- and NO-dependent
manner (64). However, the effect of ROS on PHD2dependent Hif1a degradation has been shown to be regulated by the duration of exposure (65). Siah2 can regulate
PHD3 and PHD1 proteins in the range of normoxia
to mild hypoxia and causes accumulation of Hif1a
protein (66).
Our study corroborates earlier findings that show the
importance of the Siah2-PHD3 axis in regulating Hif1a
stability (67) and tumor development in normoxia (66).
We confirm that, in H. pylori–infected GCCs, acetylation
stabilizes Siah2 from being proteasomally degraded.
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Figure 7. A schematic depicting that acetylation of Siah2
stabilizes Hif1a expression through PHD3 degradation in H.
pylori–infected GCCs. Siah2 expression is induced in H.
pylori–infected GCCs. p300 HAT–mediated acetylation of Siah2
at K139 position increases Siah2 protein stability, resulting in
enhanced degradation of PHD3 and accumulation of Hif1a.
Accumulation of Hif1a increases invasiveness of H. pylori–
infected gastric epithelial cells.

Furthermore, we show that acetylation at the K139 residue in the substrate binding domain does not affect
Siah2 interaction with PHD3. Decreased PHD3 availability due to increased stability of ac-Siah2 promotes
proteasomal degradation of PHD3 and Hif1a protein
accumulation in H. pylori–infected GCCs. This work
affirms the importance of Siah2 in regulation of tumorigenesis and validates another finding (54) that
shows that H. pylori–mediated Hif1a protein stabilization is a cag PAI–independent event. This finding
shows that all H. pylori strains might regulate Siah2
acetylation to establish infection and warrants further
investigation.
SUMOylation has been reported to regulate Siah2
stability (45–47). Phosphorylation has also been reported to increase the transcriptional activation of
Siah2 (48) and regulates its interaction with HIPK2, a
Ser/Thr kinase (25). Ours is the first report on Siah2
acetylation and its functional impact. This report further describes the importance of acetylation in enhancing the stability of Siah2 in H. pylori–infected
GCCs. Because acetylation of Siah2 is highly induced
in H. pylori–infected human gastric or H. felis–infected
murine tissue samples but not in uninfected GCCs, we
believe that deacetylation approaches would be effective to target ac-Siah2–positive cancers. Since this
study demonstrates that the HAT/KAT inhibitor
CTK7A reduces Siah2 acetylation, we believe that
deacetylation of Siah2 would be a successful therapeutic checkpoint to treat gastric cancer.
10
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Helicobacter pylori is the strongest known risk-factor for gastric cancer. However, its role in gastric cancer metastasis remains unclear. Previously we have reported that H. pylori promotes gastric cancer invasiveness by
stabilizing the E3 ubiquitin ligase Siah2 which is mediated by Siah2 acetylation at Lys 139 (K139) residue. Here
we identify that cell adhesion-related proteins testin (TES) and ﬁlamin-C (FLN-C) interact with Siah2 and get
proteasomally degraded. The eﬃciency of TES and FLN-C degradation is signiﬁcantly potentiated by K139acetylated Siah2 (ac-K139 Siah2) in infected gastric cancer cells (GCCs). ac-Siah2-mediated downregulation of
TES and FLN-C disrupts ﬁlopodia structures but promotes lamellipodia formation and enhances invasiveness and
migration of infected GCCs. Since H. felis-infected mice as well as human gastric cancer biopsy samples also show
high level of ac-K139 Siah2 and downregulated TES and FLN-C, we believe that acetylation of Siah2 is an important checkpoint that can be useful for therapeutic intervention.

1. Introduction
Gastric cancer is one of the most common cancers and frequent causes
of cancer-related mortalities in the world. Helicobacter pylori has been
classiﬁed by the International Agency for Research on Cancer (IARC) as a
type I carcinogen responsible for causing gastric cancer (Buti et al., 2011).
Strains possessing the cytotoxin-associated gene (cag) pathogenicity island
(PAI), i.e. cag PAI(+) strains, are associated with more severity of the
disease (Guillemin and Salama, 2002; Hatakeyama, 2014). H. pylori promotes motility of infected gastric epithelial cell (Das et al., 2016) but the
mechanism is still not completely understood.

