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SYNOPSIS
This thesis work reports the molecular events initiated by two major factors responsible for
gastric carcinogenesis, hypoxia and Helicobacter pylori in promoting epithelial to
mesenchymal transition and metastasis. As the spreading of malignant cells is restricted by
apoptosis induction, this work identifies the interaction of programmed cell death with gastric
cancer metastasis.

i

Gastric cancer is one of the prevalent cancers in the modern industrialized world. Many
factors are involved in gastric cancer progression but nearly more than 80% of the cases have
been attributed to H. pylori infection (1). Primary tumors migrate to the distant organs through
metastasis attributing to the systemic nature and treatment failure prevalent in cancer (2-4) .
Metastasis proceeds through several steps which include local invasion, intravasation,
survival in the circulation, extravasation and colonization (5). Epithelial to mesenchymal
transition (EMT) is the first event that happens during metastasis in which epithelial cells
possessing cancerous properties can shed their epithelial characteristics and get transformed
into mesenchymal cells. EMT promotes the invasive and migratory properties of cancer cells
and helps in the development of distant metastasis (6). Hypoxia inducible factor 1α (Hif1α) is
a transcription factor which is induced in hypoxia also plays a major role in EMT and
metastasis process (7, 8). p300 is a transcriptional cofactor for Hif1α which has histone/lysine
acetyl transferase (HAT/KAT) activity and plays a crucial role as a tumor suppressor as well
as a proto-oncogene (9). Chemical hypoxia can be induced by cobalt chloride hexahydrate
(CoCl2.6H2O) which has similar biochemical response as that of physiological hypoxia (10,
11). Apart from hypoxia, H. pylori is another major factor which induces EMT and
metastasis in GECs (12, 13). H. pylori is a Gram-negative bacteria which colonizes in the
human stomach leading to gastritis, gastric and duodenal ulcers, gastric carcinoma and
mucosa-associated lymphoid tissue (MALT) lymphoma (14).

H. pylori induce reactive

oxygen species (ROS) generation which stabilizes Hif1α in normoxic condition (15, 16). H.
pylori infection also enhances the expression of the Bcl2 family antiapoptotic and
tumorigenic protein, myeloid cell leukemia 1 (Mcl1), and a proapoptotic BH3-only tumorsuppressor protein Noxa. Both of these proteins contain hypoxia-response elements (HREs)
in their promoters (17, 18). Maintenance of Mcl1 and Noxa balance is a very crucial
parameter for cell survival and apoptosis. Killing of metastatic GECs is a hard to achieve
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goal in terms of therapy since metastatic cells mostly resist apoptosis. This thesis work
focuses to understand the role of hypoxia and H. pylori infection in regulation of gastric
cancer EMT and metastasis. Inhibition of HAT activity as well as Hif1α activity however,
were achieved by treating hypoxic or H. pylori-infected cells with a HAT/KAT inhibitor.
This thesis has been organized in six chapters and contents of each chapter have been
discussed as follows.
Chapter 1 (Introduction): This chapter provides an introduction to the thesis which includes
a brief overview of gastric cancer, EMT and metastasis. It also focuses on two important
factors that drive the EMT process which are hypoxia and H. pylori infection. Both of these
factors induce Hif1α for which p300 acts as a transcriptional cofactor. p300 has a histone
acetyl transferase (HAT) activity which is crucial for cell signalling events. Hif1α induces the
expression of several EMT markers such as Twist1, N-cadherin, SNAIL etc. and actively
participates in the metastasis process. This chapter also explains various pathways involved
in selective apoptosis induction in metastatic cells.
Chapter 2 (Experimental methodologies): This chapter covers the details on the
methodologies employed to accomplish the objectives of this thesis work. It includes the
description of various cell lines, reagents, chemicals and tissue samples used for the work.
CoCl2.6H2Ohas been used as a chemical inducer of hypoxia. BD GasPak EZ gas generating
system has been used to generate physiological hypoxia (1% oxygen). CTK7A [(Sodium 4-(3,
5-bis (4-hydroxy-3-methoxystyryl)-1H-pyrazol-1-yl) benzoate], a curcumin-derived water
soluble HAT/KAT and p300 auto-acetylation inhibitor (19) have been extensively usedfor this
work. This chapter describes all cell culture techniques which include maintenance of various
gastric epithelial cancer cell lines as well as maintenance of H. pylori culture.
This chapter also describes several molecular biology techniques including cloning of
proapoptotic gene Noxa, introducing mutation in Noxa by site-directed mutagenesis and
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characterization of Noxa S13A mutant by western blotting, immunoprecipitation assay, flow
cytometry and confocal microscopy. In vitro binding assay has been described to show
molecular interaction between proteins. Detailed methodology for stable cell line generation
has also been explained. Invasion assay, migration assay, soft agar assay, wound-healing
assay has been described which are done to study the metastatic properties of GECs under
different experimental conditions. Experimental details that were used to study human gastric
biopsy samples by immunofluorescence microscopy have been presented in this chapter.
Chapter 3 (Selective apoptosis induction in hypoxic GECs expressing EMT markers
and metastasis property): Chapter 3 establishes the role of hypoxia in gastric
carcinogenesis. In this work, BD GasPak EZ Gas Generating Pouch System was used to
generate 1% oxygen that creates physiological hypoxia and CoCl2.6H2O was used as a
chemical mimetic agent for hypoxia. Hypoxia induces expression of Hif1α and other EMT
markers such as Twist1, N-Cadherin etcetera. p300 which is one of the transcriptional
coactivator of Hif1α which has Histone acetyl transferase (HAT) activity. Inhibition of p300
HAT activity by CTK7A in hypoxic cells downregulated expression of Hif1α and other EMT
markers. HAT inhibition also upregulated Noxa expression in hypoxic GECs as well as
hypoxic primary cells. As Hif1α binds to the HRE region of Noxa (20) promoter, we
expected decreased expression of Noxa with suppression of Hif1α. Surprisingly, we did not
observe any changes in Noxa expression in Hif1α suppressed hypoxic cells after HAT
inhibition. We also observed that HAT inhibition induced ROS generation and p38 activation
which in turn activated Noxa expression and intrinsic cell death selectively in hypoxic cells.
Thus, we reported for the first time HAT inhibition induced Noxa-mediated apoptosis in
hypoxic GECs.
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Scheme 1. Mechanism of CTK7A-mediated apoptosis induction in hypoxic GECs.
Inhibition of HAT activity downregulates Hif1α expression and reduces expression of EMT
markers leading to suppression of metastatic property of hypoxic GECs. Apoptotic killing of
these hypoxic metastatic GECs is achieved by H2 O2 generation and activation of p38 MAPK
which subsequently increases Noxa expression in CTK7A treated GECs. Noxa is translocated
to mitochondria and induces intrinsic apoptosis pathway. Curved arrow= mitochondrial
translocation; solid-headed arrow= down-regulation;

