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SUMMARY
Helicobacter pylori infection is the prime cause of gastric cancer (GC), one of the most
common malignancies of the world. H. pylori-induced signalling pathways modulate the
outcome of GC. Siah2, a RING E3-ubiquitin ligase, is upregulated by H. pylori infection and
leads to enhanced invasiveness and tumorigenicity of the infected gastric epithelial cells
(GECs). Posttranslational modifications of Siah2 regulate its subcellular localization and
functioning. Albeit, the role of acetylated Siah2 in H. pylori-infected GECs has been
elucidated, the impact of H. pylori-induced phosphorylation remained unknown. Thus, this
thesis aimed to explore the role of phosphorylation-mediated changes in the subcellular
localization and functioning of Siah2 protein in the context of H. pylori-mediated GC.
This study identified that myotonic dystrophy kinase-related Cdc42-binding kinase β
(MRCKβ) was responsible for Siah2 phosphorylation in H. pylori-infected GECs. Siah2MRCKβ interaction was confirmed by co-immunoprecipitation assay. H. pylori infection
significantly decreased MRCKβ protein levels. Overexpression and suppression of siah2
established its importance in MRCKβ regulation. Further experiments confirmed that Siah2
mediated ubiquitination of MRCKβ and led to its proteasomal degradation. Overexpression of
mrckβ significantly enhanced Siah2 phosphorylation. The most probable phosphorylatable
Siah2 residues were identified by using NetPhos 3.0 software. These residues were mutated by
site-directed mutagenesis to generate Siah2 phospho-null mutants. Cells stably-expressing
Siah2 phospho-null mutants were generated and cotransfected with mrckβ to identify the
residues where Siah2 were phosphorylated by MRCKβ. Ser6 and Thr279 residues of Siah2 were
identified to be phosphorylated by MRCKβ in H. pylori-infected GECs. Antibodies against
Ser6 and Thr279-phosphorylated-Siah2 were custom-generated.

1

Siah2 modulates reactive oxygen species (ROS) generation under various conditions. The role
of Siah2 and its phosphorylation on ROS generation of H. pylori-infected GECs was
elucidated. Siah2 significantly enhanced ROS generation which was further increased in Siah2
phospho-null mutant S6A-expressing cells after H. pylori infection. A 78-kDa glucoseregulated antioxidant protein (GRP78) was found to interact with Siah2. Overexpression and
suppression of grp78 established it as a crucial regulator of ROS generation in H. pyloriinfected GECs. GRP78 was significantly decreased in H. pylori-infected GECs and human
gastric biopsies. siah2 overexpression and suppression established that GRP78 decrease was
Siah2-mediated. GRP78 decreased, whereas Siah2 and its phosphorylation were enhanced in
both the cytoplasmic as well as in the mitochondrial fractions of H. pylori-infected GECs.
Phosphorylation of Siah2 at Ser6 was identified to be crucial for the maintenance of the tubuloreticular mitochondrial morphology and cytoprotective aggresome formation. Through various
in vitro assays Siah2 phosphorylation was found to significantly enhance carcinogenicity,
clonogenicity, invasiveness and proliferation of H. pylori-infected GECs. Enhanced Ser6- and
Thr279-phosphorylated-Siah2 were detected in metastatic human GC biopsies as compared to
their paired normal. C57BL/6 mice also exhibited significantly enhanced P-Ser6-Siah2 and PThr279-Siah2 in H. felis-infected murine gastric tissues as compared to the uninfected ones. In
summary, this research established Siah2 phosphorylation as a crucial contributor towards the
progression and metastasis of Helicobacter-infected GC and portrayed phospho-Siah2 as an
important histological marker in this malignancy.
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Section A
1.A.1. Gastric cancer overview
Gastric cancer (GC) is one of the common malignancies in the developing world.
Approximately, one million new cases of gastric cancer (GC) have been reported in the
year 2018 while the mortality recorded in the same year was approximately eight million
[1]. Reportedly, the incidence of GC is the highest in the Eastern Asia and the lowest in the
Northern and Eastern Africa (GLOBOCAN 2018). In India, Mizoram has the highest
incidence of GC as per a published report from the year 2020 [2]. GC has become one of
the most common cancers for males in India and has been projected as the fifth most
incident cancer amongst males. As observed globally, the incidence of this disease is twice
more in males than in females [2, 3].
1.A. 2. Historical perspective
The ancient Egyptian texts, papyri, dating back to more than 1600 BC described possible
cases, methods of diagnosis and treatment of GC. Hippocrates (4th BC), who first used the
Greek words “καρκίνος” (karkìnos = cancer) and “καρκίνωμα” (karkìnoma = carcinoma)
because of the digit-like extensions that come out of the tumor resembling the shape of the
crab’s appendages, also reported about a possible case of GC [4].
Ancient Indian texts describe diagnosis and treatment of many gastrointestinal diseases
including cancer. The most correlative terms used for cancer were arbuda, granthi, and
gulma [5]. The term gulma has been widely associated with GC and has been classified
into many subtypes [6].
In the modern era, cases of benign and malignant gastric ulcers were first described by J.
Cruveilhier, in 1835. The first successful surgical removal of cancer-affected part of the
stomach was performed by Theodor Billroth in Vienna on 22nd January 1881 [7].
12

1.A. 3. Etiology
Various factors are involved in the progression of GC. The major factors involved are
represented as Figure 1.

Host

Environmental
factors

susceptibility

H. pylori
infection

Gastric carcinogenesis
Figure 1. Factors involved in GC. Host susceptibility, environmental factors and
Helicobacter pylori infection determine the outcome of the disease.
Host susceptibility: Host genetics plays an important role in determining the disease-risk.
Genetic variation and polymorphisms increase the risk of GC [8-10]. Persons with certain
hereditary conditions like Lynch syndrome, Li-Fraumeni syndrome, familial adenomatous
polyposis and Peutz-Jeghers syndrome have increased risk of GC [11]. The degree of
relatedness with the GC patient also increases the risk of the disease [12]. Risk of GC also
increases with the modulation of gastric acid secretion either by H. pylori infection or use
of drugs [13, 14]. Persons belonging to certain blood groups or with certain haematological

13

disorders and geriatric population are more prone to GC [14-16]. These factors either
independently or in combinations increase the risk of GC.
Environmental factors: Heavy metal-contamination and salty food are associated with the
development of GC [17-19]. The chances of developing GC increase with certain mining
activities, exposure to radiation and high temperature [20, 21]. The higher the altitudes and
latitudes, the higher is the prevalence of GC. Intake of alcohol and smoking increase the
chances of GC [18]. Poor hygiene practices also increase the risk of GC [22].
H. pylori:
Taxonomy
Dr. Barry J. Marshal and Dr. John Robin Warren successfully isolated and cultured
Campylobacter pyloridis in 1983 [23]. They isolated this bacterium from the pylorus part
of the human stomach and hence, named it “pyloridis”. This Gram negative, spiral,
lophotrichous bacterium was believed by them to be responsible for gastritis and peptic
ulcer disease. Due to the unacceptance of their hypothesis and the lack of suitable animal
models, Dr. Marshal inoculated himself with C. pyloridis culture. The results published in
1985 established C. pyloridis as the causative agent of gastritis [24]. Similar results were
also reported by A. Morris and G. Nicholson in 1987 [25]. In 1987, Marshal and Goodwin
revised the name of the bacterium to C. pylori [26]. Goodwin et al. created a new genus
Helicobacter and suggested C. pylori to be transferred to the newly-created genus [27].
Thus, based on the evidences, C. pylori came to be known as H. pylori in 1989. The
International Agency for Research on Cancer assigned H. pylori as a Group 1 (definite)
carcinogen in 1994 [28]. “For their discovery of the bacterium H. pylori and its role in
gastritis and peptic ulcer disease” Dr. Barry J. Marshal and Dr. Robin Warren were awarded
the Nobel prize in Physiology and Medicine in the year 2005 (www.nobelprize.org).
14

Epidemiology/ prevalence
Humans are the principal reservoir of H. pylori. This bacterium infects nearly 50% of the
humanity. The prevalence of H. pylori infection varies globally [29]. India has 63.5%
prevalence of this bacterium [30]. Poor sanitation practises are the main causes behind H.
pylori prevalence [29]. Improvement in the hygienic practises decreases the prevalence of
H. pylori infection [31, 32].
Transmission of infection
The H. pylori infection is usually acquired during childhood mainly via interpersonal
transmission routes [33]. These routes include gastro-oral, oral-oral and faecal-oral
transmission. Family members of an H. pylori-infected individual are at a greater risk of
getting the infection due to these interpersonal transmission routes. In addition, the
transmission of H. pylori through contaminated water and food is also reported [34].
Pathogenicity of H. pylori
H. pylori infects the gastric mucosa and dominates the human stomach microbiome [35, 36].
The distribution of H. pylori is generally concentrated within the gastric glands close to the
epithelial cells [37-39]. Albeit H. pylori is a classical extracellular pathogen, some evidences
support its intracellular localization as well [40, 41]. Intracellular invasion, mechanisms of
which are still being elucidated, might play a role in the maintenance of infection and disease
induction [42, 43]. To survive the acidic environment of human stomach and to establish
infection, H. pylori has developed a number of adaptations. These adaptations are the result
of its longstanding association with the human host. The crucial steps required for H. pylori
colonization and successful pathogenesis are discussed below:
1. Acid acclimatization: The human stomach, with the pH varying from 1.0 to 3.5 and a

diurnal median of ~1.4, acts as an ecological filter against a variety of pathogens [44]. H.
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pylori is a neutralophile, surviving within the pH range of 4.0 to 8.2 [45-48]. Survival or
acclimatization in the acidic environment is made possible by the nickel metalloenzyme
urease. H. pylori urease gene cluster is an array of seven genes, expressing accessory
assembly proteins (ureE-H), a proton-gated ion channel (ureI) and catalytic subunits
(ureA/B) [49]. Nickel is essential for the urease activity and its availability is regulated in a
pH-dependent manner [50, 51]. Low pH stimulates urea channel UreI which allows urea
entry into the cell [52]. Urease catalyses the hydrolysis of urea to ammonia and carbamate
[53, 54]. Carbamate spontaneously decomposes to yield another molecule of ammonia and
carbonic acid. The net effect is neutralization of pH in the cytoplasm of H. pylori.
Additionally, H. pylori surface urease (10%-30% of the total bacterial urease content) also
contributes towards the survival of the bacteria [55-57]. The surface urease is acquired by a
process of “altruistic autolysis”. Though the relative contributions in the neutralization of
pH by the surface and the cytoplasmic ureases are debatable [54, 58-61], the net result is the
survival of bacteria in the acidic medium. The urease activity is not only essential for the
survival and establishment of H. pylori infection but is also required for the maintenance of
infection [62]. H. pylori urease activity, regulated by two-component systems [63], also
determines the infection site in varied acidic environment of human stomach [46, 63].
2. Mucus invasion and chemotaxis: Human gastric epithelium is covered with a protective
layer of mucus which is in a continuum of secretion and degradation. The mucus of the
stomach is bilayer- an inner layer is attached to the epithelium while the outer layer is
unattached [64]. Mucins are the main component of mucus and several mucin genes are
found in humans [65]. Gastric epithelial cells (GECs) secrete bicarbonate which diffuses
into the surrounding mucus layer and forms an acid gradient which is acidic towards the
lumen and neutral towards the GECs [66]. Similarly, a urea gradient generated by the action
of bacterial urease also exists [37]. H. pylori is repelled by the hydrochloric acid present in
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the gastric lumen and attracted towards metabolites originating from GECs. Various acid
sensors control these chemotactic responses of H. pylori [67, 68]. Flagella provide the
kinetic ability to H. pylori. Four to eight flagella are arranged in a lophotrichous manner
and act in harmony to propel the bacterium [69]. As H. pylori moves toward the epithelium
in response to various chemical cues, it encounters the mucus layer. The mucus barrier is
breached with the help of H. pylori urease which changes the pH in the vicinity of the
bacterium [70]. This change in pH converts mucus from the gel state to a sol one.
Chemotactic responses and flagella help H. pylori orient towards epithelia [71]. The
flagellar force aided by the alteration in the viscoelastic property of mucus helps H. pylori
cross the mucosal barrier. Various flagellar mutants of H. pylori are either unable or less
efficient in colonizing the host stomach [69]. Hypermotility of H. pylori worsens the
pathogenicity [72]. The characteristic helical shape of H. pylori is also essential for the
colonization of the stomach [73, 74]. Thus, propelled by the flagella in a characteristic corkscrew motion, H. pylori reaches the gastric epithelium.
3. Attachment to GECs: H. pylori persistence is required for a successful infection. As H.
pylori approaches the gastric epithelium, it needs to firmly attach itself to the GEC. This
is essential in order to avoid being washed out or dislocated due to continuous shedding of
the mucosal layer. H. pylori has an armoury of outer membrane proteins [75] which help
it remain firmly attached to the GECs. Approximately 4% of the H. pylori genome codes
for these adhesion proteins [76]. The adhesion proteins along with their host targets are
mentioned in Table 1. These factors play crucial roles in H. pylori adherence, initiation
and maintenance of infection.
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Table 1. Various H. pylori adhesion molecules and their cellular receptors.
Sl.

H. pylori adhesion

Host receptor proteins

References

No.

proteins

1.

Adherence

Laminin, Collagen IV

[77, 78]

Blood group

Lewis b (Leb) blood group antigen,

[79, 80]

antigen-binding

MUC5AC and MUC1

associated
lipoprotein (Alp)
A/B (HopC/B)
2.

adhesin A (BabA)/
H. pylori OMP S
(HopS)/ OMP28
3.

CagL

α5β1 integrin

[81]

4.

HopQ/ OMP27

Carcinoembryonic antigen-related cell

[82, 83]

adhesion molecules (CEACAMs) 1, 3, 5
and 6
5.

HopZ

Unknown

[78, 84]

6.

Lipopolysaccharide

Laminin, LewisX

[85, 86]

Unknown

[84, 87]

Sialic acid-binding

Sialylated glycans- sialyl-LewisX,

[88, 89]

adhesin (SabA)/

sialyl-LewisA and LewisX

(LPS)
7.

Outer inflammatory
protein A (OipA)/
HopH

8.