The actin cytoskeleton provides contractile forces that regulate cell
motility. Gastric epithelial cells are actin rich (Wolosin et al., 1983).
The family of actin-binding ﬁlamins (FLNs), FLN-A, B and C, stabilize
actin networks and connect them to the cell membrane (Zhou et al.,
2010). Silencing of FLN-C is associated with primary as well as metastatic gastric cancers (Qiao et al., 2015). Another actin-binding cytoskeletal protein linked with focal adhesion and tight junction is testin
(TES) (Garvalov et al., 2003; Sala et al., 2017) and TES too shows
tumor-suppressive eﬀects in gastric cancer (Ma et al., 2010). Although
TES and FLN-C are hypermethylated in gastric cancer (Drusco et al.,
2005; Ma et al., 2010; Nakajima et al., 2010; Qiao et al., 2015), the

Abbreviations: ac-lys, acetylated lysine; ac-Siah2, acetylated Siah2; ac-K139 Siah2, acetylated K139 Siah2; ASB2, a suppressor of cytokine signalling box 2 gene; cag,
cytotoxin-associated gene; CHIP, C-terminus of Hsc70 interacting protein; DAPI, 4',6-Diamidino-2-phenylindoledihydrochloride; CTK7A, sodium-4-(3,5-bis(4-hydroxy-3-methoxystyryl)-1H-pyrazol-1-yl) benzoate; EMT, epithelial to mesenchymal transition; GCCs, gastric cancer cells; H. pylori, Helicobacter pylori; FITC,
ﬂuorescein isothiocyanate; FLNs, ﬁlamins; HAT, histone acetyltransferase; Hif1α, hypoxia-inducible factor 1α; IARC, international agency for research on cancer; IP,
immunoprecipitation; LSM, laser scanning microscope; MDM2, mouse double minute 2; MOI, multiplicity of infection; PAGE, polyacrylamide gel electrophoresis;
PAI, pathogenicity island; PAIL, prediction of acetylation on internal lysines; p.i, post infection; PHD3, prolyl-hydroxylase 3; ROS, reactive oxygen species; RUNX3,
Runt-related transcription factor 3; SBD, substrate-binding domain; SDS, sodium dodecyl sulphate; Siah, seven in absentia homolog; siRNA, short interfering ribonucleic acid; TES, testin; WHO, world health organization; WB, western blotting; WT, wild-type
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Fig. 1. H. pylori-infection results in the downregulation of TES and FLN-C and increases
Siah2 in GCCs. (A) A representative western
blot of whole-cell lysates prepared from uninfected and infected (6, 12, and 24 h with a MOI
of 200) MKN45 cells showed time-dependent
induced increase in Siah2 expression and reduced expression of TES and FLN-C.
Densitometric analysis of Siah2, TES, and FLNC bands shown in (A) represented as normalized Siah2, TES, and FLN-C. Data were analyzed by Student’s t-test (n = 3). Error bars,
s.e.m., *P < 0.05. (B) A representative ﬁgure
showing western blot of MKN45 cell lysates
infected with MOI 100, 200, and 300 for 24 h.
Densitometric analysis represented the expression of Siah2, TES, and FLN-C normalized to
control. Data were analyzed by Student’s t test
(n = 3). Error bars, s.e.m., *P < 0.05. (C)
Western blot showing status of Siah2, TES and
FLN-C in the Kato III cells and AGS cells. (D)
Immunoblotting performed using MKN45
whole-cell lysates infected with H. pylori strains
26695 and 8-1 showed that both the strains
were equally competent in inducing Siah2 and
reducing TES and FLN-C expressions. Bars represented fold change in protein expression
over uninfected. Error bars, s.e.m., n = 3,
*P < 0.05. All western blots used GAPDH as a
loading control.

(GCCs) after H. pylori infection (Das et al., 2016). Another study from our
group establishes that acetylation of Siah2 at K139 residue confers invasiveness to H. pylori-infected GCCs by degrading prolyl-hydroxylase 3 (PHD3) and
thereby stabilizing hypoxia-inducible factor 1α (Hif1α) (Kokate et al., 2018).
This study sought to know the eﬀect of Siah2 on tumor-suppressors
TES and FLN-C. By using gastric cancer cell lines, murine gastric cancer
model and human gastric cancer biopsy samples we show that Siah2
degrades TES and FLN-C in H. pylori-infected gastric cancer cells
(GCCs). In addition, this study identiﬁes that acetylation at K139 residue
in the infected GCCs increases the eﬃciency of Siah2-mediated TES and
FLN-C degradation. TES and FLN-C degradation leads to altered actin
organization and increases invasiveness of GCCs.

frequency and extent of hypermethylation increase in stage III/IV gastric cancer (Oue et al., 2006). Chronic inﬂammation induced by H.
pylori also leads to hypermethylation of genes (Yoshida et al., 2013).
Although proteasomal degradation of tumor suppressors is an important player in cancer progression, no group has studied proteasomal
degradation of TES and FLN-C in H. pylori-infected GCCs.
Many tumor suppressor proteins are targeted for ubiquitination-dependent degradation in H. pylori-infected gastric epithelial cells (Coombs et al.,
2011). Filamin-A (FLN-A) and FLN-B are proteasomally targeted by the E3
ubiquitin ligase ASB2 (Burande et al., 2009) while CHIP, a chaperone-dependent E3 ubiquitin ligase proteasomally degrades FLN-C (Arndt et al.,
2010). However, E3 ubiquitin ligase-mediated TES degradation is not yet
reported. Although, phosphorylation-mediated activation of E3 ligases is wellknown (Chaugule and Walden, 2016), the eﬀect of acetylation on E3 ligases
is nearly unexplored. One study shows that the stability and function of
mouse double minute 2 (MDM2), an E3 ubiquitin ligase, is critically regulated
by p300-mediated acetylation of the protein (Nihira et al., 2017). We have
previously shown that Siah2 induces invasiveness of gastric cancer cells