dotted arrow= minor pathway,

arrow-headed= activation; blunt end-headed= inhibition.
Chapter 4 (Role of H. pylori in cell survival mechanism in GECs): This chapter describes
the role of H. pylori in gastric cancer. The BH3-only apoptotic protein Noxa binds with the
anti-apoptotic protein Mcl1 and forms a complex that is targeted for proteasomal degradation.
Thus, Noxa functions as a critical regulator of apoptosis in Mcl1-expressing cells (21).H.
pylori infection also induces ROS generation andHif1α stabilization in normoxic condition
v

(16). Both Mcl1 and Noxa contain HREs in their promoters and hence interact with Hif1α
(17, 22). We have obserserved that Noxa phosphorylation at the 13th serine by c-Jun Nterminal kinase (JNK) inhibits mitochondrial translocation of Noxa and its interaction with
Mcl1, thus protecting cells from instrinsic apoptosis pathway.

Scheme 2. Regulation of Noxa mediated apoptosis in H. pylori-infected GECs.
H. pylori-infection induces Hif1α expression in GECs which enhances Noxa expression. H.
pylori infection also induces mitochondrial translocation of Bax followed by its interaction
with Mcl1. Non-phosphorylated form of Noxa has higher mitochondrial translocation
potential which further displaces Bax from Mcl1 and induces Mcl1 degradation followed by
Bax oligomerization and Cytochrome c release resulting in apoptosis. But Noxa
phosphorylation at S13 residue by JNK is activated in H. pylori-infected GECs inhibits its
mitochondrial translocation resulting in impairment of apoptosis. Curved arrow=
translocation.
Chapter 5 (Effect of HAT inhibition on H. pylori-infected GECs expressing EMT
markers): Chapter 5 explains the role of HAT inhibition on EMT regulation and apoptosis

vi

induction in H. pylori-infected GECs. Previous findings explain the role of H. pylori in the
progression of EMT in gastric cancer cells (13, 23, 24). We observed that upregulation of
EMT markers such as N-cadherin and Twist1 in GECs upon H. pylori infection. Inhibition of
HAT activity by CTK7A upregulated proapoptotic protein Noxa expression in H. pyloriinfected GECs while downregulating expression of EMT markers. Whereas, uninfected
GECs, that did not express metastatic markers, had significantly less apoptosis than infected
GECs. Thus, we found that HAT inhibition selectively killed H. pylori-infected GECs which
might provide a new insight in controlling GEC cancer.
Chapter 6 (Summary and Conclusion): Chapter 6 provides concluding remarks about our
findings which demonstrate crucial role of hypoxia and H. pylori infection in regulating
metastatic properties of GECs. Further, we show inhibition of HAT/KAT activity induces
Noxa-mediated apoptosis selectively in H. pylori-infected and hypoxic gastric epithelial
cancer cells.
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INTRODUCTION

Chapter 1

1

Section A: Factors regulating gastric cancer epithelial to mesenchymal transition
(EMT) and metastasis progression
1.A.1. Overview of gastric cancer
Gastric cancer is ranked as the fourth most common cancer and the second most common cause
of cancer-related deaths. Globally, more than 700,000 people die every year from this disease
(1). Rate of gastric cancer incidence is two to three fold more in males as compared to females.
The highest incidences are observed in East Asia, East Europe, and South America, while the
lowest rates are observed in North America and most part of Africa (2). In India, stomach
cancer is the fifth leading cancer in males and the seventh in females (3). Progression of gastric
adenocarcinoma is a multistep process which includes chronic gastritis, atrophy, intestinal
metaplasia, dysplasia, and cancer (4).
1.A.2. Etiology
Many factors are involved in gastric cancer progression, but nearly more than 80% of the cases
have been associated with Helicobacter pylori infection (5). According to the International
Agency for Research in Cancer (IARC), H. pylori have been classified as a type I carcinogen
for gastric cancer (6). Near about half of the world’s population are found to be infected with
H. pylori and 1-3% of them develop gastric cancer (7-9). In addition, diet, lifestyle, genetic,
socioeconomic and other factors contribute to gastric carcinogenesis (10).

