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SYNOPSIS
Understanding the role of Siah Proteins and its regulation during Helicobacter pylori-
mediated gastric cancer is the primary objective of this thesis.

Ubiquitin-mediated proteasomal degradation pathways control protein structure,
function, assembly, localization as well as denaturation [1]. This pathway involves a series of
enzymatic reactions catalyzed by a cascade of enzymes, i.e. E1 ubiquitin-activating enzymes,
E2 ubiquitin-conjugating enzymes and E3 ubiquitin-ligase enzyme that causes transfer of E2-
linked ubiquitin to a Lys residue of a targeted protein. The tagged proteins get degraded
either by the 26S proteasome or by the lysosome [2]. The importance of E3 ligase lies in that
it confers specificity to ubiquitination by identifying the target proteins and thus acts as a
mediator for transfer of ubiquitin from an E2 ubiquitin-conjugating enzyme to the target
protein [1]. The really interesting new gene (RING) family of E3 ubiquitin ligases play
crucial role in regulating cancer progression and metastasis for adenocarcinoma [3] and have
drawn attention as potential drug targets [4]. The evolutionarily conserved seven in absentia
homolog (Siah) proteins belong to the RING family of E3 ubiquitin ligases. So far three siah
genes have been identified in human i.e. siah-1, siah-2 and siah-3 [5, 6]. There are no reports
on the role of Siah3 in cancer progression whereas the other two Siah proteins were shown to
interact with and regulate the stability of multiple factors involved in oncogenesis including
prolyl hydroxylases, 3-catenin, NUMB, tumour necrosis factor receptor 2—associated factor
and Sprouty [7-11]. Induced expression of Siah proteins in various cancers supports their
tumour-promoting role [12-16]. Moreover, elevated level of Siah2 expression in breast,
prostate and liver cancer cells has been linked with malignancy and cancer invasiveness [12,
13]. But limited number of studies are available that explored role of Siah proteins in gastric
cancer progression. Gastric cancer is the most common malignant cancer and is a leading

cause of cancer-related mortality. Due to its complex initiation and progression mechanism it



is generally diagnosed at later stages when the cancer has already started metastasizing [17,
18]. Infection with H. pylori is the prime factor responsible for gastric cancer. H. pylori
colonizes nearly half of the world population and has been recognized as a type | carcinogen
for gastric cancer [19]. Therefore, understanding the role of Siah proteins in the complex
process of gastric cancer progression and metastasis is imperative in the H. pylori-infected
gastric epithelium. It is interesting to identify transcription factors regulating expression of
Siah proteins as there are very few reports. So far, Siahl has been mainly reported as a
tumour-suppressor but Siah2 has been portrayed as a tumour-promoting agent. This
discrepancy in function suggests that a Siahl and Siah2 might have different set of
downstream target proteins modulating various signalling network [20]. Hence, identifying
the regulation of Siah protein expression and in-depth understanding of their functions during
gastric cancer progression are important. This thesis work focuses to understand the role of
Siah proteins and their regulation during H. pylori-mediated gastric cancer progression. This
thesis has been structured into five chapters and contents of each chapter have been discussed
briefly as follows.

Chapter 1: Introduction:

This is the introductory section of the thesis that includes a review of literature on role of H.
pylori in gastric cancer. A discussion on the cell-cell attachment complex on the cell
membrane, followed by literature studies on the degradation of membrane-bound B-catenin
during H. pylori infection and its role in cell migration is explained in this chapter. Focus is
given on elaborating E3 ubiquitin ligases and Siah proteins belonging to the RING finger
family of ubiquitin ligases. This chapter collates the current understanding on Siah proteins

during cancer progression and its potential as a potential target for therapy.



Chapter 2: Experimental procedures

Chapter 2 includes description of various strains of H. pylori, gastric cancer cell lines,
reagents, chemicals, tissue samples used for completion of the thesis work. It also includes
the details of experimental procedures/methodologies employed to complete the objectives of
this thesis. This chapter illustrates the culture techniques used for various gastric epithelial
cell lines and H. pylori as well as method of infecting cell lines with H. pylori.