OMP17/ HopP
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4. Establishment of infection: H. pylori virulence factors affect the host in a number of ways
after the pathogen attach to GECs. Various molecular alterations in the infected host cells
are initiated which lead to the pathogenesis of several diseases. Out of the several players in
H. pylori disease-pathogenesis a few are discussed below.
A. Cytotoxin-associated gene pathogenicity island (cag PAI): Comprised of a 40 kb stretch
of DNA, these gene elements encode ~32 genes in H. pylori [90, 91]. The type IV secretion
system (T4SS) of H. pylori is a product of the cag PAI. T4SS forms a needle-like bridge
that is inserted to the host epithelial cell to transfer effector molecules. These T4SS bridges
have evolved from conjugation apparatus of bacteria [92-94]. β1 integrins expressed on the
surface of GECs act as receptors for T4SS [81, 95]. The injection of H. pylori T4SS is not
haphazard but is rather a very tightly controlled process [96, 97]. CagE forms the structural
component of T4SS and is essential for the injection of effector molecules [90]. cag PAIencoded CagY and CagL also play important roles in T4SS injection and translocation of
CagA [90, 95]. CagL has also been reported to mimic the host cell fibronectin and affect the
cellular morphology [81, 98]. On the basis of the presence or absence of cag PAI, H. pylori
are classified into two categories: cag PAI (+) and cag PAI (-). The niche of H. pylori
colonization is influenced by the cag PAI status [99]. The cag PAI (-) strains have mucosal
predominance while cag PAI (+) ones are found near or adhered to the GECs. H. pylori cag
PAI (+) strains are more pathogenic than the negative ones in causing GC [100-102].
The 3’ terminal end of cag PAI encodes CagA [103]. CagA is the first identified cag PAIencoded virulence factor of H. pylori. It is the only known oncogenic protein to be injected
into the host cells by H. pylori [104]. In spite of being a very abundant protein in H. pylori,
surprisingly, very small amount is translocated to host cells [105, 106]. The carboxyterminal of CagA protein contains the variable tyrosine phosphorylation motifs (glutamate-
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proline-isoleucine-tyrosine-alanine, EPIYA) [107, 108]. The four different (A-, B-, C-, and
D-) EPIYA motifs are recognised based on the differences in the flanking amino acid
sequences. This motif helps CagA protein attachment to the cytoplasmic side of the plasma
membrane of GECs [109]. Once inside the host cell, CagA is quickly phosphorylated by the
Src kinase which is then rapidly inactivated [110]. Later, the Abl kinase phosphorylates
CagA and remains active continuously. The downregulation of Src kinase activity can be
attributed to the activation of C-terminal Src kinase (Csk)-initiated negative feedback loop
[111, 112]. This regulation of the primary CagA kinase, Src, controls availability of the
phosphorylated CagA in the host cell [90]. Thus, these kinases act successively to
phosphorylate and regulate CagA abundance and function [113-115]. The phosphorylated
CagA initiates signalling cascades which lead to alteration of the cytoskeleton and formation
of the characteristic “hummingbird phenotype” as a result of “scattering” [108, 116-118].
Additionally, phosphorylation-independent role of CagA in altering the cellular morphology
has also been elucidated [90, 119, 120]. The pathways manipulated by CagA in the
development of GC is summarized in Figure 2.
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Figure 2. CagA-influenced pathways in the development of GC. Figure courtesy [108].
H. pylori outer membrane vesicles (OMVs) contain CagA along with other virulence factors
[121, 122]. These are also delivered to the host cells and induce pathological changes.
People infected with the cag PAI (+) H. pylori strains release exosomes containing CagA
protein [123]. These exosomes are transported via the blood stream and might influence the
development of the extra-gastric pathologies.
B. Vacuolating cytotoxin A (VacA): This is the proteinaceous “vacuolating cytotoxin”
identified from the culture broth of H. pylori [124, 125]. Although present in most H. pylori
strains, the virulence factor VacA exhibits polymorphism and is transcriptionally regulated
[126-129]. Translated as a protein of 140 kDa, it is processed further to yield the active 88
kDa toxin [75, 125, 130, 131]. VacA remains anchored to the bacterial membrane or is
secreted [125, 132]. The secreted VacA oligomerizes at neutral pH. Exposure to the acidic
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or alkaline pH disrupts oligomerized VacA and enhances its vacuole forming potential [133136]. This “acid or alkaline activation” of VacA is essential for its internalization. Multiple
receptors have been elucidated in VacA internalization [119, 137, 138]. The internalized
monomeric VacA oligomerizes again inside the host cell forming anion selective channels
[129, 134, 139]. The efflux of metabolites required by H. pylori is enhanced by these ion
channels [140-142]. These ion channels are also taken up by endosomes and lead to the
formation of large cytoplasmic vacuoles [143-145]. Additionally, VacA disrupts the
endosomal trafficking, membrane and mitochondrial permeability. Alterations in
autophagy, cellular signalling and cytoskeletal organization have also been observed [131,
146-148]. VacA also plays immuno-modulatory roles for the persistent and successful H.
pylori infection [119, 129].
A variant of VacA regulates CagA availability in the infected cells [149]. Synergistic as
well as antagonistic interactions of CagA and VacA have been elucidated [119, 120, 150,
151]. These interactions create an optimal niche for H. pylori and improve its pathogenesis
[120, 150]. Other than these, following H. pylori virulence factors are also significant- H.
pylori neutrophil-activating protein, high temperature requirement A, heat shock proteins
(Hsp 60, 10, 70), γ-glutamyl-transpeptidase, cholesteryl α-glucosyltransferase, LPS and
arginase, to name a few [152].
Several signalling events are initiated by H. pylori which ultimately lead to GC pathogenesis
(Figure 3). The severity of GC is determined by the interaction among host genetics,
environmental factors and/or H. pylori infection.
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Figure 3. Summary of various H. pylori-induced signalling pathways. Figure courtesy
[153].
1.A.4. Pathogenesis of GC
H. pylori is a “definite carcinogen” and initiates restricted host immune responses thereby
initiating a series of events leading to GC [154, 155]. The cascade of H. pylori-driven GC
events, as described by P. Correa, is initiated by gastritis or inflammation of the infected
mucosa. Further sequences in the cascade may take several years to develop depending on the
strain of H. pylori, the host and the environmental factors (Figure 4).
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Figure 4. Sequence of events leading to H. pylori-initiated GC and the role of various
factors. Figure courtesy [156].
The later stages of the cascade shown in Figure 4 are reached in a small proportion of the
infected individuals. Of the multiple gastric pathologies initiated by H. pylori, GC occurs in 23% of the infected individuals [157]. H. felis-infected C57BL/6 mice also exhibit the classical
“Correa’s cascade” [158]. This makes the bacterium an ideal choice for infecting C57BL/6
mice in order to mimic the human H. pylori infection. First isolated from the stomach of cats,
H. felis is found rarely in the human stomach [159]. Histologically, GC has been classified into
various types, of which adenocarcinoma forms 90-95% of the cases [155, 160]. P. Lauren, in
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1965, identified two distinct forms of adenocarcinomatous GC: intestinal and diffuse [161].
Later a third type, indeterminate, was added to address the inconsistent histology. On the basis
of their incidence, the three types can be arranged as: intestinal type> diffuse type>
indeterminate type [162]. Of these, only the intestinal type exhibits a true Correa’s cascade.
Eventually, the World Health Organization (WHO) provided a detailed histological
classification of all types of GC [163]. Classification based on the gene expression profiles of
various GC types was undertaken by “The Cancer Genome Atlas (TCGA)” research network
[164, 165]. Different GC types are comparable and correlated but may show diverse
histological, immunological and molecular characteristics [164, 166-168]. They also vary in
proportion to their incidence.
1.A.5. H. pylori and GC metastasis
H. pylori-induced “humming bird phenotype” due to “cell scattering” in vitro is due to the
initiation of various signalling pathways. Majorly, cell-cell adhesion aberrations are induced
which lead to epithelial-mesenchymal transition (EMT) [169, 170]. EMT is crucial for GC
progression and metastasis, key events of which are summarized in Figure 5. GC malignancies
spread in the human body at various sites and routes (Figure 5).
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Figure 5. Various sites and routes of GC metastasis. Figure courtesy [171].
The progress and dissemination of GC is also aided by gastric tumor-derived exosomes [172174].
Section B
1.B.1 H. pylori and the host ubiquitin-proteasome system (UPS)
One of the major regulatory machinery controlling cancer initiation to metastasis is the UPS
[175-177]. It regulates the presence/ abundance of proteins involved in various pathologies.
The UPS regulates these processes by the addition of a small regulatory protein ubiquitin to
the target protein. The 76 amino acids long ubiquitin gets attached covalently to the substrate
protein [178]. Ubiquitin attachment involves multiple enzymes which regulate the processes
from “ubiquitin activation” to “ubiquitin ligation” (Figure 6).
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Figure 6. The components and outcomes of the UPS. Figure courtesy [179].
The attached ubiquitin can serve as a site for further addition of ubiquitin residues, thus, leading
to the poly-ubiquitination of the substrate protein [179]. The residue of ubiquitin at which polyubiquitination is initiated helps develop a unique “ubiquitin code”. The most common “code”
is Lys 48-polyubiquitination which leads to the degradation of the targeted protein by the 26S
proteasome [180, 181]. This degrading executioner of the UPS is composed of a 20S core
catalytic barrel and a 19S regulatory cap. The entry of substrate protein to the catalytic core is
“gated” and regulated by many proteins (Figure 7). "For the discovery of ubiquitin-mediated
protein degradation", Aaron Ciechanover, Avram Hershko and Irwin Rose were jointly
awarded “The Nobel Prize in Chemistry 2004” (www.nobelprize.org).
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Figure 7. The 26S proteasome (A) and functions of its various components (B). Figure
courtesy [182].
Tsvetkov et al. reported that viability of cancer cells is dependent on the 26S proteasome levels
and proposed of “addiction of cancer cells to high 26S proteasome” [183]. H. pylori infection
modulates the host cell UPS which regulates bacterial adherence [184] and inflammation [185].
Various pathways essential for the initiation, proliferation and dissemination of H. pylorimediated GC are also altered by UPS [186-188].
1.B.2. E3-ubiquitin ligases
Specificity to the ubiquitination process is provided by the E3-ubiquitin ligase enzymes [189,
190]. Various E3-ubiquitin ligase enzymes, based on their structure and mechanism of action,
have been classified into three classes: homologous to E6AP C-terminus (HECT), RINGbetween-RING [147] and really interesting new gene (RING) [191]. E3-ubiquitin ligases have
been implicated in the development of cancers, including GC, by alterations of various cellular
pathways [192, 193] (Figure 8). Seven in absentia homolog (Siah) proteins, belonging to the
family of RING E3-ubiquitin ligases, are implicated in GC.
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Figure 8. E3-ubiquitin ligases regulate various cellular processes which lead to cancer.
Figure courtesy [194].
1.B.3. Siah2
Overview
Siah2 is involved in the regulation of various cellular processes [195]. This 324 amino acids
long protein, encoded by the human siah2 gene on chromosome 3q25, is a homologue of the
Drosophila seven in absentia gene. The RING domain is present at the N-terminal followed by
zinc finger motifs and the substrate-binding domain (SBD) at the C-terminal. The N- terminal
RING domain serves as a site for binding of E2 enzymes. The SBD interacts with a variety of
proteins and helps Siah2 regulate various cellular processes. Gopalsamy et al. have identified
substrate specificity of Siah2 SBD to be regulated by various crucial residues [196]. Based on
the consensus among various substrate proteins of Siah, “degron motifs” have been suggested
[197, 198]. The presence of these motifs in the substrate protein enhances the likelihood of its
Siah2-mediated degradation.
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Multifaceted Siah2
Siah2 controls many aspects of cellular physiology and are implicated in the development of
various cancers (Figure 9). Metabolism, oxidative stress [199-201] and hypoxia response [200,
202, 203] are regulated by Siah2. Additionally, various immunological processes [204-206],
cellular polarity and cell-cell adhesion are also regulated by Siah2 [207].

Figure 9. Siah2 regulates multiple cellular processes.
Siah2 and H. pylori
Aerobic respiration and a variety of cellular stress (such as H. pylori infection) generate
reactive oxygen species [208-210]. Although low levels of ROS are essential for the normal
cellular functions, their high levels impair cellular processes. Thus, a homeostasis is achieved
by employing various antioxidant proteins [211]. One of the major regulators of ROS is nuclear
erythroid–related factor 2 (Nrf2) [212]. The abundance of Nrf2 is controlled by Siah2 under
hypoxia and hypoglycaemia [201, 213]. H. pylori infection-generated ROS enhance the
invasiveness of GECs [214]. However, the role of Siah2 in regulating the redox homeostasis
of H. pylori-infected GECs remains unknown.
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H. pylori also modulates various transcription factors such as Twist1 and E26 transformationspecific sequence 2 (ETS2) and enhance Siah2 protein level in gastric epithelial cells (GECs)
[215]. Increased Siah2 promotes cellular proliferation, migration and invasion in H. pyloriinfected GECs. Siah2 controls the invasiveness and migration of GECs by adjusting the
availability of various cytoskeletal proteins [216]. Posttranslational modifications (PTMs) of
Siah2 regulate its availability in the cell, sub-cellular localization and function [199, 217, 218].
PTMs of Siah2
The abundance and activity of the RING family of E3-ubiquitin ligases are maintained by autoubiquitination and proteasomal degradation [219, 220]. Siah2 abundance and activity are also
controlled by its auto-ubiquitination [199, 221]. The RING domain of Siah2 is crucial for this
auto-regulation [222]. However, the extent of Siah2 auto-ubiquitination is determined by its
PTMs [217]. p300-mediated acetylation of Siah2 at Lys139 residue increases its stability in
GECs infected with H. pylori [223]. Acetylated Siah2 in turn regulates the availability of
cytoskeletal proteins and increases GC invasiveness [218]. One of the most prominent PTMs
is phosphorylation. A multitude of kinases phosphorylate Siah2 at various residues [224].
Phosphorylation of Siah2 regulates its functioning and subcellular localization (Figure 10 and
Table 2).

Figure 10. Multi-domain structure of Siah2 indicating phosphorylation sites and the
kinases involved. Figure courtesy [224].
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Table 2. Cellular responses modulated by Siah2 phosphorylation.
Siah2: residues

Function

Report

T26, S28, T119

Cell cycle progression

[225]

T26, S28, S68, T119

DNA damage response

[226]

S16, T26, S28, S68, T119

PHD3 degradation

[227]

T24, S29

PHD3 degradation

[228]

Y86, Y140, Y263

Invasion and migration

[229]

phosphorylated

However, the status and mechanism of Siah2 phosphorylation in H. pylori-mediated GC
remains unknown. Hence, this thesis aimed to explore the role of phosphorylation in
functioning and subcellular localization of Siah2 in GECs infected with H. pylori.

32

Chapter 2
Siah2 is phosphorylated at Ser6 and Thr279 by MRCKβ
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2.1 Mass spectrometry of GECs infected with H. pylori uncovered the kinase involved in
Siah2 phosphorylation
H. pylori-enhanced Siah2 promotes tumorigenicity of GC [223, 230]. Several kinases
phosphorylate Siah2 [224]. However, the status and mechanism of Siah2 phosphorylation in
GECs infected with H. pylori remained unexplored. To determine the kinase(s) responsible for
Siah2 phosphorylation, empty vector (pcDNA3.1+) and siah2 overexpression plasmids were
expressed in MKN45 cells. This was necessary in order to enrich the levels of Siah2 and its
interactions. 200 multiplicity of infection at 12 h post H. pylori infection (PHPI) optimally
induced Siah2 in GECs [223, 230]. 36 h post transfection, the above cells were infected for 12
h with 200 MOI of H. pylori. This was followed by immunoprecipitation of the whole cell
lysates with Siah2 antibody. SDS-PAGE was used to separate the immuno-complexes collected
above. The differentially-expressed bands after Coomassie brilliant blue R-250 (CBB) staining
of the gel were cut and mass spectrometric (MS) analysis was performed (UTMB, Texas,
USA). The kinases identified are presented as Table 3.
Table 3. Kinases detected by MS.
Kinases

6-phosphofructokinase,
platelet type

Protein accession Scores

Siah degron motif (amino

No.s

acid residues)

Q01813

67.68

Partial/ Core:
VLP (482-484)
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Ser/Thr-protein kinase

Q9Y5S2

61.32

MRCKβ

Partial/ Core:
VCP (1074-1076),
VAP (1371-1373),
VNP (1409-1411),
VDP (1448-1450)
Full: PLSAVPP (1608-1614)

6-phosphofructokinase,

P17858

liver type

36.33

Partial/ Core:
VIP (523-525)