Figure 1.1. Risk factors for gastric cancer
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1.A.3. Overview of metastasis
Metastasis is the phenomena in which cancer cells from the primary tumor mass leave the
origin and migrate to lymphatics and distant organs (11, 12). Metastatic tumor cell shows
resistance to therapeutic agents and enhances systemic nature which induces spreading of
cancer (13). Metastasis proceeds through several steps which include local invasion,
intravasation, survival of the invading cells in the circulation, extravasation and colonization in
the new destination tissue (14).The metastatic cascade starts with local invasion which includes
physical dislocation of cancer cells from the primary tumor site and invasion through the
surrounding tissue. The second step is intravasation during which invasive tumor cells
penetrate the lumina of the lymphatics or blood vessels. After successful intravasation,
circulating tumor cells reside in the venous and arterial circulation for a brief time period. The
next step is the extravasation in which the circulating cancer cells enter in the tissue
parenchyma by rupturing the endothelial wall and the pericyte layer. The extravasation step
begins with the attachment of cancer cells to endothelial cells (ECs) followed by the transendothelial migration (TEM). Extravasated cancer cells inhabit in the distant organs and form
micro-metastases after being adapted within the new niche. The final step in the metastasis
process is the metastatic colonization which includes the establishment and outgrowth of cancer
cells at the distant site. These micro-metastases survive and proliferate in the distant organs and
cause formation of new metastatic masses (13, 15).Various events in the metastasis progression
are schematically summarized in Figure 1.2. The EMT acts as a driving force for metastasis
progression which is discussed in subsequent sections.
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Figure 1. 2. Mechanism of metastasis progression (Courtesy: Ref 11).
1.A.4. EMT
EMT, apart from its extensive role in the embryogenesis and several developmental processes,
plays a crucial role in metastasis progression. During EMT, epithelial cells possessing
cancerous properties attend mesenchymal cell shape and acquire mesenchymal properties.
EMT promotes invasiveness and motility of cancer cells and helps in the development of
distant metastasis (16). Mesenchymal to epithelial transition (MET) is the reverse process of
EMT in which cancer cells regain their epithelial nature and take part in establishing distant
metastasis (17). Various factors involved in the EMT and MET processes are depicted in
Figure 1.3.
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Figure 1.3. EMT and MET markers
1.A.5. EMT and metastasis progression in gastric epithelial cells (GECs)
Metastasis of gastric cancer is the most common cause of poor prognosis of the disease.
Deregulation of different signaling pathways leads to metastasis. Some of these are discussed
here. Epithelial property of gastric cancer cells are determined by sequential arrangement of
adherence junction, tight junction and desmosomes. Formation of adherence junction depends
on E-cadherin synthesis which is encoded by cadherin 1 (CDH1) gene. Due to aberrant EMT
progression, E-cadherin synthesis switch gets shifted to N-cadherin formation which is a
mesenchymal marker. This event finally leads to change in cell shape as well as motility and
spreading of cancer (18, 19). Another important signaling pathway which regulates EMT is
transforming growth factor-β (TGF-β)-mediated signaling. TGF-β is a cytokine that induces
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metastatic property of cells by inducing its anchorage-independent growth (20). Apart from
signaling pathways, several transcriptional factors are also involved in the metastasis
regulation. Zinc finger protein 139 (ZNF-139) is one of the transcription factors which induces
tumor metastasis and invasiveness of GECs (21). Another EMT-inducing transcription factor is
forkhead

box

C2

(FOXC2)