This chapter also includes description of several molecular biology techniques used for the
study. Cloning of human siahl gene into the mammalian expression vector pcDNA3.17,
cloning of human siahl and siah2 promoters in the pGL3 basic (luciferase reporter vector)
and mutation at the ETS2-binding site for human siahl promoter and mutation at the ETS2
and Twistl-binding sites for the human siah2 promoter using site-directed mutagenesis are
explained. The procedure for examining the mRNA status is also incorporated in this chapter.
The detailed methodology to examine protein expressions using techniques such as
immunoblotting, immunoprecipitation, fluorescence microscopy and confocal microscopy are
elucidated. Methods for in vitro DNA-protein binding assay, chromatin immunoprecipitation
assay and dual luciferase assay are also included in this chapter.

Detailed procedures for generation of stable cell lines expressing Siahl, Siah2, ETS2 and
Twistl are explained in this chapter. Cell migration and invasiveness, as assessed by wound
healing assay, soft agar assay, transwell migration and invasion assays are illustrated in this
chapter. Methods employed to study human gastric biopsy samples using fluorescence
microscopy are included in this chapter.

Chapter 3: Transcriptional regulation of Siah proteins in H. pylori-infected human
gastric cancer cells (GCCs)

This chapter describes the status of Siahl and 2 proteins in H. pylori-infected GCCs.

Transcription factors regulating Siah expression has also not been studied in H. pylori-



infected GCCs. Analysis has been performed with Siahl 5 UTR and Siah2 promoter using
bioinformatics tool such as Matlnspector (professional version 6.2.2). ETS2 is implicated in
having very high probability of binding to Siahl 5° UTR whereas ETS2 and Twistl both are
shown to have very high probability of binding to Siah2 promoter. The metastasis promoting
role of Twistl has been reported in various cancers [21, 22] including gastric cancer [23]
while enhancement of lymph node and distant metastases are reported in Twistl-expressing
gastric cancer cells [24]. So far, ETS2 has been linked with increased apoptosis or tumour
suppression in gastric cancer [25]. This chapter experimentally proves that ETS2 and Twistl
mediate H. pylori-induced Siah2 expression and ETS2 is the transcriptional regulator of
Siahl.

Chapter 4: Role of Siah proteins in inducing gastric cancer metastasis

H. pylori induce inflammatory responses and neoplastic changes owing to the loss of the
epithelial barrier function of the gastric epithelium accompanied by loss of epithelial cell
morphology and cell to cell adhesions [26]. The membrane-bound cadherin-catenin complex
is responsible for cell-cell adhesion. The other pool of B-catenin is in the cytosolic
compartment. The membrane-bound B-catenin is an integral component of the adherens
junctions linking cadherin receptors with the actin cytoskeleton while the nonmembranous
cytoplasmic-nuclear pool play a role in Wnt signalling [27]. Chapter 4 describes studies
related to ETS2-mediated Siahl induction resulting in degradation of membrane-bound -
catenin in H. pylori-infected gastric cancer cells. Induced expression of Siahl protein is
observed after infection in gastric cancer cell lines. Here we report for the first time that the
membrane-bound B-catenin is a target of proteasomal degradation mediated by Siahl. We
show that following H. pylori infection, Siahl is upregulated in the cytosolic fraction but it
does not degrade the cytosolic B-catenin. Surprisingly, a decrease in membrane-bound B-

catenin is noticed in the infected gastric cancer cells. H. pylori-mediated degradation of f-



catenin is further enhanced in gastric cancer cells with ectopic expression of Siahl.
Furthermore, we notice that Siahl overexpression significantly enhance the ability of cell
migration and invasivness. ETS2-mediated Siah2 induction also shows an increase in cell
invasiveness and migration with H. pylori infection in GCCs.