To find the most probable Siah2 kinase out of the three identified, the presence of Siah “degron
motifs” was analysed. Both isoforms of 6-phosphofructokinase had only a partial Siah “degron
motif” each, whereas, the Ser/Thr kinase MRCKβ (myotonic dystrophy kinase-related Cdc42binding kinase β) had four partial and one full Siah “degron motif”. As several partial and full
Siah “degron motifs” were present in MRCKβ, it indicated to the likelihood of MRCKβ-Siah2
interaction. Additionally, the probability of MRCKβ-Siah2 interaction was analysed using the
LR_PPI protein-protein interaction prediction tool [231]. The high probability of interaction
also pointed towards MRCKβ-Siah2 interaction (Figure 11). Thus, MRCKβ seemed to be the
probable kinase interacting with Siah2.
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Figure 11. The probability of MRCKβ-Siah2 interaction as predicted using the LR_PPI
tool.
2.2 Siah2 phosphorylation is enhanced in GECs infected with H. pylori
To determine the optimal cell to bacteria ratio of infection, MKN45 cells were infected with
100, 200 and 300 multiplicity of H. pylori for 12 h. Western blot of whole cell lysates showed
that 200 MOI of H. pylori at 12 h optimally enhanced P-Thr-Siah2, P-Ser-Siah2 and Siah2
levels (Figure 12A). In order to elucidate the status of Siah2 phosphorylation after H. pylori
infection, MKN45 cells were infected with 200 MOI of cag PAI (+) H. pylori strain 26695 for
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12 h. Whole cell lysates were collected and western blotting was performed. An optimal
increase in Siah2 was observed at 12 h PHPI (Figure 12B). Similarly, optimal levels of P-ThrSiah2 and P-Ser-Siah2 were also detected at 12 h PHPI (Figure 12B). Siah2 induction in GECs
infected with H. pylori is cag PAI status-independent [223, 230]. To evaluate the cag PAIdependence of Siah2 phosphorylation, MKN45 cells were infected with 200 MOI of cag PAI
(+) H. pylori strain 26695 and cag PAI (-) H. pylori strain 8-1 for 12 h. Both the strains
enhanced P-Thr-Siah2, P-Ser-Siah2 and Siah2 levels, as showed by the western blot of the
whole cell lysates from control and infected MKN45 cells (Figure 12C). Collectively, these
results suggested that Siah2 phosphorylation was enhanced in GECs infected with H. pylori
when compared with uninfected cells and this increase was optimal at 200 MOI, 12 h PHPI.
Hereafter, “H. pylori infection” will mean infection with H. pylori strain 26695 at 200 MOI for
12 h, unless mentioned otherwise.
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Figure 12. GEC infected with H. pylori show enhanced Siah2 phosphorylation. (A) When
compared with uninfected cells, an upsurge in Siah2 and its phosphorylation was detected by
western blot from infected (with various MOIs of H. pylori for 12 h) MKN45 cell lysates. PThr-Siah2, P-Ser-Siah2 and Siah2 were significantly enhanced at 200 MOI as shown by the
bar graphs. Statistical significance was determined by one-way ANOVA. (B) Western blot of
whole cell lysates from MKN45 cells infected with 200 MOI H. pylori for 6, 12 and 24 h
exhibiting increased P-Thr-Siah2, P-Ser-Siah2 and Siah2. Bar graphs indicate a significant
increase of P-Thr-Siah2, P-Ser-Siah2 and Siah2 at each time point PHPI. Two-way ANOVA
accompanied by Tukey’s post hoc analysis was used to determine the statistical significance.
(C) Western blot of whole cell lysates from uninfected and infected (with H. pylori 26695
strain [cag PAI +] or 8–1 strain [cag PAI −]) MKN45 cells enhanced P-Ser-Siah2, P-Thr-Siah2
and Siah2 post infection (12 h, 200 MOI). GAPDH = loading control. Graphs are mean ± sem.
n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
2.3 H. pylori-mediated GC shows decreased MRCKβ protein
Phosphorylation-induced enhanced Siah2 activity leads to proteasomal degradation of its
kinases [225-227]. As the identified kinase MRCKβ has Siah “degron motifs”, this necessitated
elucidation of H. pylori infection-driven regulation of MRCKβ. In order to elucidate the status
of MRCKβ PHPI, MKN45 cells were infected for varied durations. Western blot of the total
cellular lysates showed a decrease in MRCKβ protein levels PHPI. The decrease was optimal
at 12 h of infection (Figure 13A). MKN45 cells were either left uninfected or were infected
with 100, 200 or 300 MOI H. pylori for 12 h. Western blot from the whole cell lysates
confirmed an optimal decrease of MRCKβ at 200 MOI (Figure 13B). Western blot of
uninfected and H. pylori 26695 or 8-1 strain-infected (200 MOI, 12 h) MKN45 cells
determined MRCKβ decrease to be independent of the H. pylori cag PAI status (Figure 13C).
Further, MRCKβ protein levels were evaluated in human GC biopsy tissues. Biopsies were
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obtained from consenting GC patients’ gastric antrum who were urea breath-test positive.
Immunostaining of the tissues showed a reduction in MRCKβ protein level in metastatic tissues
as compared to their paired-normal (Figure 13D).

Figure 13. H. pylori decreases MRCKβ in the gastric epithelium. (A) Western blot of whole
cell lysates from uninfected and infected MKN45 cells showed decreased MRCKβ level with
infection. Graphs show significant decrease in MRCKβ at 12 h and 24 h PHPI. Statistical
significance was determined by two-way ANOVA followed by Tukey’s post hoc analysis.
GAPDH was used as loading control. Graphs are mean ± sem. n = 3. **P < 0.01. (B) Total
cellular lysates from uninfected and infected MKN45 cells showed an optimal decrease at 200
MOI as assessed by western blot. Bar graphs depict MRCKβ protein level. Statistical
significance was determined by one-way ANOVA. GAPDH = loading control. Graphs are
mean ± sem. n = 3. **P < 0.01, ***P < 0.001. (C) Western blot of whole cell lysates from the
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uninfected and H. pylori-infected MKN45 cells showed that MRCKβ is decreased irrespective
of the H. pylori cag PAI status. GAPDH = loading control. (D) Fluorescence micrographs of
the human gastric biopsy tissues showing MRCKβ protein status. Tissue sections thickness =
5 μm. Objective used = 40X. Scale bars = 50 μm.
2.4 MRCKβ colocalizes and interacts with Siah2
To elucidate colocalization of MRCKβ with Siah2, AGS cells were used. AGS cells were
seeded on coverslips and were either left uninfected or were H. pylori-infected. These cells
were then immuno-probed using Siah2 and MRCKβ antibodies. Confocal microscopy
exhibited that MRCKβ decrease was accompanied with increased Siah2 levels PHPI. Analysis
of the Pearson’s coefficient and the Mander’s overlap coefficient indicated colocalization
between Siah2 and MRCKβ in both uninfected as well as H. pylori-infected GEC (Figure 14A).
The high degree of colocalization also pointed towards Siah2-MRCKβ interaction. The
interaction between Siah2 and MRCKβ was confirmed by infecting MKN45 cells. The whole
cell lysates were subjected to co-immunoprecipitation using Siah2 antibody. The obtained
immuno-complexes confirmed of the Siah2-MRCKβ interaction as assessed by western blot
(Figure 14B). Western blots also pointed to the decreased MRCKβ interaction in H. pyloriinfected cell lanes. As Siah2 is an E3 ubiquitin ligase, it ubiquitinates its interacting partners
and marks them for proteasomal degradation [199, 232]. Hence, it became imperative to assess
the ubiquitination status of MRCKβ in H. pylori-infected GECs. For this, MKN45 cells were
either uninfected or were infected with H. pylori along with treatment of 50 µM proteasomal
inhibitor Z-Leu-Leu-Leu-al (MG132) for 12 h. The formed ubiquitin aggregates were detected
by probing the western blot membranes with anti-ubiquitin antibody. Detection of western blots
showed rescue of the ubiquitinated proteins in the H. pylori-infected and MG132-treated lanes
(Figure 14C). Confirmation of MRCKβ rescue post MG132 treatment was done by reprobing
the blots with MRCKβ antibody. Further, the change in Siah2-MRCKβ interaction post MG132
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treatment was assessed. For this, MKN45 cells were either left uninfected or were infected with
H. pylori along with 50 µM MG132 treatment for 12 h. Co-immunoprecipitation of the whole
cell lysates using Siah2 antibody followed by western blotting showed that MG132 rescued
Siah2-MRCKβ interaction (Figure 14D).

Figure 14. MRCKβ-Siah2 colocalization and interaction in H. pylori-infected GECs. (A)
Confocal microscopy images of uninfected and H. pylori-infected AGS cells exhibiting
subcellular localization of Siah2 and MRCKβ. Scale bars = 5 μm. The scatter plots exhibiting
the degree of colocalization was generated using Nikon advance research software. (B)
Western blot of the immuno-complexes obtained from co-immunoprecipitation of the
uninfected and H. pylori-infected total cell lysates. IgG band = loading control. (C) Western
blot of the whole cell lysates from 50 µM MG132-treated uninfected and H. pylori-infected
MKN45 cells exhibited MRCKβ ubiquitination status. MRCKβ, Siah2 and the loading control
GAPDH has been obtained by reprobing. Arrows indicate the position of MRCKβ band. (D)
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Western blot indicating MRCKβ and Siah2 protein status in immunocomplexes obtained from
50 µM MG132-treated uninfected or H. pylori-infected MKN45 cells using Siah2 antibody.
IgG band = loading control.
2.5 MRCKβ degradation in H. pylori-infected GEC is Siah2-mediated
These results so far confirmed of Siah2-MRCKβ interaction and colocalization. Also, as Siah2
increases there is a concomitant decrease of MRCKβ. In order to elucidate whether this
MRCKβ decrease is due to Siah2 upregulation, pcDNA3.1+ and siah2 WT-overexpressing
MKN45 stable cells were infected with H. pylori. These cells were then processed for
immunofluorescence microscopy and probed using Siah2 and MRCKβ antibodies.
Fluorescence microscopy images and the bar graphs showed that as the levels of Siah2 increase,
there was a concomitant decrease of MRCKβ (Figure 15A). Siah2-dependent MRCKβ
regulation was further confirmed by transfecting MKN45 cells with either human control
siRNA or human siah2 siRNA for 36 h followed by H. pylori infection. Western blot of whole
cell lysates showed that MRCKβ protein was salvaged after siah2 suppression (Figure 15B).
Thus, these results confirmed that Siah2 mediated the H. pylori-driven decrease in MRCKβ.
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Figure 15. Siah2 reduces MRCKβ. (A) Immunofluorescence microscopy images of
pcDNA3.1+ and siah2 WT overexpressing MKN45 stable cells exhibiting Siah2 and MRCKβ
protein status. Objective used = 60X. Scale bars = 20 μm. Graphs represent mean fluorescent
intensities of Siah2 and MRCKβ protein. Statistical significance was determined by two-way
ANOVA. n = 3. Graphs = mean ± sem. **P < 0.01, ***P < 0.001, ****P < 0.0001. (B) Western
blot of whole cell lysates from control and siah2 siRNA transfected MKN45 cells (either
uninfected or H. pylori-infected). GAPDH = loading control.
2.6 Siah2 phosphorylation and stability are mediated by MRCKβ in GECs infected with
H. pylori
To elucidate the role of MRCKβ on Siah2 phosphorylation, MKN45 cells were transfected
with either pEGFP-N1 (empty vector) or mrckβ overexpression plasmids for 36 h followed
by 6 h or 12 h of H. pylori infection (200 MOI). Whole cell lysates were western blotted which
depicted that Siah2 and its phosphorylation were increased post mrckβ overexpression and H.
pylori infection (Figure 16). These increases were found to be significant at 12 h PHPI.
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Figure 16. Enhanced Siah2 phosphorylation upon H. pylori infection in mrckβoverexpressed MKN45 cells. Western blot of the whole cell lysate from uninfected and H.
pylori-infected empty vector or mrckβ overexpressing MKN45 cells. GAPDH = loading
control. Graphs represent the protein levels of Siah2, P-Ser-Siah2 and P-Thr-Siah2. Statistical
significance determined by two-way ANOVA. n = 3. Graphs = mean ± sem. **P < 0.01,
***P < 0.001, ****P < 0.0001.
Further, NetPhos3.0 software [233] was used to elucidate the possible residues of Siah2
phosphorylation. Among the identified Siah2 residues, the ones with high possibility of
phosphorylation are represented in Table 4.
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Table 4. Phosphorylation prediction of Siah2 determined by the NetPhos 3.0 software.
Siah2 sites

Predicted score

6

0.996

275

0.986

279

0.931

282

0.992

Ser

Thr
Thr
Ser

The above identified residues are represented in the sequence and multi-domain structure of
Siah2 (Figure 17).

Figure 17. The sequence and multi-domain structure of Siah2 with probable
phosphorylatable residues.
In order to assess the importance of Siah2 phosphorylation at the above-mentioned residues,
we substituted the Ser/Thr residues with that of Ala using site-directed mutagenesis. Empty
vector, siah2 WT and the generated siah2 S6A, T275A, T279A and S282A plasmids were
overexpressed in MKN45 cells. Stable-transfected cells were generated to avoid disparities due
to transfections. As mrckβ overexpression led to enhanced Siah2 phosphorylation,
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identification of the Siah2 residue(s) which could be phosphorylated by MRCKβ became
imperative. Thus, empty vector, siah2 WT and Siah2 phospho-null mutants-expressing
MKN45 stable cells were transfected with mrckβ for 36 h succeeded by H. pylori infection.
Western blots of the whole cell lysates revealed that P-Ser-Siah2 levels increased in all lanes
except for siah2 S6A. Similarly, P-Thr-Siah2 level was reduced in case of siah2 T279Aexpressing stable cells as compared to the siah2 WT and siah2 T275A phospho-null mutantexpressing stable cells (Figure 18A, B). Thus, Siah2 Ser6 and Thr279 were identified to be the
prime residues of MRCKβ-mediated Siah2 phosphorylation and the phosphorylated residues
also affected Siah2 stability. Taking into account the importance of Siah2 phosphorylation at
Ser6 and Thr279 residues, antibodies detecting phosphorylated-Ser6-Siah2 (P-Ser6-Siah2) and
phosphorylated-Thr279-Siah2 (P-Thr279-Siah2) were generated. In order to confirm MRCKβmediated Siah2 Ser6 and Thr279 phosphorylation, MKN45 cells were transfected with control
and mrckβ siRNAs for 36 h succeeded by H. pylori infection. Western blot depicted that by
suppressing mrckβ, Siah2 and its phosphorylation were abrogated as detected by using
customized Siah2 phospho-specific antibodies (Figure 18C). The importance of MRCKβ on
Siah2 Ser6 and Thr279 phosphorylation was further confirmed by challenging the empty vector
and mrckβ-overexpressing AGS cells with H. pylori. Fluorescence microscopy reaffirmed the
previous results that Siah2 phosphorylation is enhanced after mrckβ overexpression and H.
pylori infection (Figure 18D). Taken together, these results established that MRCKβ facilitated
Siah2 Ser6 and Thr279 phosphorylation and contributed to enhance the stability of the latter in
GECs infected with H. pylori.
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Figure 18. MRCKβ-mediated Siah2 phosphorylation in H. pylori-infected GECs. (A)
Western blot representing the status of P-Ser-Siah2 and Siah2 in MKN45 pcDNA3.1+, siah2
WT, siah2 S6A and siah2 S282A-overexpressing stable cells transfected with mrckβ and
infected with H. pylori. GAPDH was used as the loading control. (B) Western blot representing
the status of P-Thr-Siah2 and Siah2 in MKN45 pcDNA3.1+, siah2 WT, siah2 T275A and siah2
T279A-overexpressing stable cells transfected with mrckβ and infected with H. pylori. GAPDH
was used as the loading control. (C) Western blot of the whole cell lysates from MKN45 cells
transfected with control and mrckβ siRNAs for 36 h followed by H. pylori infection showing
the levels of MRCKβ, P-Ser6-Siah2, P-Thr279-Siah2 and Siah2. GAPDH = loading control. (D)
Immunofluorescence micrographs showing enhanced P-Ser6-Siah2 and P-Thr279-Siah2 in
mrckβ-overexpressed and H. pylori-infected AGS cells. Objective used = 60X. Scale bars =
20 μm.
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To investigate whether the enhanced Siah2 phosphorylation was dependent on the stage of GC,
AGS and MKN45 cells were infected with H. pylori. Western blot of the whole cell lysates
revealed that protein levels of Siah2, P-Ser6-Siah2 and P-Thr279-Siah2 increased, however,
MRCKβ decreased PHPI (Figure 19A). Similar findings were also observed in immortalized
but non-neoplastic HFE145 cells (Figure 19B).