2. Materials and methods
2.1. Cell and bacteria culture and reagents
Gastric cancer cell lines (GCCs) AGS, MKN45, KATO III and
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Fig. 2. p300 HAT activity acetylates Siah2 and
downregulates TES and FLN-C expression in H.
pylori-infected GCCs. (A) Western blot analysis
of whole cell lysates prepared from control and
200 MOI H. pylori-infected MKN45 cells at
various time points (6 h, 12 h, and 24 h) was
done to assess expression of FLN-C, TES, Siah2
and ac-Siah2. Densitometric analysis was represented as ac-Siah2: total Siah2 expression
normalized to loading control. (B) A representative western blot result showing the
expression of p300, FLN-C, TES, ac-Siah2 and
Siah2 in the uninfected and infected MKN45
cells. (C) Immunoprecipitation experiment was
performed to study interaction of Siah2 with
p300, FLN-C and TES in the whole cell lysates
prepared from uninfected and infected MKN45
cells. Proteins were immunoprecipitated by
using Siah2 antibody. Bar graphs represented
fold change in protein expression normalized to
uninfected control. (D) Immunoblot analysis of
whole cell lysates prepared from HFE145 cell,
either infected with H. pylori (200 MOI) or
uninfected, showed induced expression of
p300, ac-Siah2, and Siah2 whereas, expression
of FLN-C and TES was found to be decreased.
Bars depicted fold change in p300, FLN-C, TES,
ac-Siah2 and Siah2 proteins expression over
uninfected. (E) A representative western blot
showing the status of FLN-C, TES, ac-Siah2, and
Siah2 proteins in uninfected and H. pylori-infected Kato III, MKN45 and AGS cells (n = 3).
(F) A representative western blot result
showing the eﬀect of CTK7 A on FLN-C, TES,
ac-Siah2, Siah2 (n = 3). Representative graphs
showed normalized protein expressions.
GAPDH was the loading control in all western
blot experiments. Error bars, s.e.m., n = 3,
*P < 0.05;
**P < 0.01;
***P < 0.003;
****P < 0.0001.

antibodies were purchased from Cell Signalling Technology (CST).
Bands were detected as reported earlier (Das et al., 2017).
Immunoprecipitation (IP) assays were performed using Siah2, FLNC and TES antibodies. Equivalent normal goat IgG (Santa Cruz
Biotechnology) was used to detect the speciﬁcity of immune interactions.
Customized human Siah2 antibody speciﬁc for ac-K139 (anti-rabbit,
polyclonal) was generated by Bioklone Biotech Pvt. Ltd, Chennai, India.
This antibody was also suitable to detect ac-K140 of mouse Siah2. The
speciﬁcity of this antibody has been tested (Kokate et al., 2018).

immortalized GCC HFE145 were cultured and maintained as reported
earlier (Rath et al., 2015). H. pylori strains 26695 cag PAI (+), 8-1 cag
PAI (-) and H. felis strain 49179 (ATCC, Manassas, VA, USA) were
cultured and maintained as described previously (Ding et al., 2004;
Bhattacharyya et al., 2009). The proteasome inhibitor Z-Leu-Leu-Leu-al
(MG132) (Sigma-Aldrich, Milwaukee, WI, USA) was used at 50 μM
concentration for 12 h before bacterial infection. When required, cells
were treated with CTK7A (EMD Millipore Corp., Billerica, MA, USA),
the inhibitor of HAT/KAT function, at 100 μM concentration for 24 h.
2.2. Immunoblotting and immunoprecipitation

2.3. Plasmids, site-directed mutagenesis, siRNAs, transient transfection and
generation of stable cells

Whole cell extracts were prepared by standard protein isolation
protocol, proteins were separated on SDS-PAGE gel followed by immunoblotting. The primary antibodies used were: Siah2, TES, FLN-C
(all from Santa Cruz Biotechnology, Santa Cruz, CA, USA), acetylated
lysine (Cell Signalling Technology, Danvers, MA, USA), p300 (Abcam,
MD, USA), GAPDH (Abgenex, Bhubaneswar, OD, India). Secondary