regulated

by

small

ubiquitin-like

modifier

proteins

(SUMO1)/Sentrin/(suppressor of mif two 3) SMT3-specific peptidase 3(SENP3), a redoxsensitive SUMO2/3-specific protease. Many mesenchymal genes are expressed through the
transcriptional activity of FOXC2 which is regulated by SENP3 through de-SUMOylation (22).
Krüppel-like factor 8 (KLF8) is a transcriptional repressor which is expressed in gastric cancer
tissues and induces EMT by activating Hypoxia inducible factor 1 (Hif1) in hypoxic cells (23).
Calcium/calmodulin-dependent protein kinase II activates nuclear factor κB (NFκB) and
protein kinase B or Akt which in turn induces matrix metalloproteinase-9 (MMP9) production
and metastasis induction in gastric epithelial cancer cells (24).
Apart from transcription factors, miRNAs also play pivotal role in the regulation of
gastric cancer metastasis. A few miRNAs induce EMT while others inhibit EMT process. For
example, miR-25 promotes gastric cancer metastasis and invasiveness by targeting reversioninducing-cysteine-rich protein with kazal motifs (RECK) (25) which acts as a metastatic
supressor. miR-27 promotes EMT and metastasis of GECs by upregulating EMT-associated
genes ZEB1, ZEB2, Slug, and Vimentin. It also decreases E-cadherin levels (26). Another miR
which is involved in negative regulation of EMT is miR-34a. This miR suppresses invasiveness
and metastasis by downregulating MET (27).
Many of the above-mentioned factors regulating gastric cancer EMT are modulated by hypoxia
as well as H. pylori infection, the role of which are being discussed in the following section.
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1.A.6. Hypoxia as a regulator of EMT and metastasis
Oxygen (O2) is very essential for the physiological functioning of aerobic organisms.
Deprivation of normal O2 level is known as hypoxia (28). Human tumor tissues are
heterogeneous in nature in terms of O2 distribution as compared to original normal tissues (29).
Hypoxia occurs in tumor tissue that is >100–200 μm away from a functional blood supply (30,
31). Solid tumors are more resistant to chemotherapy as well as radiotherapy due to the
alteration in the tumor microenvironment. The tumor microenvironment becomes deprived of,
O2 which leads to the hypoxic or anoxic condition. Tumor cells protect themselves from the
hypoxic environment by adapting to glycolysis or anaerobic respiration (32). These tumor
masses invade to the nearby organs to get an adequate supply of O2 which results in the
metastasis of cancer cells (33). Several genes are controlled by hypoxia, which further alter
non-specific stress responses, anaerobic metabolism, angiogenesis, tissue remodeling and cellcell contacts (34). Enhanced angiogenesis are observed in hypoxic tumor cells which are
mediated by vascular endothelial growth factor (VEGF) (35, 36). Hif1 is a major transcription
factor expressed during hypoxia and it regulates several other downstream pathways leading to
EMT and metastasis progression (37).
After the above discussion, it might seem contradictory that hypoxia can also induce
apoptosis by mitochondria-mediated intrinsic cell death pathway (38) as well as mitochondriaindependent pathway (39). Hypoxia-induced Hif1 can reportedly stabilize the proapoptotic
protein p53 (40) which may induce apoptotic cell death. Hypoxia can be induced by lack of
oxygen supply to the body or tissue (physiological hypoxia) or it can be induced by chemical
treatment or exposure (chemical hypoxia).
(a) Physiological hypoxia
Deprivation of normal O2concentration (20%) in the body creates physiological hypoxia. 2-5%
O2 concentrations is considered to be hypoxic. Hypoxia enhances mesenchymal properties of
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cells (41). Many diseases are contributed by hypoxic condition, a few of which include cerebral
ischemia, myocardial ischemia and tumor angiogenesis (42). Hypoxia upregulates Hif1 in
many diseases. For example, renal hypoxia induces chronic kidney disease (CKD) progression
by inducing the α subunit of Hif1 (43).
(b) Chemical hypoxia
Cobalt chloride hexahydrate (CoCl2.6H2O) is a chemical hypoxia-mimetic agent (44, 45).This
chemical induces the same biochemical responses as that of physiological hypoxia (46, 47).
CoCl2 plays a crucial role in the progression of EMT and metastasis (48, 49) which increases
invasiveness of GECs and enhances cancer aggressiveness (50, 51). It also induces stem celllike characters in cancerous cells (52, 53). CoCl2 is generally used as a hypoxia-mimetic agent
as it induces Hif1α expression in a similar manner as that of physiological hypoxia (54).
Further, CoCl2-induced hypoxia also enhances expression of p300, a transcriptional coactivator
for Hif1 (55). Another hypoxia-mimetic agent desferrioxamine is an iron chelator and also
enhances Hif1 expression (46). One more important factor inducing Hif1 expression in GECs is
H. pylori infection, which is discussed elaborately in subsequent sections.
1.A.7. H. pylori: an inducer of EMT and metastasis
(a) An overview
H. pylori are gram negative bacteria that infect half of the world’s population. This pathogen
colonizes in the human stomach and cause gastritis, gastric and duodenal ulcers, gastric
carcinoma and mucosa-associated lymphoid tissue (MALT) lymphoma (56). H. pylori infection
induces gastric carcinogenesis by enhancing either the cancer-promoting effects of the
pathogen or host inflammatory responses to chronic infection. A key feature of H. pylori is its
microaerophilic nature; with optimal growth at O2 levels of 2-5% and an additional need of 510% CO2, high humidity and an optimum temperature of 37°C. The successful life-lasting
colonization of H. pylori in the human stomach is achieved through a combination of virulence
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factors such as urease enzyme, vacuolating cytotoxin A (Vac A), cytotoxin-associated antigen
(Cag), type IV secretion system (TFSS) which prepare the pathogen for various challenges
presented by the harsh environment of the human stomach (57).
(b) Epidemiology and transmission
H. pylori have a narrow host range and infection spreads from human to human or environment
to human (58). Prevalence of H. pylori infection is more in developing countries as compared
to the developed nations. In the developing countries, 70-90 % of the population before the age
of 10 get infected. Out of which, 10–20 % individuals develop gastritis (59). H. pylori is mostly
transmitted by the faecal–oral route (60). Contaminated water is a major source of H. pylori
(61) infection. Zoonotic mode of H. pylori transmission has been reported mainly via the milk
and faeces of cow (62).
(c) Pathogenesis
H. pylori reside in the antral gastric epithelium of the infected individual (63). This pathogen
survives within the acidic mucus layer of the host by its acid tolerance capacity. It produces
abundant amount of urease in the gastric lumen which hydrolyses urea into carbon dioxide and
ammonia (8). H. pylori have flagella which make it mobile and allow to swim in the gastric
lumen and to enter the mucus layer. H. pylori then binds to the epithelial cell by multiple
bacterial surface components like Bab A (64). After contacting the gastric epithelium, cag
pathogenicity island (PAI) determines its virulence (65). The cag PAI is of 40 kb length and
contains 27 genes, a majority of which encodes for TFSS. TFSS induces translocation of
effector molecule CagA into the host epithelium which is further phosphorylated at its Cterminal tyrosine residues that leads to the activation of receptor tyrosine kinase activation
(RTKs) (66). Dephosphorylation of CagA is also involved in several signaling events. This
phosphorylation and dephosphorylation loop of CagA is crucial for H. pylori pathogenesis
which includes disruption of the cytoskeleton, interference with adhesion between adjacent
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cells and modulation of pro-inflammatory as well as anti-inflammatory responses (67). H.
pylori are classified as cag (+) or type I strains or cag (-) or type II strains based on the
presence and absence of the cag region.cag (+) strains are more virulent and carcinogenic as
compared to the cag (-) strains (68). Cag A is part of the cag PAI and is considered as one of
the major virulent and carcinogenic antigens. Vac A is one of the major vacuolating factors
secreted by H. pylori that enhances peptic ulcer. H. pylori antigens cross the epithelial layer to
activate macrophages to release several pro-inflammatory cytokines such as interleukin-8 (IL8), IL-6, IL-1, and possibly IL-12 (8). IL-12 and H. pylori antigens polarize the CD4+ T helper
cells into a prominent Th1 phenotype. There is release of pro-inflammatory cytokines such as
TNF-α and IFNγ at the site of infection which contributes in causing gastritis (69).
(d) Role of H. pylori in EMT progression
Involvement of H. pylori in EMT and metastasis progression is being studied relatively recently
and not completely understood yet. Some of the studies are being discussed here. H. pylori
CagA protein alters the association between apoptosis-stimulating protein of p53-2 (ASPP2)
and p53 to stimulate the proteasomal degradation of p53, which inactivates the gastric tumorsuppressor runt-related transcription factor 3 (RUNX3) and enhances tumor necrosis factor
receptor-associated factor 6 (TRAF6)-mediated Lys 63-linked ubiquitination of transforming
growth factor β (TGFβ)-activated kinase 1 (TAK1) (70-72). H. pylori also induces NF-kB
which further upregulates IL-8 secretion in GECs which is a crucial factor responsible for H.
pylori-induced chronic inflammation and gastric carcinogenesis (73). The role of bone-marrow
(BM)-derived cells (BMDCs) in H. pylori-induced gastric carcinogenesis has recently been
demonstrated which shows that H. pylori recruit BM stem cells to the gastric mucosa which
develops into gastric glands with the potential to evolve toward metaplasia and dysplasia (74).
Cag A (+) H. pylori strains also induce p53 mutation that contributes in gastric carcinogenesis
(75). One of the recent findings states the role of ETS2 and Twist1, promoting invasiveness of
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H. pylori-infected gastric cancer cells by inducing seven in absentia homolog 2 (Siah2) protein
(76). Involvement of H. pylori in epigenetic modifications and inflammation-induced
malignancies during gastric carcinogenesis has been recently reported (77).
Role of H. pylori in the EMT process is currently being extensively studied. H. pylori
infection induces invasiveness as well as stem cell-like properties in cancer cells which further
enhance EMT (78). Several mesenchymal markers like ZEB1, twist1, N cadherin, vimentin,
snail and slug are upregulated upon cagA (+) H. pylori infection (79-82). H. pylori CagA
induces expression of carcinogenic miRNAs that drive metaplasia progression in GECs (83).
Also, H. pylori stimulate some miRNAs that suppress EMT while some others induce EMT
(84). The prometastatic transcription factor Hif1 is expressed in GECs after H. pylori infection
(85, 86). The role of Hif1 in metastasis is detailed in the next section.
1.A.8. Hif1
Hif1 is a transcription factor that regulates expression of several genes involved in cancer
progression. It is a member of Hif family proteins and is upregulated by hypoxia. Other
members of Hif families are Hif2 and Hif3 (87, 88) . Hif1 is a heterodimer that consists of an
oxygen-dependent α subunit and a constitutively-expressed β subunit. H. pylori-induced
reactive oxygen species (ROS) can stabilize Hif1α in normoxic condition (89), thus further
contributing to metastasis progression.
(a) Domain structure of Hif1
Hif1α is a basic helix-loop-helix (bHLH) protein and consists of 826 aminoacid polypeptide.
The amino-terminal half of each subunit contains a basic helix-loop-helix (bHLH) and a PERARNT-SIM homology (PAS) domain. Hif1α has amino and carboxy terminal nuclear
localization signals (NLS-N and NLS-C, respectively) which help the protein to act as a
transcription factor. The other domains include the proline-serine-threonine-rich protein
stabilization domain (PSTD), amino and carboxy-terminal transactivation domains (TAD-N
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and TAD-C, respectively), and the transcriptional inhibitory domain (ID). Transactivation
domain of Hif1α is very critical for its biological function as it interacts with its transcriptional
coactivators CBP and p300 towards its C-terminal (90). The other subunit, Hif1β, is expressed
as a 774 or 789-amino-acid polypeptide (due to alternative splicing of an exon encoding 15
amino acids). The Hif1β subunit, which is identical to the aryl hydrocarbon receptor nuclear
translocator (ARNT), is a constitutively expressed nuclear protein. Hif1α and Hif2α have
similar domain architecture and are regulated in a similar manner. Hif3α is less closely related
to Hif1α and its regulation is less understood (91).