Figure 19. H. pylori infection enhanced P-Siah2 in GECs. (A) Western blot of whole cell
lysates from AGS and MKN45 cells indicating the status of Siah2 and its phosphorylation as
assessed by using the customized antibodies. GAPDH = loading control. (B) Western blot of
the whole cell lysates from uninfected and H. pylori-infected HFE145 cells indicating enhanced
P-Siah2 and Siah2 PHPI. GAPDH = loading control.
2.7 Discussion
Phosphorylation is the most prominent PTM [234]. Several cellular processes are regulated by
phosphorylation. This study identifies for the first time the status and the mechanism of Siah2
phosphorylation H. pylori-infected GECs. The identified Ser/Thr kinase MRCKβ is a member
of the Rho GTPases subfamily, a part of the AGC family of kinases (i.e., protein kinases A, G
and C). This multi-domain protein is important for the modulation of actin-myosin cytoskeletal
dynamics [235, 236]. MRCKβ-mediated cytoskeletal dynamics regulation justifies its role in
the invasion and migration of various cancers.
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The identified Siah2-MRCKβ interaction in H. pylori-infected GECs is a novel finding.
Challenge with H. pylori decreases MRCKβ protein in GECs. MRCKβ is also decreased in
metastatic human antral GC biopsy tissues. Since Siah2 is an E3-ubiquitin ligase and
ubiquitinates its interacting partners, it is a “kiss of death signal” for MRCKβ. Siah2
ubiquitinates MRCKβ in GECs infected with H. pylori. Rose et al. have also identified MRCKβ
ubiquitination using mass spectrometric approach in several cells and tissue samples [237].
Treatment with the proteasomal inhibitor MG132 rescues MRCKβ from degradation, thus,
indicating Siah2-mediated regulation of MRCKβ abundance in GECs infected with H. pylori.
This finding is in agreement with other reports which suggest Siah2 to regulate the abundance
of its kinases [225, 238]. This study is the first report of Siah2 phosphorylation in H. pyloriinfected GECs and this phosphorylation is MRCKβ-mediated. Phosphorylation at Ser6 and
Thr279 residues has also been confirmed by the use of custom-generated P-Ser6-Siah2 and PThr279-Siah2 antibodies. Mass spectrometric approach has identified Siah2 Ser6phosphorylation in myelogenous leukemia cell line K562 [239]. However, elucidation of the
kinase involved and the functional implications are out of scope of their study. Having
identified the kinase and the residues involved in Siah2 phosphorylation, this study has further
explored the insinuations of Siah2 phosphorylation at Ser6 and Thr279 residues.
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Chapter 3
Phosphorylation of Siah2 at Ser6 regulates ROS
generation
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3.1 Siah2 Ser6-phosphorylation regulates ROS in H. pylori-infected GECs
H. pylori infection generates ROS [240-242]. The generated ROS enhance the invasiveness of
H. pylori-infected GECs [214]. Siah2 protein, enhanced PHPI, has been implicated in the
regulation of ROS generation under various conditions [201, 213]. However, the understanding
of ROS regulation by Siah2 in H. pylori-infected GECs remained elusive. pcDNA3.1+, siah2
WT, siah2 phospho-null mutants S6A and T279A stably-expressed MKN45 cells were either
left uninfected or were infected. After infection, these cells were treated with 1 μM ROS
indicator 2,7-dichlorodihydrofluorescein diacetate (DCFDA) for 1 h. Fluorescence microscopy
followed by measurement of mean fluorescence intensity indicative of ROS generation was
performed. ROS were enhanced with siah2 overexpression which further surged after the
disruption of Siah2 phosphorylation at Ser6 but not after the disruption of phosphorylation at
Siah2 Thr279 (Figure 20A, B). This established the importance of Siah2 phosphorylation at Ser6
in reducing the ROS burden of H. pylori-infected GECs. As Siah2 phospho-null mutant S6A
generated maximum ROS PHPI, only these phospho-null mutants were considered for further
experiments.
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Figure 20. ROS modulation by Siah2 and its phospho-null mutants in H. pylori-infected
GECs. (A) Graphical representation of ROS generation by pcDNA3.1+, siah2 WT, siah2
phospho-null mutants S6A and T279A stably-expressed MKN45 cells uninfected or infected
with H. pylori. Graphs represent evaluations from at least 90 cells (10 cells from three different
fields and repeated for three different experiments). Graphs = mean ± sem. Statistical
significance determined by two-way ANOVA. ***P < 0.001, ****P < 0.0001. (B)
Representative immunofluorescence images depicting ROS generation in uninfected or H.
pylori-infected pcDNA3.1+, siah2 WT and siah2 phospho-null mutant S6A MKN45 stable
cells. Objective used = 40X. Scale bars = 50 μm.
3.2 GRP78 modulates ROS generation in H. pylori-infected GECs
ROS homeostasis is maintained by an intricate balance between the ROS generation and the
antioxidant proteins. As Siah2 modulates ROS generation, finding its role in the regulation of
redox proteins became imperative. For this, MKN45 cells were transfected with either empty
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vector or siah2 overexpression plasmids for 36 h succeeded by H. pylori infection. Whole cell
lysates were co-immunoprecipitated using Siah2 antibody and the obtained immunocomplexes were subjected to SDS-PAGE followed by staining with CBB. The differentiallyexpressed bands were excised and mass spectrometric analysis was done. Amongst the
interacting partners, only one antioxidant protein, a 78-kDa glucose-regulated protein (GRP78)
was identified (Table 5).
Table 5. MS results for GRP78 protein.
Protein

Score

Coverage

Unique peptides

Predicted MW

GRP78

1182.81

42.66

21

72.3 kDa

GRP78 mediates antioxidant response in various cancers [243, 244]. However, so far. its role
in ROS modulation of H. pylori-infected GECs remained unknown. To elucidate the role
played by GRP78 in ROS modulation, empty vector and grp78-expressing AGS stable cells
were either left uninfected or were infected with H. pylori. These cells were then processed for
detection of ROS. Fluorescence microscopy revealed that ROS levels decreased with grp78
overexpression (Figure 21A). Further, ROS generation was assessed by suppressing grp78
using siRNA. AGS cells transfected with grp78 siRNA depicted enhanced ROS generation as
compared to the cells transfected with control siRNA. ROS generation was further surged after
H. pylori infection in grp78-suppressed AGS cells (Figure 21B). Thus by overexpressionsuppression studies, this study established GRP78 to be at the centre stage of ROS regulation
in H. pylori-infected GECs.
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Figure 21. GRP78 modulates ROS generation in H. pylori-infected GECs. (A)
Fluorescence microscopy images depicting ROS generation in uninfected or H. pylori-infected
(200 MOI, 12 h) empty vector and grp78 AGS stable cells. Graphs represent ROS generation
mean intensity. (B) Images representing ROS generation in AGS cells transfected with control
and grp78 siRNA for 36 h succeeded by 12 h of H. pylori infection. Graphs represent ROS
generation mean intensity. For all images, objective used = 40X; scale bars = 50 μm. Graphs =
mean ± sem. Statistical significance determined by two-way ANOVA. n = 3. ***P < 0.001,
****P < 0.0001.

54

3.3 GRP78 interacts with Siah2 and is decreased in H. pylori-infected GEC
GRP78 amino acid sequence exhibited the presence of Siah “degron motifs”, which were
indicative of possible Siah2-GRP78 interaction (Figure 22).