Chapter 5: Summary and conclusion

Chapter 5 presents concluding remarks on our findings which demonstrate crucial roles of
Siah proteins during H. pylori infection in gastric cancer cells promoting invasion and
migration. Our studies also indicate ETS2-mediated induction of Siahl and ETS2 and
Twistl-mediated induction of Siah2 in H. pylori-infected gastric epithelial cancer cells.
Furthermore, our findings provide an important insight towards the fact that although Siahl
and Siah2 are induced by ETS2 and have roles in gastric cancer metastasis, their cellular
targets are not the same. Thus, Siahl and Siah2 are not showing functional redundancy at

least in promoting gastric cancer.
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Summary Figure: Mechanism of Siah2 induction and degradation of membrane bound
p-catenin during H. pylori infection. H. pylori infection induces ETS2 and Twistl
expression in gastric epithelial cells. ETS2 and Twistl bind to the siah2 promoter and
mediate Siah2 expression in H. pylori-infected in gastric cancer cells. Induced expression of
Siah2 enhances metastatic properties of gastric cancer cells.
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Summary Figure: Siahl induced in H. pylori-infected gastric cancer cell degrades
membrane bound B-catenin. H. pylori infection induces ETS2 expression. ETS2 binds to
the siahl promoter and promotes Siah1 transcription in H. pylori-infected gastric cancer cells.
Induced expression of Siahl results in the degradation of membrane bound B-catenin. As a
result, infected cells become more migratory and invasive.
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INTRODUCTION
1.1. Ubiquitination and Ubiquitin-Mediated Proteasomal Degradation
Protein ubiquitination involves attachment of ubiquitin to targeted proteins which
subsequently leads to regulation of many cellular processes. Ubiquitinated proteins can be
targeted for degradation or they can regulate cell cycle and growth, or take part in
intracellular trafficking, as well as localization [1]. Ubiquitin is a small protein (seventy six
amino acid) modifier which is highly conserved and found only in eukaryotic system.

Ubiquitin has seven Lys residues (Lys®, Lys™, Lys®’, Lys®, Lys®, Lys* and Lys®).
Homotypic or heterotypic linkages of proteins with Lys residues of ubiquitin determine the
fate of proteins. Polyubiquitination leads to proteasomal degradation of target proteins [2].
Polyubiquitinated proteins are targeted for degradation by the 26S proteasome pathway. The
26S proteasome complex is highly conserved in eukaryotes in terms of its structure and
function. This complex consists of a barrel-shaped 20S protease core particle (CP) in the
middle part [3]. The CP consists of two identical inner B and outer o units stacked on one
another forming an axial heptameric ring. The central B-ring is formed of seven different -
subunits B1-7, and the peripheral a-ring is also formed of seven different a-subunits, o1—7
[3]. The 19S regulatory particle (RP) forms a cap at each end of the 20S CP. The 19S RP can
be further divided into the base and lid (sub complexes). The 19S RP regulates the proteolytic
function of the core protease [3]. Attachment of ubiquitin to the target protein is a reversible
process mediated by specific ubiquitin ligases and proteases {known as deubiquitinating
enzymes (DUBs)}. DUBs counteract activity of specific ubiquitin ligases by removing
ubiquitin and editing ubiquitin chains. DUBs also maintain free ubiquitin monomers in the
cellular pool [4].

Ubiquitination of targeted proteins involves a series of enzymatic reactions catalyzed

by a cascade of enzymes. Ubiquitin molecules get covalently attached to the target protein



and tagged proteins get degraded either by the 26S proteasome or by the lysosome [5].
Ubiquitin conjugation to the target proteins involves E1 ubiquitin-activating enzymes that
activate ubiquitin at its C-terminal Gly through a thio-ester bond in an ATP-dependent
manner. At first, transfer of activated ubiquitin to Cys residues of E2 ubiquitin-conjugating
enzymes takes place. E3 ubiquitin-ligase enzyme causes transfer of E2-linked ubiquitin to a
Lys residue of a targeted protein. As illustrated in fig. 1.1.1. The importance of E3 ligase is
that it confers specificity to ubiquitination by identifying target proteins and thus acts as a
mediator for transfer of ubiquitin from an E2 ubiquitin-conjugating enzyme to the target
protein [1]. E3 ubiquitin-ligases either exist as single polypeptides or in multimeric
complexes [1]. They are classified into three distinct types based on recognition of substrate
specificity and structure of the domains: N-end rule E3s specifically targeting protein
substrates bearing destabilizing N-terminal residues; E3s containing the homology to E6-
associated protein (E6AP) carboxyl terminus (HECT) domain and E3s with the really
interesting new gene (RING) finger, including its derivatives, the U-box and the plant

homeo-domain (PHD) [6]. Over six hundred E3s are encoded by the human genome [6]
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Figure 1.1.1 The ubiquitin-proteasome pathway