Figure 1.4. Domain structure of Hif1 protein (Courtesy: Ref 88)
(b) Hif1, p300 and their roles in cancer progression
Hif1 plays a very crucial role in cancer progression by regulating expression of several
downstream effector molecules involved in EMT and metastasis. Angiogenesis is a critical
phenomenon that leads to cancer progression. Hif1 binds to the hypoxia response element
(HRE) site of various genes to regulate their function (92). Several pro-angiogenic factors such
as VEGF, VEGF receptors FLT-1 andFLK-1, plasminogen activator inhibitor 1(PAI-1),
angiopoietins, platelet-derived growth factor B (PDGF-B), the angiopoietin receptor and matrix
metalloproteases (MMP) 2, 7 have HRE sites at their promoter and hence, regulated by Hif1.
Apart from that, Hif1 also induces cell proliferation that contributes in the metastasis process
(87). p300 is a transcriptional cofactor of Hif1, has histone acetyl transferase (HAT) activity
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and is recruited to Hif1α (93) for its biological functions. p300 acts as a tumor-suppressor by
binding with and acetylating p53, which is a major pro-apoptotic protein. p300 also acts as a
cellular oncogene by activating several proto-oncogenic factors (94). Autoacetylation induces
HAT activity of p300. Both enhanced and suppressed HAT activity in tumor cells can lead to
cell cycle arrest and apoptosis (95, 96). Several studies have suggested crucial roles of histone
acetylation and deacetylation in gastric cancer progression and invasiveness (97, 98).