Figure 22. GRP78 protein sequence showing presence of Siah “degron motifs”. The
sequences present are underlined and highlighted.
The Siah2-GRP78 interaction was confirmed by western blot of immuno-complexes from
uninfected and H. pylori-infected (200 MOI, 12 h) MKN45 cells co-immunoprecipitated using
Siah2 antibody. H. pylori infection decreased Siah2-GRP78 interaction (Figure 23A). This
necessitated elucidation of GRP78 status in GECs infected with H. pylori. For this, MKN45
cells were infected with 200 MOI H. pylori for various time durations (6 h, 12 h, and 24 h).
Western blot analysis showed that GRP78 decreased optimally at 12 h PHPI (Figure 23B). The
optimal ratio of infection for GRP78 decrease was determined by infecting MKN45 cells with
various MOIs. Western blot analysis of the whole cell lysates confirmed that GRP78 was
decreased optimally at 200 MOI, 12 h (Figure 23C). cag PAI-dependence of GRP78 protein
expression was assessed further. For this, MKN45 cells were infected with cag PAI (+) H.
pylori strain 26695 and cag PAI (-) strain 8-1 (200 MOI, 12 h). Western blot analysis showed
that GRP78 was decreased independent of H. pylori cag PAI status (Figure 23D).
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Figure 23. Siah2-GRP78 interaction and status of GRP78 in GECs infected with H. pylori.
(A) Western blot of the immuno-complexes obtained from co-immunoprecipitation of
uninfected and H. pylori-infected MKN45 cells exhibiting Siah2-GRP78 interaction. IgG band
was used as the loading control. (B) Western blot of the whole cell lysates from uninfected and
H. pylori-infected MKN45 cells showing GRP78 decrease PHPI. GAPDH = loading control.
Graphs show the densitometric analysis of the western blots. Two-way ANOVA was used to
determine the statistical significance. (C) Decrease of GRP78 at various H. pylori MOIs as
shown by the western blot analysis from whole cell lysates of uninfected and infected MKN45
cells. GAPDH = loading control. Bar graphs showing decrease of GRP78 at various H. pylori
MOIs. Statistical significance was determined by one-way ANOVA. (D) Western blot of whole
cell lysates from uninfected and infected (with H. pylori strain 26695 or 8-1) MKN45 cells
depicting the cag PAI-independence of GRP78 decrease. Graphs depicting similar decrease of
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GRP78 by different strains of H. pylori. One-way ANOVA was used to determine the statistical
significance. All graphs = mean ± sem. n = 3. *P < 0.05, ***P < 0.001.
Further, human antral GC biopsy tissues were probed with GRP78 antibody and processed for
fluorescence microscopy. Micrographs depicted that the levels of GRP78 decreased in both
adenocarcinoma as well as metastatic GC tissues as compared to their paired normal tissues
(Figure 24).
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Figure 24. GRP78 is decreased in human gastric biopsy tissues. Human antral
adenocarcinoma and metastatic GC biopsy tissues depicting the status of GRP78 protein.
Objective used = 10X. Scale bars = 100 μm.
3.4 Siah2 causes proteasomal degradation of GRP78
From the results shown above it was evident that GRP78 decreased in H. pylori-mediated GC.
Since GRP78 interacts with Siah2, it became crucial to elucidate whether GRP78 decrease is
Siah2 mediated or not. For this, empty vector and siah2 stably-expressed MKN45 cells were
cultured on coverslips. These cells were either left uninfected or were infected with H. pylori.
Confocal microscopy indicated that infection-mediated GRP78 decrease was further lowered
after siah2 overexpression (Figure 25A). To assess proteasome dependence of GRP78
decrease, pcDNA3.1+ and siah2-expressing MKN45 stable cells were treated with 50 µM
MG132 or equivalent of medium control {dimethyl sulfoxide (DMSO)} along with H. pylori
infection (200 MOI, 12 h). Confocal microscopy depicted that MG132 rescued GRP78 in
infected cells (Figure 25B). These results established that GRP78 decrease was Siah2dependent and proteasome-mediated.
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Figure 25. Siah2 mediates GRP78 decrease. (A) Confocal microscopy images depicting
Siah2-dependent decrease of GRP78 in uninfected and infected pcDNA3.1+ and siah2 stablyexpressing MKN45 cells. Scale bars represent 5μm. (B) Confocal micrographs representing
abatement of GRP78 decrease in MG132-treated uninfected and infected pcDNA3.1+ and
siah2 stable MKN45 cells as compared with the control and DMSO-control cells. Scale bars
represent 5 μm.
Ubiquitination drives proteasomal degradation. Hence, we evaluated whether GRP78 decrease
was ubiquitination-driven or not. For this, uninfected and H. pylori-infected (200 MOI, 12 h)
MKN45 cells were co-treated with 50 µM MG132. Total cell lysates obtained were subjected
to western blotting. Immunoblots probed with anti-ubiquitin antibody revealed ubiquitin
accumulation in H. pylori-infected and MG132-treated cells (Figure 26A). These blots were
reprobed for GRP78 to confirm its ubiquitination. Abated GRP78 decrease post MG132
treatment was found to be statistically significant (Figure 26B). To assess the effect of GRP78
decrease on Siah2-GRP78 interaction, uninfected and H. pylori-infected MKN45 cells were
treated with 50 µM MG132. Co-immunoprecipitation of whole cell lysates using Siah2
antibody or IgG control antibody was performed. Western blot of the collected immunocomplexes revealed that Siah2-GRP78 interaction decreased PHPI but was rescued in H.
pylori-infected and MG132-treated lanes (Figure 26C). Further, the effect of siah2 suppression
on GRP78 protein level was investigated by transfecting MKN45 cells with siah2 siRNA for
36 h followed by 12 h of H. pylori infection. Western blot of the whole cell lysates revealed
that GRP78 was rescued from degradation in H. pylori-infected siah2-suppressed MKN45 cells
(Figure 26D). Collectively, results established that Siah2-mediated GRP78 proteasomal
degradation in H. pylori-infected GECs.
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Figure 26. Proteasomal degradation of GRP78 is Siah2-mediated. (A) Western blot
representing ubiquitin aggregates in H. pylori-infected and MG132-treated MKN45 cells.
Arrow indicated the position of ubiquitinated-GRP78. (B) Immunoblot representing rescue of
GRP78 in MKN45 cells after MG132 and H. pylori co-treatment. GAPDH = loading control.
Graphical representation showing significant GRP78 protein rescue in MG132-treated and H.
pylori-infected MKN45 cells. One-way ANOVA was used to determine statistical significance.
Graphs = mean ± sem. n = 3. **P < 0.01. (C) Western blot of the immuno-complexes obtained
from co-immunoprecipitation of uninfected and H. pylori-infected MG132-treated MKN45
cells depicting Siah2-GRP78 interaction. IgG band = loading control. (D) Whole cell lysate
western blot showing the levels of GRP78 and Siah2 in control or siah2 siRNA-transfected
MKN45 cells with or without H. pylori infection. GAPDH = loading control.
3.5 Discussion
An imbalance between ROS generation and its detoxification results in oxidative stress [245].
Gastric carcinogenesis is enhanced due to H. pylori-mediated oxidative stress [246]. Oxidative
stress induced in H. pylori-infected cells initiate several carcinogenic events in the infected
host cells. ROS-oxidized mutagenic DNA accumulate in the infected cells as H. pylori disrupts
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the DNA glycosylases (enzymes responsible for the recognition and initiation of DNA damage
repair) (J Biol Chem. 2020, 295(32): 11082–11098). This results in accumulation of mutations.
GRP78 is a molecular chaperone induced under various cellular stresses [247]. GRP78
modulates oxidative stress under different conditions by acting as an antioxidant protein [243,
248-251]. This is the first report showing GRP78 at the centre-stage of ROS regulation in GECs
infected with H. pylori. Overexpression and suppression studies have shown GRP78 to reduce
ROS burden in H. pylori-infected GECs.
Expression of GRP78 has been extensively characterized in various cancers including GC [252,
253]. The first account of GRP78 expression in H. pylori-challenged GECs was provided by
Namba et al. [254]. My results concur with their findings, i.e., GRP78 decreases PHPI. Baird
et al. have shown that H. pylori infection for a short duration does not affect GRP78 levels
[255]. However, long durations of H. pylori infection decreases GRP78. Similar results have
also been observed in this study where GRP78 decrease is not significant after 6 h of H. pylori
infection but is significant at 12 h and 24 h PHPI. Further, this is the first report of Siah2
interaction with GRP78 which causes GRP78 proteasomal degradation by Siah2-mediated
ubiquitination in GECs infected with H. pylori. This explains the mechanism of
downregulation of GRP78 in H. pylori-infected GECs. GRP78 ubiquitination has been
identified by multiplexed mass spectrometric approach [237] and experimentally proven to be
proteasomally degraded [256, 257].
H. pylori infection also induces Siah2 which enhances GC invasiveness and tumorigenicity
[230]. Siah2 promotes oxidative stress in hypoxia [213] and hypoglycaemia [258]. This study
is the first report of ROS modulation by Siah2 in H. pylori-infected GECs. Oxidative stress is
promoted by Siah2 in GECs infected with H. pylori which is in accordance with its role in
hypoxia and hypoglycaemia. Since phosphorylation of Siah2 affects its stability and function,
identification of role of phospho-Siah2 in ROS generation is a novelty of this study. Abrogation
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of Siah2 phosphorylation at Ser6 enhances ROS production which confirms its importance in
Siah2-mediated ROS generation. Therefore, the next chapter deals with the role of phosphoSiah2 on ramifications of ROS regulation.
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Chapter 4
P-Ser6-Siah2 regulates mitochondrial morphology and
aggresome formation
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4.1 H. pylori infection enhances mitochondrial localization of Siah2
Mitochondria is closely associated with ROS generation [210, 259, 260]. Siah2 regulates
mitochondrial homeostasis and function [199, 202, 261]. GRP78 localizes to mitochondria and
regulates ROS generation [262-264]. This necessitated elucidation of GRP78 and Siah2
mitochondrial localization in H. pylori-infected GECs. In order to enable consistent
visualization of mitochondria, pDsRed2-Mito plasmid was overexpressed in AGS cells and
stable cells were generated. pDsRed2-Mito AGS stable cells were processed for microscopy
after 12 h of infection. P-Ser6-Siah2 as well as Siah2 increased in mitochondria whereas GRP78
decreased in GECs infected with H. pylori as determined by confocal microscopy (Figure 27A).
Further, MKN45 cells were either left uninfected or were infected followed by mitochondrial
and cytoplasmic fractionation of the cells. Western blot data reaffirmed the above findings
(Figure 27B).
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Figure 27. Siah2 and GRP78 are present in the mitochondria of H. pylori-infected GECs.
(A) Confocal microscopy images from uninfected or H. pylori-infected pDsRed2-Mito stablyexpressed AGS cells depicting the levels of GRP78, P-Ser6-Siah2 and Siah2. Scale bars =
50 μm. (B) Western blot from the mitochondrial and cytoplasmic fractions of uninfected or
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infected MKN45 cells exhibiting the levels of GRP78, P-Ser6-Siah2 and Siah2 increase PHPI.
CoxIV was used as the loading control for the mitochondrial fraction and GAPDH for the
cytoplasmic fraction.
4.2 Phosphorylation of Siah2 at Ser6 is essential for mitochondrial morphology and
aggresome formation in H. pylori-infected GECs
Abatement of Siah2 Ser6-phosphorylation led to enhanced ROS production which made it
imperative to study the involvement of Siah2 and its phosphorylation in the modulation of
mitochondrial morphology. Mitochondrial morphology is affected by ROS generation [265267]. For this, pDsRed2-Mito AGS stable cells were transfected with pcDNA3.1+, siah2 WT
and siah2 phospho-null mutant S6A overexpression plasmids. 36 h after transfection, these
cells were infected with H. pylori and processed for microscopy. Confocal microscopy depicted
that mitochondrial morphology was altered PHPI. Mitochondrial length was shortened PHPI
and was smallest in the siah2 S6A-transfected cell. An enhanced alteration of mitochondrial
shape, as examined by mitochondrial roundness and circularity, was found in siah2 WT cells
PHPI and was maximum in case of siah2 S6A cells (Figure 28). Since siah2 and its phosphonull mutant modulated ROS generation in a similar manner, these results establish that ROS
alter mitochondrial morphology in GECs infected with H. pylori.
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Figure 28. Siah2 Ser6-phosphorylation is essential for mitochondrial morphology.
Confocal microscopy images depicting the alteration of tubulo-reticular mitochondrial
morphology in pcDNA3.1+, siah2 WT and siah2 S6A overexpression plasmid-transfected
pDsRed2-Mito AGS stable cells PHPI. Scale bars represent 5 μm. Bar graphs represent
alterations of mitochondrial length, circularity and roundness calculated by using Fiji software
from the above mentioned cells. Statistical significance was determined by two-way ANOVA
followed by Tukey’s post hoc analysis. Graphs represent mean ± sem. ***P < 0.001, ****P <
0.0001.
Further, ROS are known regulators of aggresome formation [268, 269]. In order to assess the
status of aggresome formation, pcDNA3.1+, siah2 WT and siah2 S6A MKN45 stable cells
were either left uninfected or were infected with H. pylori. After 12 h of infection these cells
were stained for aggresomes. Confocal microscopy showed that aggresome formation was
enhanced PHPI which surged in case of siah2 WT cells. However, in case of Siah2 phosphonull mutant S6A, aggresome formation was disrupted. This established the importance of Siah2
phosphorylation at Ser6 in aggresome formation of H. pylori-infected GECs (Figure 29).
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Figure 29. Siah2 phospho-null mutant S6A disrupts aggresome formation in GECs
infected with H. pylori. Confocal microscopy images representing the status of aggresome
formation in uninfected and H. pylori-infected pcDNA3.1+, siah2 WT and siah2 S6A MKN45
stable cells. 3D panel, generated using NIS AR software, showed that aggresome formation
was disrupted in siah2 S6A MKN45 stable cells. Scale bars = 10 μm.
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In order to confirm the role of ROS on aggresome formation, pcDNA3.1+, siah2 WT and siah2
S6A stably-expressed MKN45 cells were treated with 10 mM n-acetylcysteine, an antioxidant,
for 1 h followed by H. pylori infection. These cells were then stained for aggresomes and
confocal microscopy was performed. Results showed that the enhanced aggresome formation
in H. pylori-infected siah2 WT cells was abrogated after NAC treatment. Similar results were
also observed for all other cells (Figure 30). Overall, these results established that Siah2 Ser6phosphorylation is essential for ROS-dependent aggresome formation.
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Figure 30. Aggresome formation in H. pylori-infected GECs is ROS dependent. Confocal
microscopy images from untreated or NAC-treated pcDNA3.1+, siah2 WT and siah2 S6A
MKN45 stable cells showing the status of aggresome formation PHPI. Scale bars = 10 μm.
4.3 Discussion
Mitochondrial localization of GRP78 and Siah2 are reported in various path-physiological
conditions [262, 263, 270-272]. This study is the first report of the mitochondrial localization
of GRP78 and Siah2 in GECs infected with H. pylori. This study is also the first report of
mitochondrial localization of Ser6-phosphorylated Siah2.
Mitochondria are not only “the power house” of cells but also modulate the redox homeostasis
[273]. Altered ROS generation causes changes in the mitochondrial morphology [210, 265267]. Since results from the previous chapter has established the importance of Siah2 and its
phosphorylation on the regulation of ROS, this chapter elucidates its role on modulation of
tubulo-reticular mitochondrial morphology. H. pylori infection disrupts the mitochondrial
morphology which is enhanced by siah2 overexpression. Results of this study are supported
by reports which indicate that H. pylori mediates disruption of mitochondrial morphology of
infected cells [274-276]. Recently, Sisalli et al. have also reported about siah2-mediated
mitochondrial disruption [272] which is also in line with the findings of this study. H. pyloriinfected GECs with abrogated Siah2 Ser6-phosphorylation show the most disrupted
mitochondria and is the first report showing the importance of Siah2 phosphorylation on
mitochondrial morphology modulation. Disruption of the mitochondrial morphology can be
associated with the altered ROS generation by H. pylori-infected GECs.
Protein aggregates are formed in response to oxidative stress [268, 277-279]. These aggregates
are collected and stored in microtubule-dependent perinuclear inclusion bodies- aggresomes
[280, 281]. Formation of aggresomes by sequestration of cytotoxic protein aggregates is
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cytoprotective [282-286]. Disruption of aggresome formation has been proposed to enhance
the sensitivity of cells from various pathological conditions to drugs [287]. H. pylori infection
enhances aggresome formation and is in agreement with the study by Yu et al. [288]. This
study is the first to elucidate the importance of Siah2 and its phosphorylation on aggresome
formation in GECs infected with H. pylori. siah2 overexpression enhances aggresome
formation which was increased further upon H. pylori infection. However, Siah2 phospho-null
mutant S6A showed abrogated aggresome formation. These results establish the importance of
Siah2 Ser6-phosphorylation on aggresome formation. Carija et al. have reported that diffuse
protein aggregates are the major elicitors of ROS [289]. This entails that enhanced ROS
generation in Siah2 phospho-null mutant S6A cells is due to lack of aggresome formation.
Thus, this chapter elucidates the importance of Siah2 Ser6 phosphorylation on mitochondrial
morphology and ROS-mediated aggresome formation. In the next chapter, the role of Siah2
phosphorylation on GC progression will be elucidated.
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Chapter 5
Phosphorylated Siah2 promotes GC
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5.1 Siah2 phosphorylation enhances carcinogenicity, invasiveness and proliferation of H.
pylori-infected GECs
Invasion and metastasis of GC are promoted by Siah2 and its acetylation [218, 223, 230]. Siah2
is phosphorylated at Ser6 and Thr279 residues, hence, the effect of phosphorylation abrogation
at both of these residues were evaluated in the context of the carcinogenic potential of H. pyloriinfected GECs. For this, pcDNA 3.1+, siah2 WT, siah2 phospho-null mutants S6A and T279A
stably-expressed MKN45 cells were either infected or were left uninfected. Anchorageindependent growth of these cells was assessed by soft agar assay. Results showed that siah2
WT MKN45 cells formed significantly high number of colonies PHPI as compared to the
empty vector control or the phosho-null mutant-expressing cells (Figure 31A). A similar setup
was used to assess the anchorage-dependent growth of these cells. Phospho-null mutants
showed a significant reduction in the number of colonies formed when matched with siah2 WT
cells PHPI, which showed the significantly higher clonogenic potential (Figure 31B). Role of
Siah2 phosphorylation on invasiveness was elucidated by using uninfected or H. pyloriinfected pcDNA3.1+, siah2 WT, siah2 phospho-null mutants S6A and T279A AGS stable
cells. AGS cells were used due to the semi-adherent nature of MKN45 cells, which makes it
unsuitable for in vitro invasion assay [218, 230]. After 12 h of infection, these AGS stable cells
were harvested and analysed for their invasive potential by in vitro invasion assay. Results
showed that empty vector and Siah2 phospho-null mutant stable cells exhibited significantly
lower invasiveness in comparison to siah2 WT stable cells PHPI (Figure 31C). Further, MTT
assay and cell population doubling assay were used to elucidate the importance of Siah2
phosphorylation on cellular proliferation. For this, pcDNA3.1+, siah2 WT, siah2 S6A and
siah2 T279A-expressing MKN45 stable cells were either left uninfected or were infected with
H. pylori. Results from both the assays depicted that siah2 WT cells have significantly higher
proliferation when compared with pcDNA3.1+ or siah2 phospho-null mutants PHPI (Figure
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31D, E). Taken together, these results established the importance of Siah2 phosphorylation in
H. pylori-mediated GC tumorigenicity.
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Figure 31. Phosphorylation of Siah2 is crucial for GC progression. (A) Micrographs of
soft agar assay depicting colonies formed by uninfected and H. pylori-infected pcDNA3.1+,
siah2 WT, siah2 S6A and siah2 T279A stably-expressing MKN45 cells. Objective used = 4X.
Scale bars = 100 μm. Bar graph representing quantification of the number of colonies formed
(colony size > 50 μm). (B) Graphical representation of the clonogenic potential of uninfected
and H. pylori-infected pcDNA3.1+, siah2 WT and siah2 phospho-null mutant MKN45 stable
cells depicting enhanced clonogenicity of siah2 WT cells PHPI. Values on Y-axis = normalized
to empty vector control. (C) Bar chart representing the number of cells invaded in transwell
invasion assay using pcDNA3.1+, siah2 WT, siah2 S6A and siah2 T279A-expressed AGS
stable cells PHPI. Values on Y-axis = normalized to empty vector control. (D) Graphical
representation of the proliferative potential of uninfected and H. pylori-infected pcDNA3.1+,
siah2 WT and siah2 phospho-null mutant stably-expressing MKN45 cells as assessed by MTT
assay. Values on Y-axis = normalized to empty vector control. (E) Bar chart showing
cumulative population doubling of uninfected and infected pcDNA3.1+, siah2 WT, siah2 S6A
and siah2 T279A-expressed MKN45 stable cells. For all the panels above, statistical
significance was determined by two-way ANOVA followed by Tukey’s post hoc analysis. All
graphs represent mean ± sem. n = 3. *P < 0.05, ****P < 0.0001.
5.2 H. felis-infected C57BL/6 mice exhibit enhanced Siah2 phosphorylation
H. felis infection-mediated GC development in C57BL/6 mice events are similar to that of H.
pylori-mediated human GC development [218, 290]. In order to assess the status of Siah2
phosphorylation in H. felis-infected mice, C57BL/6 mice were oral-gavaged with either
phosphate buffered saline (PBS) or with PBS containing H. felis. Gastric antrum was collected
and processed for immunofluorescence microscopy after 18 months of infection. Infected
gastric tissue exhibited marked thickening of the mucosa and inflammatory mucus gland
metaplasia (Figure 32A). Micrographs depicted that the levels of Siah2, P-Ser6-Siah2 and P75

Thr279-Siah2 proteins were enhanced in infected mouse as compared to the uninfected ones.
Also, protein levels of the kinase MRCKβ was found to be reduced in infected samples as
compared to the uninfected ones (Figure 32B). These results reaffirmed the previous findings
from in vitro experiments.

Figure 32. H. felis infection augmented Siah2 phosphorylation in C57BL/6 mice. (A)
Brightfield images exhibiting thickening of the infected mucosa. Images on the left obtained
using 4X objective. The square represents the area used for capturing images using 10X
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objective shown on the right. (B) Widefield fluorescence microscopy images showing the
levels of MRCKβ, Siah2 and phosphorylated-Siah2 (P-Siah2 = P-Ser6-Siah2 and P-Thr279Siah2) in uninfected and H. felis-infected C57BL/6 murine gastric antral tissues. Tissue
thickness = 5 μm. Objective used = 10X. Scale bars = 100 μm.
5.3 Enhanced P-Siah2 in human metastatic GC tissues
To elucidate the status of P-Siah2 and the kinase MRCKβ, human metastatic GC antral tissues
were immuno-probed with P-Ser6-Siah2, P-Thr279-Siah2, Siah2 and MRCKβ antibodies.
Immunofluorescence micrographs depicted that the levels of P-Siah2 and Siah2 were enhanced
in metastatic GC tissues as compared to their paired controls but MRCKβ diminished (Figure
33).
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Figure 33. Augmented Siah2 phosphorylation in human metastatic GC biopsies.
Micrographs representing protein expression of MRCKβ, Siah2, P-Ser6-Siah2 (P-Siah2S6) and
P-Thr279-Siah2 (P-Siah2T279) in gastric antral biopsies of different patients. Tissue thickness =
5 μm. Objective used = 20X. Scale bars = 50 μm.
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5.4 Discussion
This study elucidates the importance of Siah2 phosphorylation in the invasiveness and
tumorigenic potential of H. pylori-infected GECs. Siah2 Ser6 and Thr279 phosphorylation are
found to be crucial for GC carcinogenicity, invasiveness and proliferation. H. pylori infection
enhances Siah2 stability by its MRCKβ-orchestrated Ser6 and Thr279 phosphorylation. P-Siah2
is more tumorigenic, invasive and enhances proliferation of GECs infected with H. pylori.
These results concur with another study where Siah2 tyrosine phosphorylation by Src kinase
has been reported to enhance breast cancer transformation [229].
Enhanced Siah2 has been previously reported in H. felis-infected C57BL/6 murine antral
gastric tissues and human metastatic GC tissues [223]. However, this study is the first to report
about increased P-Siah2 along with decreased MRCKβ in human metastatic GC antral biopsies
and H. felis-infected C57BL/6 murine gastric antral tissues. These in vivo findings endorse this
study’s in vitro results. The results establish enhanced P-Siah2 and a concomitant decreased
MRCKβ to be the prominent histological features of Helicobacter-mediated GC.
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Chapter 6
Conclusions
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6.1 MRCKβ-orchestrates Siah2 Ser6 and Thr279 phosphorylation in H. pylori-mediated
GC

Concise of the above figure
 H. pylori infection increases the levels of Siah2 enhancing Siah2-MRCKβ interaction.
MRCKβ phosphorylates Siah2 at Ser6 and Thr279 residues in infected GECs and
enhances Siah2 stability.
 P-Siah2 in turn ubiquitinates MRCKβ leading to its proteasomal degradation.
 Proliferation, tumorigenicity and invasiveness of H. pylori-infected GECs are enhanced
by P-Siah2.
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6.2 P-Siah2 regulates ROS generation in H. pylori-infected GECs