Empty vector (pcDNA3.1+) and Siah2 WT constructs (Das et al.,
2017) were used in this study. Siah2 acetyl lysine mutant K139R was
generated from the Siah2 WT construct as reported earlier (Kokate
et al., 2018). siRNA for Siah2 (siSiah2) was purchased from Origene,
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Fig. 3. H. pylori-mediated acetylation of Siah2
at K139enhances degradation of TES and FLN-C.
(A) Western blotting performed using MKN45
cells transfected with empty vector and Siah2
WT constructs showed a decreased expression
of FLN-C and TES in Siah2 WT-transfected H.
pylori-infected cells. Bars represented ac-Siah2:
total Siah2 expression normalized to loading
control. (B) Immunoblot analysis of control
siRNA and Siah2 siRNA-transfected MKN45
cells demonstrated induced expression of
FLN-C and TES in siSiah2-transfected group
as compared to control siRNA group.
Densitometric analysis was represented as
normalized ac-Siah2: total Siah2 expression.
(C) Immunoblotting result showing the eﬀect of
MG132 treatment to rescue Siah2 K139R proteins from being degraded in H. pylori infected
GCCs. Densitometric analysis was represented
as TES or FLN-C or ac-K139 Siah2: total
Siah2. GAPDH was used as a loading control
for all western blots. Error bars, s.e.m., n = 3,
*P < 0.05;
**P < 0.01;
***P < 0.003;
****P < 0.0001.

sets using anti-Siah2 antibody (Santa Cruz Biotechnology). The immunoprecipitated proteins were separated by SDS-PAGE and the gel
was stained overnight in CBB-R250 staining solution (Bio-Rad
Laboratories, Hercules, CA, USA). Bands were analyzed and protein
identiﬁcations were performed using LCeMS/MS by University of
Texas Medical Branch, Biomedical Resource Facility (UTMB-BRF), MS
core unit, Galveston, Texas, USA. Only those proteins with minimum
two peptides having ion score above 28 were selected for further studies.

Rockville, MD, USA, whereas siTES and siFLN-C were purchased from
Santa Cruz Biotechnology.
For transient transfections, 1 × 106 MKN45 cells were seeded in 6well plates. After 24 h, cells were transfected with 2.5 μg of plasmid,
5 μl of P3000 reagent and 7.5 μl of Lipofectamine 3000 reagent
(Invitrogen, Carlsbad, CA, USA). After 48 h of transfection, cells were
infected with H. pylori. To knockdown the expression of Siah2, TES and
FLN-C, 0.25 × 106 MKN45 and AGS cells were seeded in 6-well plates.
After 18–24 h, cells were transfected with 10 nM siRNA using
Lipofectamine 3000 reagent (Invitrogen). Stable over-expressing cells
were generated following a standard protocol (Das et al., 2016).

2.5. Cell migration and invasion assay
2.4. Novel Siah2-binding partner analysis by mass spectrometry

Cell migration and invasion assay was performed using a fully adherent gastric cancer cell line AGS. Cells were transfected with control
siRNA, siTES and siFLN-C and were infected for 24 h. Assays were done
following a previously-reported protocol (Das et al., 2016).

MKN45 cells were transiently transfected with Siah2 WT and Siah2
ac-lys mutant construct Siah2 K139R. Siah2 was immunoprecipitated
from cell lysates prepared from uninfected and infected transfection
17
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Fig. 4. TES and FLN-C degradation results in
enhanced invasion and migration of H. pyloriinfected GCCs. (A) Western blot data showing
siRNA-mediated suppression of FLN-C and TES
in AGS cells. Representative bar graphs showed
signiﬁcantly decreased FLN-C and TES expression in respective siRNA-transfected groups as
compared to siControl group. (B) Cell migration assay performed with AGS cells showed
induced migration of infected cells expressing
siFLN-C and siTES as compared to their counterparts in siControl group; scales shown:
50 μm. Bar graphs denoted the average number
of migrated cells (mean ± s.e.m., n = 3). Data
were analyzed by two-way ANOVA with
Tukey’s post hoc test. Error bars, s.e.m.
****P < 0.0001. (C) Matrigel invasion assay
with FLN-C and TES-suppressed AGS cells
showing increased invasiveness in siFLN-C and
siTES-transfected GCCs. Bar graphs denoted the
average number of cells invaded through the
Transwell matrigel (mean ± s.e.m., n = 3).
Data were analyzed by two-way ANOVA with
Tukey’s post hoc test. Error bars, s.e.m.
***P < 0.003;
****P < 0.0001.
Scales
shown: 50 μm.

used as control. Patients who have undergone H. pylori eradication
therapy were excluded. Informed consent was obtained from each patient and anonymity was preserved.

2.6. Wound-healing assay
The eﬀect of knockdown of TES and FLN-C expression on the
wound-healing property of GCCs was investigated using AGS cells as
reported earlier (Rath et al., 2017).

2.9. H. felis infection and gastric tissue collection from mice
C57BL/6 mice (both male and female) aged between 4–5 wks were
procured from the National Centre for Laboratory Animal Sciences
(NCLAS) of the National Institute of Nutrition (NIN, Hyderabad, India).
Mice were maintained as per the Committee for the Purpose of Control
and Supervision of Experiments (CPCSEA) and Institutional Animal
Ethics Committee (IAEC) guidelines for laboratory animals. 7–8 wks old
mice were blindly divided into two groups-uninfected and infected. H.
felis infection was given in accordance with standard protocol (Cai
et al., 2005). After 12 months, tissues were necropsied.