The RING type and the HECT type are the two most commonly found E3s. Human
E3s are dominated by the RING family members (nearly ninety five percent) and only twenty
eight enzymes belong to the HECT family. The basic difference between these two families
lies in the way of substrate presentation. The HECT type E3 forms an intermediate thioester
bond with the C terminus of ubiquitin of an E2 through a conserved Cys residue and then
transfers that to the substrate. Whereas, the RING E3s are scaffold proteins that bring the E2s
in close proximity to their substrates to aid in ubiquitin transfer [5]. As demonstrated in figure

1.1.2. RING E3s are elaborately discussed in the next section.
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Figurel.1.2 Types of E3 ubiquitin ligases (Courtesy Ref: [7])
1.2. RING Type E3 Ubiquitin Ligases and their Involvement in Human Cancers
RING domain E3 ubiquitin ligases form the largest family of human E3 ubiquitin ligases.
Members of this family contain a classic C3H,C3z or C3HC4 RING (that is, three conserved
Cys residues followed by two conserved His and then three additional conserved Cys or three
conserved Cys residues followed by a conserved His and then four additional conserved Cys)
finger domain with a characteristic linear sequence of Cys-X;-Cys-Xg 39-Cys-X; 3-His-X5 3-
Cys/His-X,-Cys-X, 45-Cys-X,-Cys, where X stands for any amino acid [8]. A typical RING
finger consists of Zn?*-coordinating domain with Cys and His residues spaced sequentially,
and aids in E2-dependent ubiquitination of targeted substrate [9].

Monomers, dimers or multi-subunit complex family members exist within the RING
finger family. Homodimers and heterodimers are formed due to dimerization of the RING
finger domains or neighbouring regions. Homodimer RING finger E3s include cellular
inhibitor of apoptosis or BIRC2 (clAP), RNF4, seven in absentia homologue (Siah), and TNF
receptor associated factor 2 (TRAF2) [10-12]. Heterodimeric family members include murine

double minute 2 (MDMZ2), also known as HDM2 in human and MDMX or MDM4 (HDMX



or HDM4 in human), breast cancer 1 (BRCA1) and BRCA1l-associated RING domain 1
(BARD1), RING1b (known as RNF2) and B-cell-specific moloney murine leukaemia virus
integration site 1 (BMI1) [13, 14]. For heterodimers, one RING domain is used to stabilize
the active E2-binding RING domain and generally lacks ligase activity. The cullin RING
ligase (CRL) superfamily belongs to multi-subunit RING E3s [15].

Members of the RING family E3 ubiquitin ligases play important roles in many
biological processes including DNA repair, cell cycle, apoptosis pathway, lysosome
degradation, and angiogenesis [9]. Several members of these subfamilies have been
associated with various disease pathogenesis including cancer. RING finger E3 ubiquitin
ligases have been implicated either as oncogenes or as tumor suppressors. Many members of
CRL superfamily have been linked to tumor progression including breast cancer, skin cancer,
colorectal cancer and gastric cancer [16]. Likewise various members of the tripartite motif
(TRIM) superfamily are also known for regulating cancer progression. The tumor suppressor
BRCAL is often mutated in breast and ovarian cancer [17]. Cbl, Cbl-b, and Cbl-c are
members of casitas B-lineage lymphoma (Cbl) RING ubiquitin ligase family that have been
implicated in myeloid lymphoma, breast cancer, gastric cancer, and lung cancer [18-22]. The
oncoprotein MDM2 is upregulated in many cancers targeting ubiquitin-mediated degradation
of tumor-suppressor protein p53 [23].