Concise of the above figure
 H. pylori infection enhances Siah2 phosphorylation and Siah2-GRP78 interaction.
 P-Siah2 ubiquitinates GRP78 leading to its proteasomal degradation.
 Degradation of antioxidant protein GRP78 leads to the upregulation of ROS generation
by H. pylori-infected GECs.
 Increase in ROS generation is associated with altered mitochondrial morphology and
aggresome formation.
To conclude, this thesis demonstrates MRCKβ-orchestrated Siah2 Ser6 and Thr279
phosphorylation in H. pylori-infected GECs. Enhanced P-Siah2 stability leads to MRCKβ
ubiquitination and proteasomal degradation. Siah2-MRCKβ interaction and the consequences
thereof are elucidated for the first time. MRCKβ decrease along with the concomitant increase
of P-Siah2 have been established to be the prominent hallmarks of H. pylori-mediated human
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metastatic GC and H. felis-infected C57BL/6 murine gastric epithelia. Siah2 phosphorylation
enhances proliferation, tumorigenicity and invasiveness of GECs infected with H. pylori.
Elucidation of ROS modulation by Siah2 and its phosphorylation is a unique component of this
thesis. Siah2-mediated regulation of the abundance of the antioxidant protein GRP78 in H.
pylori-infected GECs is a novelty of this study. This study is unique to report about enhanced
Siah2 phosphorylation in the mitochondria of H. pylori-infected GECs. The importance of
Siah2 phosphorylation on cytoprotective aggresome formation has also been elucidated here.
Taken together, this study unravels phosphorylation-mediated changes in the subcellular
localization and functioning of Siah2 protein in H. pylori-mediated GC.
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Chapter 7
Materials and methods
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7.1 Materials used
7.1.1 GECs: GECs, MKN45 and AGS were procured from the American Type Culture
Collection (ATCC), USA. Non-neoplastic GEC HFE145 was provided by Prof. Hassan
Ashktorab (Department of Medicine, Howard University, Washington, DC, 20060, USA) and
Prof. Duane T. Smoot (Department of Medicine, Meharry Medical Center, Nashville, TN,
37208, USA).
7.1.2 Bacteria used: For infection studies, various H. pylori {cag PAI (+) 26695 and cag PAI
(-) 8-1} and H. felis (Cat. No. 49179, ATCC) variants were procured from the University of
Virginia, USA. Except for cloning related to site-directed mutagenesis where XL10-Gold
ultracompetent cells (Cat. No. 200514, Agilent, USA) were used, other clonings were
performed using competent cells of E. coli DH5α (Cat. No. 18265-017, Invitrogen, USA).
7.1.3 Animals: With the help of NISER Animal house, C57BL/6 mice (4-5 weeks, both male
and female) were purchased from the National Institute of Nutrition, Hyderabad, India.
7.1.4 Plasmids and siRNAs: Appendix I and II provide the list of plasmids and siRNAs used.
7.1.5 Antibodies: Appendix III and IV show the list of antibodies that were used in the study.
7.2 Methods
7.2.1 Maintenance and culture of GECs: GECs were perpetuated using Roswell park
memorial institute (RPMI) media (Cat. No. AL028A; Himedia, India) completed with 10%
heat-inactivated US origin fetal bovine serum (FBS; Cat. No. RM9970, Himedia). This
combination of RPMI + FBS has been referred to as “media” unless otherwise stated. Cells
were kept in humidified incubators (Model No. Galaxy 170R; New Brunswick, Eppendorf) set
at 37ºC temperature and 5% CO2.
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Class II biosafety cabinet (Model No. 1300 Series A2; ThermoFisher Scientific, USA) was
used to perform all the aseptic cell culture-related works. When cells reached 75-90%
confluency, they were either used for experiment or passaged for maintenance. For passaging,
the used media was discarded and 1 ml or 3 ml of trypsin (Cat No. TCL007, Himedia) was
added to T25 (Cat. No. 430639; Corning, USA) or T75 (Cat. No. 430641, Corning) flasks,
respectively. After 3-5 min of incubation in the incubator, the trypsinized cells were collected
and added to new T25/75 cm2 flasks with 10 ml/20 ml of media according to the suggested
split ratio of the cells. For experiments, trypsinized cells were added to either 15 ml or 50 ml
centrifuge tubes containing 5 ml or 15 ml of media. The media + trypsinzed cells in the
centrifuge tubes were mixed properly and 10 µl of it added to Neubauer haemocytometer (Cat.
No. 0640010; Paul Marienfeld GmbH & Co. KG, Germany) for enumerating cells.
Visualization of the cells was achieved with the help of an inverted microscope (Model:
CKX53, Olympus, Japan). Standard method of cell counting was employed followed by
estimation of the cell number by the formula:

Number of cells
=

Total number of cells counted
× 104 × Volume of the suspension
4

The centrifuge tubes were then rotated at 500xg {for 8 min at room temperature (RT) using
SL8R centrifuge from Thermo Scientific}. The supernatant was discarded and the pellet
resuspended in the volume of media calculated according to the required concentration of cells.
These cells were then seeded in cell culture plates of varied sizes according to experimental
requirements.
7.2.2 Freezing and revival of GECs: For preservation of the cell stock in liquid nitrogen,
GECs were trypsinized and collected in centrifuge tubes, as described above. The pellets
obtained were resuspended in 1 ml of sterile filtered mixture of FBS + 10% dimethyl sulfoxide
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(DMSO; Cat. No. TC185-100ML). These resuspended cells were then transferred to cryovials.
Cryovials were kept at -80ºC for 14-16 h before being transferred to liquid nitrogen (-196ºC)
for long term storage.
For revival, cryovials were thawed in water bath pre-set at 37°C. As soon as the content was
thawed, vials were removed from the water bath and cleaned with 70% ethanol. The content of
the vials was transferred to 15 ml centrifuge tube with 9 ml of complete media and centrifuged
at 500xg for 8 min. The supernatant was discarded and the pellet was resuspended in 1 ml
media. Resuspended cells were transferred to T25/T75 cm2 flasks containing media. These
flasks were then kept in the incubator.
7.2.3 Helicobacter strains culture and infection of cells: Various Helicobacter strains were
maintained on 5% defibrillated sheep blood supplemented TSA plates (Cat. No. 221239;
Becton, Dickinson and Company, USA). TSA plates were kept in the humidified incubator set
at 37ºC and 10% CO2. Bacteria were incubated on these plates for 72 h. After 72 h of
incubation, the uniformly grown bacterial lawn was passaged to a fresh TSA plate using sterile
cotton swab. For the purpose of infection, a small amount of bacterial growth was collected
from the plate using sterile inoculation loop after 48 h of incubation. 1/3rd-loopful collected
bacteria were dissolved in 10 ml of sterile filtered 10% FBS-supplemented Brucella broth (Cat.
No. 211088, BD) and added in a T25 cm2 flask. The flask was incubated for 14-16 h on a rotary
shaker (150-180 rpm) inside the CO2 incubator. After incubation, 1 ml of cultured bacterial
suspension was assessed for growth by measuring the optical density at 600 nm by UV-visible
spectrophotometer (Beckman Coulter, USA; Model No. DU-720). Bacterial culture with an
OD between 0.6-1.1 was considered suitable for infection. Next, the cultured bacteria were
centrifuged {400xg (Model No. 5810R; Eppendorf, Germany) for 8 min} at RT. The pellet was
dissolved in media (RPMI+10%FBS) according to the formula below such that 10 µl of media
contained 1 x 108 bacteria which is 100 MOI for 1 million of GECs.
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Volume of media to be used for dissolving the bacterial pellet (µl)
=

OD
× 2 × 108 × Volume of bacterial culture used × 10
0.3

GECs were infected in accordance with the need of the experiment.
7.2.4 Freezing and revival of Helicobacter strains: Freezing mix for Helicobacter strains was
prepared by sterile filtering Brucella broth + 10% FBS mixed with 10% glycerol (Cat. No.
MB060-500ML, Himedia). After 48 h, bacterial growth from TSA plates were collected with
the help of inoculation loop and resuspended in 15 ml centrifuge tube containing 1 ml of
freezing mix. After mixing, the volume of freezing mix was adjusted according to the amount
of bacterial growth collected. This mixture was then dispensed in cryovials and stored at -80ºC.
For revival, the cryovial was taken out from -80ºC and thawed on ice. The thawed mix was
dispensed on pre-warmed TSA plates and spread with the help of L-shaped spreaders or
inoculation loop. These plates were kept in incubators set at 10% CO2 and 37ºC temperature.
The handling of Helicobacter strains was carried out in biosafety cabinets as described for
GECs.
7.2.5 Animal model: H. felis-infected C57BL/6 mice have been established as a successful
animal model of H. pylori-mediated GC in human [223, 290, 291]. 4-5 weeks old C57BL/6
mice were kept at 23-25ºC temperature with 50-55% relative humidity under 12 h light and 12
h dark condition. 2-3 animals were housed in individual cages covered with filter cover lids.
After they attained age of 7-8 weeks, they were separated as: uninfected and H. felis-infected.
The uninfected group mice were restrained and fed 0.5 ml of 1X PBS orogastrically with the
help of oral gavage needles. Similarly, animals of the other group were fed with 0.5 ml of H.
felis resuspended in 1X PBS at a concentration of 1010 colony forming units. This was repeated
twice after every two days interval. After 15-18 months of infection mice were euthanized and
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gastric tissues were collected and preserved in 4% paraformaldehyde (PFA). This protocol (No.
NISER/SBS/IAEC/AH-34) was approved by NISER Institutional Animal Ethics Committee
(IAEC) in accordance with the “Committee for the Purpose of Control and Supervision of
Experiments on Animals (CPCSEA) guidelines”.
7.2.6 Human biopsies: Human antral gastric biopsy tissues were made available by Prof. S. P.
Singh (Department of Gastroenterology, SCB Medical College, Odisha, India) and Prof.
Niranjan Rout (Department of Pathology, Acharya Harihar Post Graduate Institute of Cancer,
Odisha, India). Patients diagnosed with stage III/IV GC who were urea breath-test positive and
did not have a prior history of H. pylori eradication were considered for the study. A small
tumor biopsy was collected from the antral region of the stomach and the adjacent noncancerous tissue was collected as paired control with the help of gastroduodenoscopy. A priorinformed written consent was obtained from the patients, their identity and personal data was
protected. The obtained tissues were kept in 4% PFA till further use. This protocol (No.
NISER/HEC/2012/AB-1) was permitted by the “Institutional Ethics Committee for Human
Research, National Institute of Science Education and Research” in accordance with the
“Helsinki Declaration (2013), World Medical Association” guidelines.
7.2.7 Processing and sectioning of tissues: The obtained mice/human tissues were transferred
from 4% PFA to a solution of 15% sucrose and kept for 14-16 h or till the tissues settle down
in the sucrose solution. These tissues were then transferred to 30% sucrose solution and kept
overnight. Sucrose acts as a cryoprotectant and prevents the tissues from getting deformed or
damaged. Next, the tissues were embedded in tissue freezing medium (Cat. No. 14020108926;
Leica Biosystems, USA). They were kept in cryostat (Model No. CM3050S; Leica Biosystems,
Germany) for at least 20-30 min before sectioning at 5 µm. The cut sections were carefully
segregated from the blade towards the middle of the cutting stage with the help of fine brushes.
The sections were then brought in contact with poly-l-lysine (Cat. No. P8920-100ML; Sigma,
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USA) coated slides for adherence. Glass slides were coated with a uniform layer of poly-llysine and kept at 37ºC for 20-30 min before use. These sections were then processed for
immunofluorescence microscopy or stored at -20ºC for future use.
7.2.8 Fluorescence/ confocal microscopy: For immunofluorescence microscopy of GECs,
they were seeded on 12 mm diameter coverslips. These coverslips (Cat. No. 1254582; Fisher
Scientific, USA) were washed with 70% ethanol and dried before exposure to UV for 30 min
in the biosafety cabinets before plating. These coverslips were then kept in 24 well plates (Cat.
No. 3526; Corning, USA) and seeded with 0.16 x 106 cells. After the desired
treatment/infection and time duration, coverslips were washed with 1X PBS and fixed
overnight with 4% PFA at 4ºC. Next, these were washed with 1X PBS and permeabilized with
0.1% Triton-X-100 in PBS for 10 min. This was followed by blocking for 1 h in 5% BSA in
PBST (0.1% Tween 20 in 1X PBS) and overnight incubation with the desired primary antibody
at 4ºC. Next day, coverslips were washed thrice with PBST for 5 min each and incubated with
the desired fluorophore-tagged secondary antibody for 2 h at RT. Coverslips were washed
again with PBST twice for 5 min each and then once with PBS for 5 min before counterstaining
with 4', 6-diamidino-2-phenylindole (DAPI; Cat. No. D3571, ThermoFisher Scientific) for 20
min at RT. These were then washed twice with PBS for 5 min each and mounted on slide using
Fluoromount-G (Cat. No. 0100-01; Southern Biotech, USA). Tissue samples were processed
similarly except that they were permeabilized by using 0.5% Triton-X-100 in PBS for 20 min.
This was followed by widefield fluorescence microscopy using Nikon Eclipse TiU microscope
(Nikon, Japan). Images were captured using DS Qi2 camera (Nikon) with the help of NIS
Advanced Research software (Nikon). Confocal micrographs were acquired by Leica DMi8
confocal microscope (Leica, Germany) using Leica Application Suite X software or by Carl
Zeiss LSM-800 confocal microscope (Carl Zeiss, Germany) using LSM software (Carl Zeiss).
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The captured images were processed and analysed using either NIS Advanced Research
software or Fiji software [292].
7.2.9 Site-directed mutagenesis: This was performed using QuikChange Multi SDM kit (Cat.
No. 200515; Agilent technologies, USA). Siah2 Ser6, Thr275, Thr279 and Ser282 residues were
mutated to Ala to generate Siah2 phospho-null mutants.
Nucleotide sequence: Homo sapiens Siah2 mRNA (975 bp)
LOCUS: NM_005067; 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 ctcattgca cccgcaagca agccgagaac
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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 highlighted sequences indicate the position of Ser6, Thr275, Thr279 and Ser282 codons in
Siah2 mRNA sequence. These were mutated to Ala by changing single nucleotide of the
original codon (Table 6).
Table 6. Mutations required to replace Ser/Thr residues by Ala.
Amino acid

Original codon

Codon changed to Ala

Ser6

Tcc

gcc

Thr275

Acc

gcc

Thr279

acg

gcg

Ser282

Tcg

gcg

Primers were designed with the help of IDT online software incorporating these changes and
in accordance with the kit’s guidelines (Appendix V). Using these primers mutagenesis
reaction was set up as follows:
Components

Volume

10X QuikChange multireaction buffer

2.5 µl

Quik solution

0.75 µl

dNTP mix

1 µl

10 µM mutagenic primer

1 µl
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Template DNA plasmid (150 ng)

1 µl
17.75 μl

Molecular grade water

_____________________________________________________________
Total

24 µl_________

Lastly, 1 μl of Quick Change multi enzyme blend was added and tubes were tapped to mix the
contents. Tubes were spun shortly before setting up in the thermocycler (Model No.
Mastercycler Nexus, Eppendorf). Thermocycler settings were as follows:
Thermocycler Conditions:
Step

Temperature

Time

Initial Denaturation

95ºC

1 min

Final Denaturation

95ºC

1 min

Annealing

55ºC

1 min

Extension

65ºC

12 min

Final Extension

65ºC

12 min

Hold

4ºC

ꝏ

X 30

To the amplified products, 1 µl Dpn I restriction enzyme (37ºC for 2 h) was added. Dpn I
digested the methylated/ hemi-methylated parental DNA, leaving behind the intact mutated
DNA. Next, the digested product was transformed in XL10-Gold ultracompetent cells provided
with the kit.
Procedure for transformation: XL-10 Gold Ultra competent cell was gently thawed on ice. For
transformation, 45 µl of competent cells was used. 2 µl of β-mercaptoethanol was added to the
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competent cells and mixed by swirling the tube gently. The cells were incubated on ice for 10
min with gentle swirling every 2 min. 5 µl of Dpn I-treated DNA was added to the
ultracompetent cells. The transformation reaction was mixed and then kept on ice for 30 min.
Heat shock was given at 42ºC for 35 sec using water bath (Model No. CD-200F; Julabo,
Germany). Then the tube was incubated for 2 min on ice followed by addition of 0.5 ml of
preheated (42°C) SOC broth (Cat. No. 15544034, Invitrogen) and incubation at 37ºC for 1 h
with shaking at 230 RPM (Model No. Innova 42R; New Brunswick, Eppendorf). The mixture
was then plated on LB agar (Cat. No. M1151, Himedia) plates having 100 µg/ml of sodium
salt of ampicillin (Cat. No. A022, Himedia) using L-shaped spreaders. The plate was then
incubated overnight at 37ºC.
The observed colonies were picked and inoculated in 5 ml LB broth (Cat. No. M1245-500G,
HiMedia) containing 100 µg/ml of sodium salt of ampicillin. These were then incubated at
37ºC for 12-16 h (with shaking at 230 RPM). Next, plasmids from these colonies was isolated
using QIAprep Spin Miniprep Kit (Cat. No. 27106; Qiagen, USA). For plasmid isolation,
company recommended protocol was followed except for elution of DNA by pre-warmed 30
μl EB buffer. The eluted plasmid’s concentration and purity was assessed by its absorbance at
260/280

nm

wavelength

using

spectrophotometer

(Model

No.