2.7. Soft agar colony formation assay
Soft agar assay was performed to study the anchorage-independent
growth of MKN45 cells transfected with control siRNA, siTES or siFLN-C
and infected with H. pylori following a standard protocol (Rath et al.,
2017).
2.8. Collection of human gastric biopsy samples
Metastatic gastric adenocarcinoma samples (stage III) were
collected from the antral gastric mucosa from urease test-positive patients undergoing esophagogastroduodenoscopy following a National
Institute of Science Education and Research (NISER) review board-approved protocol. Non-cancerous and uninfected gastric tissues were

2.10. Immunoﬂuorescence and confocal microscopy
Empty vector (pcDNA3.1+), Siah2 WT and K139R-expressing MKN45
stable cells were used for confocal microscopy. Cells were seeded on
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Fig. 5. TES and FLN-C downregulation results
in enhanced invasion and migration of GCCs.
(A) Wound healing assay performed with control siRNA, siFLN-C and siTES-transfected AGS
cells showed increased migration ability of
siFLN-C and siTES-transfected groups. Scales
shown: 100 μm. (B) Soft agar colony formation
assay was performed on MKN45 cells. siFLN-Ctransfected cells showed a signiﬁcant increase
in colony forming ability post H. pylori infection as compared to cells expressing the control
siRNA. Representative bar graphs showing
average number of colonies formed. FLN-C
level in siFLN-C-transfected MKN45 cells were
assessed by western blotting (n = 3). (C) Soft
agar assay performed with uninfected or infected MKN45 cells transfected with either
siTES or siControl showed a substantial increase in colony forming ability of TES-silenced
cells. TES level was detected in siControl and
siTES-transfected MKN45 cells by western
blotting (n = 3). GAPDH was used as a loading
control. Data were analyzed by two-way
ANOVA with Tukey’s post hoc test. For all
graphical representations, error bars, s.e.m,
n = 3. **P < 0.01; ****P < 0.0001. Scales
shown in B and C: 200 μm.

3. Results

coverslips in 24-well plates 24 h before H. pylori-infection for 12 h.
Uninfected and H. pylori-infected cells were ﬁxed with 4% paraformaldehyde (PFA) at 37 °C for 15 min followed by staining with Siah2, Siah2 acK139, TES, FLN-C. Cells were stained with DAPI (4′,6-Diamidino-2-phenylindoledihydrochloride) and Phalloidin-FITC conjugate probe (Invitrogen)
for 20 min. Imaging was done using a laser scanning confocal microscope
(LSM) 800 (Carl Zeiss, Oberkochen, Germany).
Human gastric adenocarcinoma biopsy tissue sections and C57BL/6
mice antral gastric tissue sections were processed for immunostaining
as reported previously (Das et al., 2016).

3.1. H. pylori infection downregulates FLN-C and TES and increases
expression of Siah2 in GCCs
TES and FLN-C downregulation has been associated with poor
prognosis in cancer and is noticed in several invasive cancers including
gastric cancer (Drusco et al., 2005; Qiao et al., 2015; Wang et al., 2017).
We have shown earlier that the E3 ubiquitin ligase Siah2 is upregulated
in H. pylori-infected gastric epithelial cells (Das et al., 2016). In an eﬀort
to identify novel binding partners of Siah2 in H. pylori-infected cells,
MKN45 cells were either infected with H. pylori or left uninfected.
Whole cell lysates were immunoprecipitated with Siah2 antibody, the
immunocomplexes were run on SDS-PAGE and the gel was stained with
CBB-R250. Analysis of bands by LCeMS/MS revealed that TES and
FLN-C bind with Siah2 (Supplementary Fig. 1A). In order to experimentally decipher the interrelationship of Siah2 with FLN-C and TES
protein level in H. pylori-infected cells, MKN45 cells were infected with

2.11. Statistical analysis
Except for the animal studies, experiments were performed in a nonrandomized and non-blinded fashion. In-vitro experiments were performed at least three times with three technical repeats. Statistical
signiﬁcance of quantitative data was determined using Student’s t-test
and 2-way ANOVA with Tukey’s post hoc test.
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Fig. 6. TES and FLN-C are stabilized in K139R acetylation-null Siah2-expressed GCCs. (A) Confocal microscopy of MKN45 cells and (B) AGS cells stably expressing
pcDNA3.1+, Siah2 WT and Siah2 K139R constructs showed marked downregulation of FLN-C and TES in H. pylori-infected Siah2 WT-expressing cells as compared to
their counterparts from the other two transfected groups. Original magniﬁcations X630. Scale shown: 10 μm.