Figure 1.5. Domain structure of p300 protein (Derived from: Ref 98)
The 300 kDa protein, p300, consists of a trans-activation domain and an acetyl
transferase domain. In addition, p300 has one bromodomain, three cysteine and histidine rich
domains (CH domains) such as CH1, CH2, CH3 and one adenosine deaminase (ADA2)
homology domain. The centrally located 380 residue HAT domain (99, 100) is very important
for the biological activity of p300. The bromodomain of p300 recognizes several acetylated
motifs. The HAT domain lies in the central region of the protein and can autoacetylate itself as
well as other histone molecules (100). Inhibition of p300 HAT function influences several
biological processes. For example, a specific inhibitor of p300 HAT, C646, blocks cell cycle
progression, induces cellular senescence and inhibits the DNA damage response in melanoma
cells (101). So, the study of p300-mediated EMT and metastasis regulation by Hif1 in hypoxic
as well as H. pylori-infected GECs might be important to further elucidate the molecular
mechanisms involved in gastric cancer.
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Section B. Apoptosis as a negative-regulator of metastasis progression
1.B.1. Apoptosis: An overview
Apoptosis is the programmed cell death pathway by which multicellular organisms maintain
their body homeostasis. Defects in the apoptotic pathways leads to generation of neoplastic cells
since mutated cells keep on living instead of dying. Metastatic cells show malignant property and
resistance to apoptosis by losing their contact with extracellular matrix as well within the cells
(102). So apoptotic cell death acts as a check point for spreading of metastatic cells (103).
Apoptosis can proceed through two pathways, i.e. the extrinsic pathway and the intrinsic
pathway (104). The extrinsic pathway starts with recruitment of death receptors on cell surface
followed by activation of caspase 8/caspase 10. The intrinsic pathway is operated through
mitochondria in response to several apoptotic stimuli like UV radiation, chemotherapy or
hypoxia. Cytochrome c (Cvt c) release and apoptosis-activating factor 1 (APAF1) complex
formation followed by formation of cleaved caspase 9 are the hallmarks of the intrinsic cell death
pathway. Both of these pathways activate executioner caspase 3 which cleaves death substances
and results in apoptosis (38, 105).