NanoDrop

2000

Spectrophotometer, ThermoFisher). The mutation-positive clones were identified by
sequencing. The mutation-positive plasmids were further transformed in E. coli DH5α
ultracompetent cells using the transformation protocol described above (β-mercaptoethanol
was not added, DNA and bacteria were mixed and kept for 30 min on ice with occasional
tapping, rest of the procedure remained same). The colonies obtained were inoculated first in
5 ml LB broth with 100 µg/ml sodium salt of ampicillin. After 6-8 h, cultures were transferred
to 95 ml of 100 µg/ml sodium salt of ampicillin containing LB broth and incubated overnight
(37ºC, 230 RPM). The plasmids were isolated using Maxiprep kit (Cat. No. 43776, Qiagen)
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following the manufacturer’s protocol. The eluted plasmid’s concentration and purity was
assessed by its absorbance at 260/280 nm wavelength using spectrophotometer.
Preparation of glycerol stock: Glycerol was mixed with molecular grade water (1:1 ratio) and
autoclaved to sterilize. 1 ml of this sterilized solution was added to 1 ml of the bacterial culture.
The contents were mixed and dispensed in cryovials which were stored in -80ºC.
7.2.10 Transfection and stable cell lines generation: Transfection of the desired plasmid to
the GECs was achieved by lipid-based transfection reagent {Lipofectamine 3000 reagent (Cat.
No. L3000015, Invitrogen)}. GECs were seeded in the desired culture vessels and incubated at
37ºC with 5% CO2 for 24 h. 1 h before transfection, media was changed. Transfection was
carried out in accordance to the manufacturer recommended protocol. Briefly, Mix A {DNA
of interest + P3000 reagent + Serum free media (SFM)} and Mix B (Lipofectamine 3000 +
SFM) were prepared and incubated at RT for 5 min. The amount of DNA, P3000 reagent,
Lipofectamine 3000 and SFM used was in accordance to the company’s recommendations. The
contents of Mix A and Mix B tubes were then blended together with gentle pipetting 4-5 times
and incubated at RT for 15-20 min for formation of DNA-lipid complexes. After incubation,
the contents of the mixture were added to GECs in a dropwise manner with constant and gentle
shaking of the culture plates to ensure uniform distribution of the DNA-lipid complexes. These
plates were then kept in incubator set at 37ºC and 5% CO2. GECs were infected with H. pylori
36 h post transfection. For transfection of siRNAs to GECs, P3000 reagent was not used. Rest
of the protocol remained the same as described above.
For generation of stable cells, 0.3 x 105 GECs were seeded in 96 well plates (Cat. No. CLS3596,
Corning). 24 h after plating, transfection of the desired DNA was performed. 48 h posttransfection, cells were trypsinized and 10 µl of the trypsinized cells were transferred to 6 well
plates containing 1.5 ml media supplemented with 200 µg/ml of selection antibiotic G418 (Cat.
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No. G8168-10ML; Sigma-Aldrich, USA). Media was replenished every third day with fresh
media containing 200 µg/ml G418. This was repeated thrice and then the concentration of G418
was enhanced to 300 µg/ml. Replenishing of the media was continued every third day till
visible colonies were observed. The colonies were transferred to 12 well plates (containing 1
ml media with 300 µg G418) with the help of sterile cloning discs (Cat. No. F37847-0002,
Sigma-Aldrich). After the cells settle, cloning discs were discarded. Few days later,
confirmation of the stable cell line generation was performed either by fluorescent microscopy
or by western blotting. Cells were then transferred to T25/T75 cm2 flasks containing 7/17 ml
media with 300 µg/ml G418. When the cells achieved a confluency of 70-90%, these were
trypsinized and cryopreserved in liquid nitrogen.
7.2.11 Assessment of ROS generation: In order to investigate ROS formation, GECs were
seeded on coverslips. After the desired infection period, the cells were treated with media
containing 1 μM/ml of ROS indicator 2, 7-dichlorodihydrofluorescein diacetate {(DCFDA)
Cat. No. D6883, Sigma} for 1 h. Next, the cells were fixed with 4% PFA for 10 min and washed
with 1X PBS twice. These coverslips were then mounted on glass slides using FluoromountG
and dried at RT in dark. Care was taken not to expose the cells to light during processing of the
coverslips. These slides were then imaged using FITC filter of the fluorescence microscope.
Images captured were analysed for their mean fluorescence intensity indicative of ROS
generation using Nikon Advanced Research software.
7.2.12 Aggresome formation: To elucidate aggresome formation in H. pylori-infected GECs,
Aggresome Detection Kit (Cat. No. ab139486; Abcam, USA) was used. Cells were seeded on
coverslips and were either left uninfected or were infected with H. pylori. After 12 h of
infection, the cells were fixed with 4% PFA (4ºC, overnight). The fixed cells were washed with
1X PBS thrice before permeabilization with 200 μl of permeabilizing solution {for 10 ml of
permeabilizing solution (0.5% Triton X-100, 3 mM EDTA, pH 8): added 50 μl Triton X-100
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and 60 μl of 0.5M EDTA, pH 8, to 9.89 ml of 1X Assay Buffer)} for 10 min. Next, washing
with 1X PBS was repeated twice followed by blocking with 5% BSA for 1 h at RT. Cells were
washed with PBST twice followed by addition of primary antibodies (4ºC, overnight). Next
day, the coverslips were washed thrice with PBST followed by incubation with fluorophoretagged secondary antibodies (2 h, RT). These were washed with 1X PBS twice and 200 μL of
Dual Detection Reagent (preparation of Dual Detection Reagent: for every 2 ml of 1X Assay
Buffer add 1 μl of Aggresome Detection Reagent and 2 μl of Hoechst 33342 Nuclear Stain or
DAPI) was added on each coverslip for 30 min at RT in dark. The cells were finally washed
with 1X PBS before mounting on glass slides using FluoromountG. Aggresome formation was
visualized by using widefield fluorescent microscope or by confocal microscope using
appropriate filters. When only aggresome formation was to be analysed, after permeabilization
the cells were directly stained with Dual Detection reagent followed by washing with 1X PBS
and counterstaining with DAPI.
Antioxidant N-Acetyl-L-cysteine (Cat. No. A7250-50G, Sigma) was used to elucidate the role
of ROS on aggresome formation. GECs were pre-treated with 10 mM NAC for 1 h followed
by infection with H. pylori. These were then processed for visualization of aggresome
formation using the protocol described above.
7.2.13 Treatment of GECs with a proteasomal inhibitor: To study events involving the role
of proteasome, proteasomal inhibitor MG132 (Cat. No. M7449-200UL, Sigma-Aldrich) was
used. GECs were treated with 50 μM of MG132 along with H. pylori infection for 12 h.
7.2.14 Whole cell lysate preparation: After completion of the desired time period of H. pylori
infection, cells were collected in a 1.5 ml tube either by physical dislocation (scraping) or by
enzymatic dislocation (trypsin). Tubes were then centrifuged for 6 min at 250xg (4ºC). The
supernatant was discarded with the help of a syringe and the obtained cell pellet was kept on
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ice. To the pellet added the required amount of protease and phosphatase inhibitors {2X
protease inhibitor cocktail (Cat. No. ML051-1ML, Himedia) + 80 mM sodium fluoride +
phosphatase inhibitor (Cat. No. P0044-1ML, Sigma; added @ 4 μl for 1 ml of total cell lysate)}
and vortexed twice for 15-20 sec. An equal volume of sample lysis buffer {2X Laemmli sample
buffer (Cat. No. ML-021, HiMedia) + 5% β-mercaptoethanol (Cat. No. MB041-500ML,
HiMedia)} was added to the tubes and vortexed for 10-15 sec. The tubes were then heated at
100ºC for 8 min followed by a short spin of 10 sec. Cleared whole cell lysate was used for
SDS-PAGE or stored at -80ºC.
7.2.15 Cytoplasmic and mitochondrial lysate preparation: To study the cytoplasmic and
mitochondrial abundance of proteins, 2.5 x 106 GECs were seeded in 60 mm2 cell culture dishes
(Cat. No. 430166, Corning). After the desired infection duration, cell were collected in a 1.5
ml tube by scraping. The tube was centrifuged at 250xg for 10 min at 4ºC. The supernatant was
discarded and the pellet was resuspended in 150 μl of resuspension buffer {20 mM 4-(2hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), pH 7.5, 10 mM KCl, 1.5 mM
MgCl2, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM ethylene glycol tetraacetic acid
(EGTA) + Protease inhibitor cocktail (at 10 μl/ml of the total buffer volume) + 150 mM sucrose
+ 40 mM NaF + Phosphatase inhibitor cocktail (at 4 μl/ml of total buffer volume)}.
Resuspended cells were lysed by passing it through 26 gauge syringe needle for 20 times. The
lysate was then centrifuged at 750xg for 10 min (at 4ºC) to remove nuclei and unbroken cells.
Supernatant from this step was transferred to another pre-chilled 1.5 ml tube and centrifuged
at 10,000xg for 15 min at 4ºC. After centrifugation, the supernatant obtained was the
cytoplasmic fraction and it was transferred to another labelled tube. The pellet obtained was
mitochondria-enriched and was resuspended in mitochondrial lysis buffer {20 mM Tris-HCl
pH 7.4 + 150 mM NaCl + 2X protease inhibitor cocktail + phosphatase inhibitor cocktail
(concentration as described above)}. The resuspended mitochondrial fraction was mixed with
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equal volume of sample lysis buffer and heated at 100ºC. The heated tubes were centrifuged
for short duration and loaded on gel or stored at -80ºC.
7.2.16

Co-immunoprecipitation:

To

elucidate

protein-protein

interactions,

co-

immunoprecipitation was performed. GECs were seeded at a density of 2 x 106 in 60 mm2 cell
culture dishes. Desired treatment/infection was given for appropriate time duration. Cells were
dislodged from the culture dishes either by scraping or by trypsinization. Tubes were then
centrifuged for 6 min at 250xg (4ºC). Supernatant was discarded and 200 μl of TENT buffer
{150 mM NaCl + 50 mM Tris, pH 7.5 + 1 mM EDTA + 1% Triton-X-100 + protease inhibitor
cocktail + phosphatase inhibitor cocktail (concentration as described above)} was added to the
pellet. The pellet was kept on ice for 30 min with intermittent vortexing (15-20 sec) after every
10 min. The tubes were centrifuged at 850xg (10 min, 4ºC) and the supernatant was transferred
to another tube. 800 μl of TEN buffer {150 mM NaCl + 50 mM Tris, pH 7.5 + 1 mM EDTA +
protease inhibitor cocktail + phosphatase inhibitor cocktail (concentration as described above)}
was added to the tubes. To these tubes 10 μl 50% A/G-agarose (Cat. No. SC-2003, Santa Cruz
Biotechnology, USA) was added and kept at 4ºC for 30 min with constant agitation. This was
followed by centrifugation of tubes at 850xg (5 min, 4ºC) and the supernatant was transferred
to another tube without disturbing the pellet formed. The desired primary antibody and an
equivalent IgG control was added and incubated at 4ºC with constant agitation (for overnight).
Next day, the tubes were centrifuged at 230xg (2 min, 4ºC) followed by addition of 50% A/Gagarose (15 μl) and incubation with constant agitation at 4ºC for 3 h. The agarose-protein
immunocomplex was pulled-down by centrifugation at 230xg (5 min, 4ºC) and washed twice
with 1X PBS. To the obtained agarose bead pellets, added 25 μl sample lysis buffer and heated
at 100ºC for 8 min. The heated tubes were centrifuged shortly for 10 sec followed by loading
of the supernatant to the gel.
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7.2.17 SDS-PAGE: In order to segregate the obtained whole cell lysates, subcellular fractions
or immuno-complexes by SDS-PAGE, the most commonly used discontinuous buffer method
was employed (Laemmli’s SDS-PAGE method, 1970). Mini-PROTEAN tetra-system gel
assembly (Cat. No. 165-8003, Bio-Rad Laboratories) was used for polymerization and
electrophoresis.
Materials required and the procedure for casting of the acrylamide gel:
Solution A: Stock solution of 30% acrylamide monomer and N,N’-methylene-bis-acrylamide
crosslinker in a ratio of 29:1 (Cat. No. 1610156; Bio-Rad Laboratories, USA).
Solution B: 1.5 M Tris-HCl buffer (pH 8.8) containing resolving gel buffer (Cat. No. 161-0798,
Bio-Rad Laboratories).
Solution C: 0.5 M Tris-HCl buffer (pH 6.8) containing stacking gel buffer (Cat. No. 161-0799,
Bio-Rad Laboratories).
Glycerol: 50% solution of glycerol in molecular grade water (Cat. No. ML024-100ML,
Himedia).
N, N, N’, N’-Tetramethyl ethylenediamine (TEMED): For quick polymerization of gel, catalyst
TEMED (Cat. No. 1610800, Bio-Rad Laboratories) was used.
Ammonium persulfate: Weighed 150 mg of APS (Cat. No. 1610700, Bio-Rad Laboratories)
and dissolved it in 1.5 ml of water to make a solution of 10% APS. The tube containing 10%
APS solution was covered with aluminium foil and kept in dark. APS was prepared fresh for
its optimal activity.
Composition of the resolving gel: The table below describes the volume of individual
components required for making two resolving gels of different percentages. The required
volume of various components were adjusted accordingly for different number of gels.
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Table 7. Components of the resolving gel.
Components

7.5%

9%

12.5%

Solution A

2.25 ml

2.7 ml

3.75 ml

Solution B

2.25 ml

2.25 ml

2.25 ml

50% glycerol

2.5 ml

2.5 ml

2.5 ml

Molecular grade water

2 ml

1.55 ml

1 ml

TEMED

5 μl

5 μl

5 μl

10% APS

70 μl

70 μl

70 μl

Composition of the stacking gel: Various components required to make two stacking gels are
listed in the table below.
Table 8. Composition of the stacking gel.
Components

Volume

Solution A

0.9 ml

Solution C

1.5 ml

Molecular grade water

3.6 ml

TEMED

6 μl

10% APS

36 μl

The components of the resolving and the stacking gel were mixed together in two separate
tubes or beakers. At last, TEMED was added and uniformly mixed before addition of 10%
APS. The contents of the resolving gel mix were poured in a pair of glass separated by 1 mm
spacer assembled on gel casting stand. Next, the stacking gel mix was poured without