PAI(-) strain 8-1, indicating that the phenomena observed were independent of the cag PAI status (Fig. 1D).

cag PAI(+) H. pylori (strain 26695) at 200 multiplicity of infection
(MOI) for various time periods. Whole cell lysates were prepared and
western blot result revealed that H. pylori signiﬁcantly induced Siah2
expression but downregulated TES-FLN-C proteins in a time-dependent
manner with 24 h showing the maximal eﬀect (Fig. 1A). For comparing
the eﬃciency of MOI 100, 200 and 300 to regulate Siah2, TES and FLNC proteins, whole cell lysates were prepared after infecting MKN45 cells
with respective MOIs for 24 h and western blotted. Western blot results
showed signiﬁcantly increased Siah2 and signiﬁcantly downregulated
TES and FLN-C proteins in MOI 200 and MOI 300-infected cells
(Fig. 1B). In all subsequent experiments, MOI 200 and 24 h infection
with strain 26695 were used unless mentioned diﬀerently. MOI 200
also showed similar trends in Kato III and AGS cells (Fig. 1C). An
equivalent decrease in TES and FLN-C proteins was noticed in MKN45
cells after being infected with the cag PAI(+) strain 26695 and the cag

3.2. p300 causes acetylation of Siah2 and its HAT activity downregulates
TES and FLN-C expression in H. pylori-infected GCCs
We have earlier reported that p300-mediated acetylation protects
Siah2 from self-ubiquitination and degradation (Kokate et al., 2018).
Here we identiﬁed by western blotting of whole cell lysates that the
level of TES and FLN-C proteins was inversely correlated with ac-Siah2
in H. pylori-infected MKN45 cells (detected by using pan ac-lys antibody) (Fig. 2A). As the lys/histone acetyltransferase (KAT/HAT) activity of p300 regulates proteasomal degradation of target proteins
(Kokate et al., 2018), we next examined the role of p300 in inﬂuencing
the downregulation of TES and FLN-C in the infected cells. Our data
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Fig. 7. Enhanced expression of ac-K139 Siah2,
Siah2 and downregulation of FLN-C and TES
are noticed in mouse and human gastric epithelia after Helicobacter infection. (A)
Fluorescence microscopy data of antral gastric
tissues isolated from C57BL/6 mice showing
Siah2 (a and b), TES (c and d), DAPI (e and f),
merged (g and h) and (B) ac-K139 Siah2 (a and
b), FLN-C (c and d), DAPI (e and f) and merged
(g and h) images. (C) Fluorescence microscopy
of human non-cancer and non-metastatic
biopsy samples (n = 10) showing Siah2 (a and
b), TES (c and d), DAPI (e and f), merged (g and
h) and (B) ac-K139 Siah2 (a and b), FLN-C (c
and d), DAPI (e and f) and merged (g and h)
images. Original magniﬁcation 100 × . Scales
shown 100 μm.

(Fig. 2E). CTK7 A, an inhibitor of p300 HAT/KAT activity, resulted in
signiﬁcant downregulation of Siah2 and ac-Siah2 proteins in MKN45
cells but TES and FLN-C level signiﬁcantly increased in the CTK7 Atreated cells (Fig. 2F).

conﬁrmed that a strikingly increased level of p300 at 24 h p.i. was
accompanying TES and FLN-C downregulation (Fig. 2B). To determine
whether Siah2 interacts with p300, TES and FLN-C, whole cell lysates
were immunoprecipitated with Siah2 antibody, western blotted and
probed with p300, ac-lys, Siah2, TES and FLN-C antibodies (Fig. 2C).
TES and FLN-C were found to interact with Siah2. To further conﬁrm
FLN-C and TES interaction with Siah2, immunoprecipitation assay was
performed with FLN-C and TES-speciﬁc antibodies to pull-down FLN-C
and TES binding partners, respectively, from whole cell lysates of 6 h
and 24 h, p.i (Supplementary Fig. 1B). Our data revelated that FLN-C
and TES interacted with Siah2 at 6 h p.i. which further decreased at
24 h due to the degradation of FLN-C and TES. In order to ﬁnd out the
response of immortalized normal gastric epithelial cells HFE145 to H.
pylori infection, these cells were infected with H. pylori 26695 strain at
MOI 200 for 24 h. Like MKN45 cells, infected HFE145 cells also showed
a similar response of signiﬁcantly high p300, acetylated Siah2 (acSiah2) and Siah2 expression but signiﬁcantly low TES and FLN-C
(Fig. 2D). As expected, increased ac-Siah2 protein level was coupled
with TES and FLN-C downregulation in infected Kato III and AGS cells