Figure 1.6. Apoptosis pathways (Courtesy: Ref 100)
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The intrinsic apoptotic pathway is controlled by both pro as well as antiapoptotic
proteins (106). These proteins are encoded by the B-cell lymphoma 2 (Bcl-2) family genes.
Balance between these proapoptotic and antiapoptotic genes determines the cell fate. These
Bcl-2 family proteins have 1-4 Bcl-2 homology domains (BH1, BH2, BH3, BH4). Several
proapoptotic proteins have only BH3 domain which help in their interaction with antiapoptotic
counterparts and thereby suppress functions of the antiapoptotic proteins (107). For example,
the BH3 protein Noxa is considered to be an apoptosis sensitizer protein which degrades the
prosurvival protein Mcl1 leading to induction of apoptosis (108). Likewise, other proapoptotic
proteins such as Bax, Bad, Bid, Bak etc. are involved in the intrinsic apoptotic pathway and any
functional deregulation of these proteins leads to cancer progression. For example, loss of
function mutation of bax gene is observed in several tumors (109). Antiapoptotic proteins also
regulate intrinsic apoptotic pathway by directly antagonizing the function of proapoptotic
proteins (110). Noxa-mediated apoptosis induction plays a crucial role in apoptosis and yet, its
potential in apoptosis is not fully understood and remains under-rated.
1.B.2. Noxa-mediated apoptosis induction
Noxa {synonyms: immediate-early-response protein APR or phorbol-12-myristate-13-acetateinduced protein 1 (PMAIP1)} is one of the Bcl2 homology 3 (BH-3)-only tumor suppressor
protein involved in apoptotic cell death. noxa has a p53 binding site in its promoter and hence,
participates in p53-mediated apoptosis (111). Once activated by stressors such as ER stress,
proteasome-inhibitor treatment or genotoxic stress, Noxa gets translocated to mitochondria and
interacts with the pro-survival protein Mcl1. Noxa-bound Mcl1 is degraded by proteasomal
degradation which induces Bax oligomerization and Cyt c release by pore formation in the
outer membrane of mitochondria. This finally leads to the intrinsic cell death pathway (112).
p53-independent Noxa expression is also observed as a DNA-damage response of the cell (113,
114). Many reports show that H. pylori infection and hypoxia can induce Noxa expression by
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enhancing Hif1α binding to the Noxa promoter HRE (86, 115). This Hif1α-mediated Noxa
expression is independent of p53 status of the cell. The prosurvival protein Mcl1 is upregulated
by hypoxia and has a HRE at its promoter (116). So, regulation of Noxa and Mcl1 balance in
hypoxic as well as H. pylori-infected cells could be a major contributor in metastatic
progression of gastric cancer. One major finding by Lowman et al. describes that the
proapoptotic function of Noxa is modified by its phosphorylation (117). The importance of
phosphorylation of BH3 family proteins in carcinogenesis is known for some time (118). Noxa
phosphorylation by the stress-induced mitogen-activated protein kinase (MAPK) c-Jun-Nterminal kinases (JNK), prevents mitochondrial translocation of Noxa and help in cell survival
by upregulating the pro-survival protein Mcl1 (86, 119).
1.B.3. ROS-mediated apoptosis induction
Reactive oxygen species (ROS) are by-products of the cellular metabolic pathways. ROS
include oxygen-derived free radicals such as superoxide anions (O2•−), hydroxyl radicals (HO•),
peroxyl (RO2•), alkoxyl (RO•) and non-radical such as hydrogen peroxide (H2O2), hypochlrous
acid (HOCl) etc. (120). The electron transport chain of mitochondria and NADPH-cytochrome
P450 reductase in the endoplasmic reticulum are the major sources of ROS generation (121).
Peroxisome also acts as a source of ROS generation. ROS are involved in several biological
processes such as wound healing, tissue repair, killing of invading pathogens, to name a few.
So, deregulation in ROS generation has critical roles in cell survival and cell death (122).
1.B.4. Apoptosis in metastatic cells
Carcinogenesis and apoptosis are apparently two contradictory cellular events. Resistance to
apoptosis enhances carcinogenic properties of the cell. Metastatic cells escape from the
apoptotic cell death by disrupting the balance between the pro-apoptotic and anti-apoptotic
proteins, reduced caspase function and impaired death-receptor signaling (123).
.
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Figure 1.7. Apoptosis acts as a negative regulator of metastasis (Derived from Ref 121)
1.B.5. Apoptosis induction in metastatic cells
Cancer cell proliferation and metastasis can be reversed by apoptosis induction. Contemporary
therapeutic approaches like chemotherapy, γ-irradiation, immunotherapy or suicide gene
therapy exploits the apoptosis induction mechanism in cancer cells (103, 124). Several
chemical compounds are in use for targeted-killing of cancer cells. Some of which are
discussed here. Apoptotic cell death can be induced in melanoma cells by photodynamic
therapy (125). Inhibition of the cell cycle as well as metastatic property and induction of
apoptosis in breast cancer cells are initiated by phytochemicals (126). Mesenchymal properties
of hypoxic cancer cells can also be suppressed by hispidulin (127). Current research considers
apoptosis induction in metastatic cancer cells as a very potent mechanism to decrease cancer
mortality.
1.C. Objectives of the study
Hence, with the above background knowledge, the objectives of this study were determined as
follows:
1. To decipher apoptosis in hypoxic and invasive gastric epithelial cells (GECs)
2. To study apoptosis mechanisms induced in H. pylori-infected GECs that show metastatic
behavior
17
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2.1. MATERIALS
2.1.1. Cell lines and reagents
GECs such as AGS, MKN45, KATO III, NCI-N87 cell lines were procured from University of
Virginia, USA. Various stable cell lines were generated in our lab as detailed later. The
immortalized human GEC HFE145 was gifted by Dr. Hassan Ashktorab, Department of
Medicine, Howard University, Washington, DC, US Clone 39 (HuSH 29 mer shRNA
constructs against Hif1α), Clone 13 (29-mer scrambled shRNA cassette in pGFP-v-RS-vector)
and Clone 7 (Hu-SH shRNA GFP cloning vector (empty vector) were generated by Dr. Asima
Bhattacharyya, NISER, Odisha, India.
2.1.2. Constructs and antibodies
List of various constructs and antibodies that were used in the study are shown in appendix I
and II, respectively.
2.1.3. Tissue samples
Gastric cancer patients, diagnosed for metastatic stage of cancer were studied. Biopsy sample
collection was done following a National Institute of Science Education and Research (NISER)
Review Board-approved protocol. Written informed consent was obtained from all patients.
Tissue samples were further processed for immunofluorescence microscopy as described in the
methodology.
2.2. METHODOLOGY
2.2.1. Maintenance of GECs
AGS, KATO III, MKN-45 and NCI-N87 were regularly maintained in RPMI media
(HiMedia, Cat No. AL028A, India) supplemented with 10 % heat-inactivated fetal bovine
serum (FBS, HiMedia, Cat No. RM9970, India) in a humified incubator containing 5% CO2
and maintaining 37 oC. These cell lines were routinely maintained by subculturing. During
subculturing, spent medium was removed from the T-25/T-75 flasks (GENAXY, Cat No.
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430639 and 430641 respectively, USA) and pre-warmed trypsin-EDTA solution (HiMedia,
Cat No. TCL007, India) was added. After 2-5 min of incubation, cells were gently dislodged
from the flask with a sterile pipette and again seeded into a new flask.
2.2.2 Freezing and revival of cell lines
Cells were frozen once confluency was reached (70-80%). Confluent cells were trypsinized and
centrifuged (Thermo Scientific, Sorvall Biofuge Stratos, Model No. D35720, USA) after
diluting with media containing 10% FBS. Cells were spun down at 150 x g for 5 min at room
temperature (RT). Then the cell pellet was diluted with freezing mix {20% dimethyl sulfoxide
(DMSO) (HiMedia, Cat No. TC185, India in FBS)} in media. Cells were aliquoted into
freezing vials and were first kept at -80 oC for overnight and then shifted to liquid nitrogen for
longer preservation.
Revival of frozen cells was done quickly by transferring from liquid nitrogen to a 37 oC
water bath. Cells were introduced gently to T-25/T-75 cell culture flasks and put back to the
incubator.
2.2.3 Maintenance of H. pylori culture
The cag (+) H. pylori strain 26695 and the cag (-) strain 8-1 (American Type Culture
Collection, Manassas, VA, USA) were used in our study. H. pylori were grown on tripticase
soy agar (TSA) plate (Becton Dickinson and Company, Cat No. 221239, USA) while
incubating at 37 ºC in a microaerophilic atmosphere (90 % N2, 1% O2, 10 % CO2). Cultures
were subcultured in every three days by inoculating half the loop of bacterial culture onto
another TSA plate. For experiments, H. pylori cultures were inoculated into Brucella broth
(Difco-BBL, Cat No. 211088, USA) for overnight and then used after optical density (OD)
reached more than 0.5.