Metastasis is a critical event during cancer progression and is the foremost causes of
cancer-related mortality. Tumor microenvironment plays a crucial role in metastasis
progression and one such key factor is hypoxia or low oxygen tension [24]. During hypoxia,
the RING finger E3 ubiquitin ligase von Hippel-Lindau (VHL) tumor suppressor protein
(pVHL) is found to be inactivated in clear-cell renal cell carcinoma (ccRCC), thus activating

the hypoxia pathway via hypoxia inducible factorla (HIF1a) [25]. Another class of RING



finger E3 ubiquitin ligases regulating HIF 1a stability are the Siah proteins. The role of Siah
proteins in cancer progression and metastasis are elaborated here.

1.3. Siah Proteins and their Roles in Cancer Progression

Human homolog of the Drosophila seven in absentia (sina) protein Siah superfamily of RING
finger E3 ubiquitin ligases has three members- Siah1, Siah2 and Siah3. Structural analysis of
highly conserved Siah proteins reveals that these are dimeric proteins with two novel zinc
fingers. A Siah protein has a divergent N-terminal with a highly conserved catalytic RING
domain and a substrate-binding domain at the C-terminal. As shown in figure 1.3.1. The
substrate-binding domain show structural homology with tumor necrosis factor (TNF)
receptor associated factor (TRAF) proteins [12]. More than 30 diverse substrates have been
identified that interact with Siah proteins. Siah proteins can either directly interact with their
substrates or require adaptor proteins such as siah-interacting protein (SIP) for interaction
[26, 27]. Thus, Siah proteins regulate a number of fundamental cellular processes including
protein degradation, angiogenesis, inflammation, cell proliferation, cell migration and

apoptosis [28-32] and therefore, play critical roles in maintaining cellular homeostasis.

Degradation : 1
by proteasomei

Figure 1.3.1 The RING domain structure of Siah proteins



Siahl and Siah2 proteins regulate the stability of several oncogenic factors such as
prolyl hydroxylases, p-catenin, NUMB, TRAF2, Sprouty2, and CCAAT/enhancer-binding
protein delta (C/EBPS) [26, 27, 33-35]. Specifically in hypoxic microenvironment, Siah2
regulates the hippo signalling pathway that plays a critical role in tissue growth and results in
survival and growth of hypoxic tumor cells [36]. Siah3, the newest member in the Siah
family, however, has not been functionally characterized yet. Siahl and Siah2 have
oncogenic functions in animal models, while in vitro cell-based assays suggest tumor-
promoting roles for Siah2 and apoptosis-inducing role for Siahl [37]. As both proteins have
structural similarity, they often show functional redundancy. As a result, some substrates are
targeted by both Siah proteins while some are targeted by one and not by the other. This
redundancy can be attributed to either post-translational modification of these proteins or
their subcellular localization. [37].

In spite of the increasing research interest on Siah proteins, there are very few reports
on their transcriptional regulation during disease processes including cancer. Siah2 is
transcriptionally upregulated by estrogen in estrogen-responsive breast cancer [38]. Wnt5a.
induces Siah2 expression in colon cancer cells [39]. Hypoxia, which is known to induce
Siah2, [34] does so by inducing the p38 MAPK and Akt pathways [40, 41]. Siahl is
transcriptionally induced by E2F1, p53 and Spl and causes apoptosis [42, 43]. Surprisingly,
there has not been any study to understand the mechanism of expression of Siah2 proteins in
gastric cancer cells (GCCs), while only one study has shown that Siah1 has a rare inactivating
mutation in gastric cancer tissue [44]. Thus, the role of Siahl in regulating gastric cancer is
not possibly limited to its tumor-suppressive role. This notion is further potentiated by studies

on animal models which portray Siahl as a tumor-promoter [37].



1.4. Gastric Cancer
Stomach cancer is the fifth lethal malignancy in the world and its poor prognosis makes it the
third leading cause of cancer-related mortality [45]. Developing countries such as Asia, Latin
America, central and eastern Europe have very high burden of gastric cancer as compared to
the developed countries like North America and western Europe where it is no longer a
common cancer [4