101

disturbing the resolving gel. 1 mm thick 10/15 well comb was inserted in the glass assembly
and the contents were left to polymerize for 20-30 min at RT.
After the gel was polymerized, they were assembled in the MINI-Protean electrodes. The
electrodes were kept in gel running tank and the electrophoresis buffer (25 mM Tris-HCl, 190
mM glycine and 0.1% SDS) was added. The electrophoresis buffer was prepared by diluting
150 ml of 10X TGS buffer (Cat. No. 1610732, Bio-Rad Laboratories) in 1,350 ml of distilled
water. The comb was removed from the gel and the wells were washed with electrophoresis
buffer prior to sample loading. The samples were loaded along with the standard molecular
weight protein marker (Cat. No. BM008-500; BR Biochem, India). The samples stored at 80ºC were thawed on ice and brought to RT before loading on gel. Appropriate volume of
electrophoresis buffer was added to the gel running tank and electrodes were connected to the
power pack {PowerPac™ Basic Power Supply (Cat. No. 1645050) Bio-Rad Laboratories}. Gel
was run at a constant voltage (130 V) for 15 min and then at a constant voltage of 180 V till
the dye front reached the end of the gel.
7.2.18 CBB staining of the gel: For staining a gel with CBB, the gel was carefully taken out
of the glass assembly. An appropriate volume of CBB staining solution (Cat. No. 161-0436)
was poured on the gel and heated in microwave oven for 10-15 sec. The gel in the staining
solution was incubated overnight at RT. Next day, the gel was removed from the staining
solution and put in destaining solution (Cat. No. 1610438). Destaining solution was changed
till protein bands with clear background were observed.
7.2.19 Mass spectrometry (MS) analysis: For identifying the unique Siah2 interacting
partners, MS analysis was performed. GECs were overexpressed with siah2 and empty vector
for 36 h followed by infection with H. pylori for 12 h. The whole cell lysates obtained were
subjected to co-immunoprecipitation using Siah2 antibody. The obtained immuno-complexes
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were subjected to SDS-PAGE followed by staining with CBB. Differentially expressed bands
were excised with a clean scalpel blade and put in 1.5 ml tubes with 50 μl of molecular grade
water. Care was taken to prevent keratin contamination at all stages. The tubes containing
excised gel pieces were outsourced for Liquid Chromatography-Mass Spectrometry (LCMS/MS) analysis at Mass Spectrometry Core Lab, University of Texas Medical Branch,
Biomolecular Resource Facility (UTMB BRF). Obtained results were screened and negated for
the presence of contaminants. Proteins were arranged on the basis of their score and sorted
according to their function.
7.2.20 Western blot: In order to detect specific proteins, western blotting was performed using
the modified form of method developed by Harry Towbin and group in 1979 [293].
Composition of the required buffers and procedures used were as follows.
Transfer buffer: To obtain 1.5 l of transfer buffer, 4.56 g of Tris-HCl and 21.63 g of glycine
was added in 800 ml of distilled water. The contents were mixed thoroughly and 300 ml of
methanol was added. 0.561 g of SDS was added to the above solution and the pH was adjusted
to 8.3 followed by making the volume to 1.5 l.
10X TBS: A solution of 20 mM Tris-HCl and 500 mM NaCl was made with distilled water.
pH of the solution was adjusted to 7.4. The solution was diluted to 1X concentration before
use.
1X TBST: 1X TBS was mixed with 0.1% Tween-20 (Cat. No. RM156-500G, Himedia) to
prepare 1X TBST.
Blocking buffers: For blocking the western blots and dilution of primary as well as secondary
antibodies, 5% non-fat-dried milk (NFDM; Cat. No. RM1254, Himedia) or 5% BSA (Cat. No.
RM3151, Himedia) was prepared in 1X TBST buffer.
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Procedure for wet transfer: Polyvinylidene fluoride {(PVDF) Cat. No. VH00010; Millipore,
USA} membrane was cut to the size according to the requirement and activated by keeping in
pre-chilled methanol for 5 min. The membrane was washed in water for 2 min and then kept it
in pre-chilled transfer buffer for 10 min. In a glass casserole added transfer buffer and with the
black side of the gel holding cassette down kept a pre-wet sponge and a thin filter sheet (Cat.
No. 1703933, Bio-Rad Laboratories). Gel was kept on the filter sheet and the activated PVDF
membrane was placed above it. The assembly was ensured to be bubble-free with the help of a
roller. This was followed by completing the assembly by keeping a filter sheet and a sponge
above it. The gel holding cassette was closed and assembled in mini trans-blot cell wet transfer
apparatus (Cat. No. 170-3940, Bio-Rad Laboratories). Polarity of the transfer was ensured by
following the colour coding indicated on the transfer apparatus. A cooling pack and a magnetic
bead was added to the tank. The tank was placed on a magnetic bead stirrer and transfer buffer
was added. The electrodes of the assembly were connected to a power pack set at 40 V and
timed to run for 240 min.
Method of semi-dry transfer: For transfer of low molecular weight proteins, semi-dry method
of transfer was employed. This was performed using mini trans-blot semi-dry blot apparatus
(Cat. No. 170-3940, Bio-Rad Laboratories) kept on horizontal surface. The apparatus was
adjusted to be at even level with the help of a bubble-level tool. A thick filter sheet was cut and
placed on the surface of the anode. Activated PVDF membrane followed by the gel was kept
on it. Bubbles trapped in the assembly were removed with the help of a roller. The assembly
was completed by placing a thick filter sheet on top of it. Cathode was placed on the top and
the lid was closed. The electrodes were connected to the power pack set at 25 V and timed for
35 min. The polarity of the assembly was ensured by following the colour coding of the
apparatus while connecting it to the power pack.
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After the transfer of proteins, the PVDF membrane was washed with 1X TBS for 5 min. To
prevent non-specific binding of antibodies, the membrane was blocked with the blocking
buffer. Membranes which were to be probed with phosphorylated antibodies were blocked in
5% BSA and the rest in 5% NFDM. After blocking, blots were incubated with the desired
primary antibody in a humidified chamber (4ºC, overnight). Next day, blots were washed with
1X TBST thrice for 10 min each followed by incubation with horse-radish peroxidase (HRP)tagged secondary antibody at RT for 1 h with constant shaking. The membranes were then
washed thrice with 1X TBST for 5 min each. Finally, membranes were then washed with 1X
TBS for 5 min. Detection of the developed immunoblot was performed using SuperSignal West
Femto Chemiluminescent Maximum Sensitivity Substrate kit (Cat. No. 34094, ThermoFisher
Scientific) or Immobilon Western Chemiluminescent HRP Substrate kit (Cat. No. WBKLS0050, Merck Millipore). Equal volumes of the provided reagents were mixed and the
membranes were incubated in it. Chemiluminescence signals were detected using ChemiDoc
XRS plus (Cat. No. 170-8265, Bio-Rad Laboratories) and analyzed with Quantity 1-D analysis
software (version 4.6.9, Bio-Rad Laboratories).
Procedure for reprobing of the immunoblot: To detect different proteins from the same
immunoblot, reprobing of the blot was performed using Western BLoT Stripping buffer (Cat.
No. T7135A; TaKaRa, USA). Blot was incubated with the reprobing buffer for 20 min with
constant shaking at RT to remove the bound primary and secondary antibodies from the
membrane. Then, the blot was washed thrice with 1X TBST for 15 min each followed by
incubation with the blocking buffer for 1 h at RT with constant shaking. The blot was incubated
with the desired primary antibody. Washing, incubation with the secondary antibody and
detection of the reprobed immunoblot were performed as described above.
7.2.21 Anchorage-independent growth assay: This assay (also known as the soft agar assay)
was used to elucidate the anchorage-independent growth of various uninfected and H. pylori105

infected MKN45 stable cells. After infection, cells were treated with 150 μg/ml of gentamicin
(Cat. No. A005, Himedia) for 3 h to kill extracellular bacteria. Cells were washed twice with
media and trypsinized to collect them for seeding in soft agar assay. Simultaneously, 1.2%
bacto agar (Cat. No. 199835, MP Biomedicals) solution (prepared by dissolving 1.2 g of bacto
agar powder in 100 ml of distilled water followed by autoclaving for sterilization) was mixed
with equal volume of 2X Ham’s media (Cat. No. AT140A, HiMedia; prepared according to
the manufacturer’s instructions). This mixture (bottom agar) was poured in 6 well plate and
kept in incubator for half an hour.
The top agar (0.3% bacto agar) was prepared by adding 1 ml Ham’s media and 0.5 ml molecular
grade water to 0.5 ml of 1.2% bacto agar. 10, 000 cells were added to the top agar mix and
poured slowly on the solidified bottom agar. This setup was kept in incubator set at 37ºC and
5% CO2. After 24 h, 1 ml of media was added slowly on the top agar. Media was changed
regularly without disturbing the agar. After three weeks of incubation, the colonies formed in
wells were imaged using inverted brightfield microscope. Colonies greater than 50 μm were
counted and analysed from different fields of each well.
7.2.22 Clonogenic survival assay: Various MKN45 Siah2 stable cells were compared for their
clonogenic potential by this assay. After infection, extracellular bacteria were killed by treating
the cells with 150 μg/ml of gentamicin for 3 h (in the incubator set at 37ºC and 5% CO2). Cells
were washed twice with media before collecting them by trypsinization. 1 x 103 of these
trypsinized cells were seeded in 60 mm2 cell culture dishes with 2.5 ml media. The dishes were
incubated for 3 weeks with intermittent addition of media. Once the colonies were observed,
they were fixed with 4% PFA at RT for 30 min or at 4ºC for overnight. Colonies were washed
thrice with 1X PBS and stained with 0.5% solution of Gram’s Crystal Violet stain (Cat. No.
S012, HiMedia) for 15 min. Finally, the colonies were washed once with 1X PBS and dried at
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RT for 2 h. Images of the dishes with colonies formed were captured by using BioRad
Chemidoc using Colorimetric protocol and analyzed using Fiji software.
7.2.23 Transwell invasion assay: To elucidate the invasiveness of the empty vector, WT and
mutant Siah2-expressing stable AGS cells, cells were left uninfected or H. pylori-infected. 100
μl of matrigel matrix (Cat. No. 356230, Corning) was coated on top of 0.3 cm2 polyethylene
terephthalate transwell membrane with 8 μm pore size (Cat. No. 353097, Corning) and kept in
the biosafety cabinet for 10 min. To the 24 well plate, 800 μl of 20% FBS-containing media
was added to the desired wells. Transwell membranes with the solidified matrigel matrix were
kept slowly on these wells. Care was taken to avoid formation of bubbles between the transwell
and the cell culture media. 2 x 105 cells resuspended in 200 μl of 0.5% FBS-containing media
were added on the top of the matrigel-coated transwell followed by H. pylori infection to the
desired wells. The assembly was kept in the incubator (37ºC, 5% CO2) for 12 h. After
incubation, the matrigel on the transwell insert was removed with the help of a sterile cotton
swab and inserts were fixed with 4% PFA for 30 min at RT. Inserts were washed twice with
1X PBS followed by permeabilization with 0.5% Triton-X-100-containing 1X PBS. Next, the
inserts were washed with 1X PBST and stained with hematoxylin (Cat. No. S034;
Hematoxylin, HiMedia) for 30 min at RT. Staining was followed by a final wash with 1X PBS
and the insert membranes were dried. These membranes were then cut out from the inserts and
mounted on a glass slide. These were then imaged with the help of a brightfield microscope
and the captured images were analysed.
7.2.24 MTT assay: Proliferative potential of GECs was assessed by MTT assay. Cells were
seeded in 96 well plates and were left uninfected or infected with H. pylori. 12 h PHPI,
manufacturer-recommended protocol was followed for treatment of cells with MTT reagent
[EZcount MTT Assay kit (Cat. No. CCK003-1000) HiMedia]. Following the protocol,
solubilisation buffer was added and absorbance of the resulting solution in each well was taken
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using a plate spectrophotometer (Varioskan flash multimode reader, Thermo Scientific) at 570
nm and 670 nm. The results obtained was analysed according to the manufacturer’s
recommendations.
7.2.25 Cell population doubling assay: Proliferative potential of GECs was also assessed
using this assay. GECs were treated with150 μg/ml of gentamicin for 3 h (in the incubator set
at 37ºC and 5% CO2) PHPI. Cells were washed twice with media before collecting them by
trypsinization. 1 x 104 of these trypsinized cells from individual experimental conditions were
seeded in a labelled 24 well plate containing 0.5 ml media. These were kept in incubator set at
37ºC and 5% CO2. These cells were trypsinized and the number of cells present was estimated
on day 2, 3 and 4. Cellular proliferation as assessed by population doubling (PD) was calculated
by the formula below [294, 295].
PD = [log Nh – log Ns]/log 2
where, Ns was the number of seeded cells (i.e. 1 x 104) and Nh was the number of cells
estimated on day 2, 3 and 4.
PD of each day was added to give cumulative PD (cPD) which was plotted on Y-axis along
with experimental conditions on X-axis [296].
7.2.26 Statistical analysis: Statistical analysis and graphs were generated with GraphPad
Prism software (Version 7.0; GraphPad, USA). Graphs represent mean ± sem values from three
independent experiments. Statistical significance was determined at P < 0.05 using one-way
ANOVA or two-way ANOVA followed by Tukey’s post hoc analysis whichever was
applicable.
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APPENDIX I
LIST OF PLASMIDS USED
Plasmid

Source

pcDNA3.1+

Cat. No. V79020, Invitrogen

siah2

Cat. No. RG203802, Origene

pEGFP-N1-Cdc42BPB (mrckβ)

Cat. No. 50759, Addgene, USA

pEGFP-N1

Gifted by Prof. Naoki Mochizuki, National
Cerebral and Cardiovascular Center, Osaka,
Japan.

pcDNA3.1(+)-GRP78/BiP

Cat. No. 32701; Addgene

pDsRed2-Mito

Cat. No. 632421; Clontech, USA

siah2 S6A

Generated from siah2 plasmid

siah2 T275A

Generated from siah2 plasmid

siah2 T279A

Generated from siah2 plasmid

siah2 S282A

Generated from siah2 plasmid
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APPENDIX II
LIST OF siRNAs USED
Name

Source

Human siah2 siRNA

Cat. No. SR304370, Origene

Human negative control siRNA

Cat. No. SR30004, Origene

Human mrckβ siRNA

Cat. No. sc-60064, Santa Cruz Biotechnology

Human grp78 siRNA

Cat. No. sc-29338, Santa Cruz Biotechnology

Human negative control siRNA

Cat. No. sc-37007, Santa Cruz Biotechnology
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APPENDIX III
LIST OF PRIMARY ANTIBODIES USED
Antibody

Dilution used

Source

Phospho-Threonine

1:1000

Cat. No. 9386S, Cell
Signaling Technology
(CST), USA

Phospho-Serine

1:200

Cat. No. P5747, SigmaAldrich, USA

Siah2

1:200 , 1:50 (IF), 1:100 (IP)

Cat. No. sc-5507, Santa
Cruz Biotechnology

GAPDH

1:2000

Cat. No. 10-10011;
ABGENEX Pvt. Ltd., India

MRCKβ

1:400 , 1:100 (IF)

Cat. No. sc-374597, Santa
Cruz Biotechnology

Ubiquitin

1:1000

Cat. No. 3936P, CST

P-Ser6-Siah2

1:250 , 1:100 (IF)

Custom synthesized from
Bioklone Biotech Private
Limited, India

P-Thr279-Siah2

1:200 , 1:100 (IF)

Custom synthesized from
Bioklone Biotech Private
Limited, India

GRP78

1:300 , 1:100 (IF)

Cat. No. ab21685; Abcam,
USA

Cox IV

1:1000

Cat. No. 4850S, CST
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Normal goat IgG

1:1000 (IP)

Cat. No. sc2028, Santa Cruz
Biotechnology

WB: Western blot

IF: Immunofluorescence IP: Immunoprecipitation

Sequence used for generation of Siah2 customized antibodies
Antibody

Peptide used

P-Ser6-Siah2

MSRPSSTGPSA

P-Thr279-Siah2

EATPRSIHDGVAAAIMN

The highlighted amino acids in the sequences were phosphorylated.
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APPENDIX IV
LIST OF SECONDARY ANTIBODIES USED
Antibody

Conjugate

Dilution used

Source

Anti-mouse

HRP-conjugated

1:2000

Cat. No. 7076S, CST

Anti-rabbit

HRP-conjugated

1:2000

Cat. No. 7074S, CST

Anti-goat

HRP-conjugated

1:2000

Cat. No. ab6741, Abcam

Anti-mouse

Alexa flour 488

1:500

Cat. No. A-11001, Thermo
Fisher Scientific

Anti-mouse

Alexa flour 594

1:500

Cat. No. A-11005, Thermo
Fisher Scientific

Anti-rabbit

Alexa flour 488

1:500

Cat. No. A-21206, Thermo
Fisher Scientific

Anti-rabbit

Alexa flour 594

1:500

Cat. No. A-11012, Thermo
Fisher Scientific

Anti-goat

Alexa flour 488

1:500

Cat. No. A-11055, Thermo
Fisher Scientific

Anti-goat

Alexa flour 594

1:500

Cat. No. A-11058, Thermo
Fisher Scientific
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APPENDIX V
PRIMERS USED FOR SIAH2 SITE-DIRECTED MUTAGENESIS
Mutation

Primer sequence

siah2 S6A

5’ CATGAGCCGCCCGTCCGCCACCGGCCCCAGCGC 3’

siah2 T275A

5’ GGGAACCGGCGGAGATTGGCCTGGGAGGCCACGCCCC 3’

siah2 T279A

5’ AGATTGACCTGGGAGGCCGCGCCCCGTTCGATTCATG 3’

siah2 S282A

5’ TGGGAGGCCACGCCCCGTGCGATTCATGACGGTGTGG 3’
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