3.3. Siah2 acetylation at K139 in H. pylori-infected GCCs enhances
degradation of TES and FLN-C
To understand the eﬀect of Siah2 on TES and FLN-C proteins,
MKN45 cells were transfected with the empty vector and Siah2 WT
construct. Following the infection with H. pylori, Siah2 WT-expressing
cells showed signiﬁcantly less TES and FLN-C proteins as compared to
the empty vector-transfected cells (Fig. 3A and Supplementary Fig. 2A
and B). To further evaluate the eﬀect of Siah2 on TES and FLN-C,
MKN45 cells were transfected with Siah2 siRNA. When compared with
control vector-transfected cells, TES and FLN-C were not downregulated in siSiah2 cells even after H. pylori infection, thus reaﬃrming
the role of Siah2 in downregulating TES and FLN-C (Fig. 3B and
Supplementary Fig. 2C and D). To ﬁnd out whether acetylation at K139
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showed very high expression of Siah2, ac-K139 Siah2 but downregulation of TES and FLN-C when compared with the uninfected noncancerous tissue (Fig. 7C and D).
These data collectively conﬁrm that H. pylori-induced acetylation of
Siah2 at K139 residue increases its stability promoting the degradation
of TES and FLN-C. TES and FLN-C degradation enhances invasiveness of
H. pylori-infected GCCs by altering actin ﬁlament network.

was protecting Siah2 from proteasomal degradation, K139R mutantexpressing MKN45 cells were treated with 50 μM MG132 for 12 h prior
to H. pylori infection. MG132 treatment increased K139R Siah2 level
indicating that in the absence of acetylation at K139, Siah2 was targeted
for ubiquitination-mediated proteasomal degradation (Fig. 3C). MG132
also rescued FLN-C and TES from being degraded.
3.4. TES and FLN-C degradation results in enhanced invasion and
migration of GCCs

4. Discussion

The positive impact of Siah2 acetylation on migration and invasiveness of H. pylori-infected GCCs is already known (Kokate et al.,
2018). We examined here the eﬀect of TES and FLN-C silencing on the
invasiveness of GCCs. These experiments were performed using AGS
cells since MKN45 cells are semi-adherent in nature and thus, not suitable for the invasion and migration studies. To ﬁnd out the eﬀect of
TES and FLN-C on the cell migration and invasion ability of AGS cells,
these two genes were suppressed using siRNA. Western blot results
showed signiﬁcant suppression of TES and FLN-C following transfection
with respective siRNAs (Fig. 4A). Migration ability was signiﬁcantly
upregulated in FLN-C and TES-suppressed cells (Fig. 4B). Signiﬁcantly
increased cell invasiveness was observed in Matrigel (Fig. 4C) and in
wound healing assays (Fig. 5A and Supplementary Fig. 3, respectively)
in FLN-C and TES-suppressed AGS cells as compared with control
siRNA-transfected cells. The change in anchorage-independent clonogenicity of FLN-C and TES-suppressed MKN45 cells following H. pylori
infection was also studied by soft-agar assay. Both FLN-C and TES
suppression (Fig. 5B and C, respectively) resulted in signiﬁcantly increased foci formation. Accompanying western blot results showed the
status of FLN-C and TES suppression in the used cells.

Proteasomal degradation of tumor suppressors contributes in the
promotion of cancer (Jaenicke et al., 2016; Ni et al., 2016; Gao et al.,
2017). The E3 ubiquitin ligase Siah2 is upregulated in various cancers
(Qi et al., 2013) including gastric cancer (Das et al., 2016) and acetylated at K139 residue (Kokate et al., 2018) in H. pylori-infected GCCs.
p300-mediated acetylation at K139 increases the stability of Siah2
leading to the degradation of adhesion-regulating proteins TES and
FLN-C and increases the motility of H. pylori-infected gastric cancer
cells. High correlation of Siah2 acetylation with TES and FLN-C degradation in H. felis-infected mouse model as well as in human gastric
cancer biopsy samples presents ac-Siah2 as a promising new therapeutic target for patients with gastric cancer.
H. pylori has been identiﬁed by IARC/WHO as a deﬁnite (group I)
carcinogen responsible for gastric cancer (Buti et al., 2011). It induces
the expression of several proliferative and inﬂammatory genes and
causes increased production of reactive oxygen species (ROS) (Gobert
and Wilson, 2017). H. pylori infection from childhood leads to gastric
cancer only in 1–2% cases and happens only after lifelong infection
(Herrera and Parsonnet, 2009). The duration of infection plays a critical
role in the disease progression. Although this study could not examine
whether proteasomal degradation and hypermethylation are chronologically spaced or not, it establishes that ac-Siah2-mediated proteasomal degradation is signiﬁcant in suppressing TES and FLN-C and
enhancing invasiveness of GCCs. Another gastric tumor-suppressor
RUNX3 is regulated by proteasome-mediated degradation (Tsang et al.,
2010). Moreover, p53 (Wei et al., 2010) and p27 (Eguchi et al., 2003)
tumor suppressors are also degraded by the proteasomal machinery in
H. pylori-infected epithelia. Thus, our study promotes the notion that
many cancerous events in gastric epithelial cancer cells are possibly
regulated by the proteomics of proteasome-complexes.
Gastric cancer is highly metastatic. Disassembly of adhesion structures is essential for cancer cells to become invasive. Rearrangement of
actin cytoskeleton by H. pylori is another essential component of its
pathogenicity (Wessler et al., 2011). Actin and its interaction with
binding proteins strongly inﬂuence not only cell shape and cell-cell
interactions but also regulate crucial cell signalling events (Zhou et al.,
2010; Zhao et al., 2016). Actin-interacting proteins TES and FLN-C
show tumor-suppressive functions in gastric cancer (Drusco et al., 2005;
Oue et al., 2006; Ma et al., 2010) and are involved in the downregulation of cell adhesion and motility (Coutts et al., 2003; Tanabe
et al., 2017). Although it is known for a long time that H. pylori induces
proteasomal degradation of tumor-suppressor proteins (Tsang et al.,
2010; Buti et al., 2011; Coombs et al., 2011), to our knowledge, this is
the ﬁrst report deciphering the mechanism of proteasomal degradation
of TES and FLN-C in H. pylori-infected GCCs. This study proved that
downregulation of TES and FLN-C increases motility of H. pylori-infected cells. In addition, this study associated Siah2 acetylation with
cell shape maintenance and F- actin assembly.
Filopodia are involved in cancer cell invasiveness and motility
(Jacquemet et al., 2015). These special structures reinforce cell-cell
attachments or cell-extracellular matrix attachments (Vasioukhin et al.,
2000; Davis et al., 2015) and is considered as a marker of EMT. While
long and protruding ﬁlopodia have continuous actin ﬁlaments, retracting ﬁlopodia have disrupted and disorganized actin ﬁbres (Leijnse
et al., 2015). Lamellipodia, are also actin-rich protrusive structures and
are required for force generation and directional cell motility. These

3.5. TES and FLN-C are stabilized in K139R acetylation-null Siah2expressed GCCs
To investigate the eﬀect of Siah2 acetylation at K139 residue on TES
and FLN-C in H. pylori-infected cells, confocal microscopy was done
using uninfected and H. pylori-infected MKN45 cells (Fig. 6A) or AGS
cells (Fig. 6B) stably transfected with the empty vector, Siah2 WT and
Siah2 K139R constructs. WT Siah2-transfected and infected cells
showed marked downregulation of TES and FLN-C when compared
with the other transfected groups.
To understand the eﬀect of Siah2 acetylation on actin polymerization, AGS cells were transfected with the empty vector, WT Siah2 and
K139R Siah2 constructs followed by infection with H. pylori. After
staining cells with phalloidin-FITC to identify F-actin, we observed that
ﬁlopodia length was markedly shortened in H. pylori-infected cells expressing the WT construct than the corresponding empty vector or
K139R construct-expressing cells (Supplementary Fig. 4). Lamellipodia,
the ﬂat protrusive structures required for force generation during cell
motility (Bear et al., 2002) were more uniformly seen on WT constructexpressing infected cells.
3.6. Enhanced ac-K139 Siah2, Siah2 expression and downregulation of
FLN-C and TES are noticed in mouse and human gastric epithelia after
Helicobacter infection
C57BL/6 mice infected with H. felis show the classic sequence of
events seen in humans infected with H. pylori and consistently show
adenocarcinoma development (Correa and Houghton, 2007). After 12
months of infection (n = 16 for both control and infected groups)
splenomegaly, marked hypertrophy of gastric mucosa, inﬁltration of
mononuclear cells and development of adenocarcinoma were observed.
Immunoﬂuorescence microscopy showed high expression of Siah2, acK139 Siah2 and downregulation of TES and FLN-C in the infected gastric
tissue as compared with the uninfected samples (Fig. 7A and B). Similarly, non-metastatic gastric cancer biopsy samples (n = 10) also
22

International Journal of Biochemistry and Cell Biology 103 (2018) 14–24

S.B. Kokate et al.

sheet-like membrane protrusions can regulate cancer cell migration
(Yamaguchi and Condeelis, 2007). It is known that FLN-A is involved in
ﬁlopodia formation (Ohta et al., 1999; Chiang et al., 2017). Likewise, a
TES-binding partner Mena can regulate the formation of actin ﬁlament
and ﬁlopodia (Coutts et al., 2003). Our data show that TES and FLN-C
are required for ﬁlopodia formation, but downregulation of these proteins promotes lamellipodia development. It is known that the distribution of capping proteins and actin-related proteins ARP2/3 varies
between lamellipodia and ﬁlopodia, thus critically regulating cell motility (Davies, 2013). However, deciphering the exact nature of involvement of TES and FLN-C in regulating ﬁlopodia and lamellipodia
structures would certainly need further investigation.
On the basis of our observations and explanations given above, we
propose the following series of events in H. pylori-infected GCCs, H.
pylori infection induces Siah2 stability by acetylating it at K139 and
causes degradation of TES and FLN-C. This results in the disruption of
actin ﬁlopodia but promotes lamellipodia formation. At this stage, we
believe that studying interaction of ac-Siah2 with TES, FLN-C and other
yet unidentiﬁed cytoskeletal proteins would be beneﬁcial in understanding gastric cancer cell invasiveness.
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