20

2.2.4. Cloning, expression and mutagenesis
Cloning and expression of human noxa gene
Primer design: Cloning and mutagenesis primers were designed for the human noxa gene.
Primers were designed from target sequences by using Integrated DNA Technology (IDT)
software (refer appendix III for detail).
Polymerase chain reaction (PCR) and cloning of human noxa gene: Genomic DNA was
isolated from AGS cells using DNeasy Blood & Tissue Kit(QIAGEN, Cat No. 69504, USA)
following manufacturer’s protocol. noxa gene (164 bp) was amplified from the genomic DNA
in the following manner.
PCR: High fidelity (HIF) Taq polymerase (Thermo Fischer Scientific, Cat No. 11304011,
USA) was used for amplification of noxa from the genomic DNA from AGS cell line.
Reaction Mix (for 25 µl)
Components
H2O
10X NEB Taq buffer
dNTP
MgCl2
Primer F (10 pmole)
Primer R (10 pmole)
Genomic DNA
HIF Taq polymerase (1X)

Vol (µl)
16.25
2.5
0.5
2.5
1
1
1
0.25

Table 1. Components used for PCR amplification of noxa gene
Reaction conditions for gradient PCR)

Initial Denaturation
Denaturation
Primer Annealing
Primer Extension
Final Extension
#2min/kb of plasmid length

Temperature oC

Time

No. of Cycles

94oC
94oC
o
62 C- 72oC
72oC
72oC

2 min
1 min
1 min
30 sec#
5 min

1
35
1

Table 2. Reaction conditions for PCR amplification of noxa gene
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The amplified PCR product (164 bp) was run on 1.2% agarose gel and purified by using
QIAquick gel extraction kit (QIAGEN, 28706, Germany) .
Agarose gel electrophoresis and gel extraction of the PCR product: Agarose gel electrophoresis
was performed for qualitative confirmation of amplified noxa construct. 1.2% agarose gels
were prepared in 1X TAE buffer (HiMedia, Cat No. ML016, India) with 0.5 μg/ml
concentration of ethidium bromide (EtBr, HiMedia, Cat No. MB071, India). The horizontal
electrophoresis unit was used to run the gel at 50-100 V for 30 min. Ultraviolet (UV)
transilluminator was used to visualize the band position in the gel with respect to the position of
molecular weight markers. The band containing the amplified noxa was excised by using a
scalpel. Three volumes of QG buffer were added to one volume of gel and the gel was
incubated at 50 oC for 10 min and allowed to be completely dissolved. The tube containing gel
was vortexed for every 2-3 min for complete dissolution. Then one volume of isopropanol was
added and mixed properly with the sample. The sample was applied on to the spin column for
an incubation period of 2 min followed by centrifugation for 1 min at 16,100×g. Flow through
was discarded and 0.5 ml of QG buffer was added to the column followed by incubation for 1
min. Finally, 0.75 ml of buffer PE was added to the column followed by incubation of 2 min
and centrifugation at top speed for 1 min. At the last step DNA was eluted into a fresh microcentrifuge tube by using 30 µl of EB buffer by centrifuging at top speed for 1min. Purification
of the PCR product was done using a PCR-purification kit (QIAGEN, Cat No. 28104,
Germany).
PCR purification method: Five volumes of buffer PB1 were added to one volume of PCR
reaction mix and the sample was applied to QIAquick column and centrifuged at 16,100 × g for
1 min. The flow-through was discarded and 0.75 ml of buffer PE was added to the column
followed by centrifugation for 1 min at 16,100 × g. DNA was eluted by adding 30 µl of EB
buffer followed by centrifugation at for 1 min at 16,100 × g.
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Restriction digestion of purified PCR product: Hind III and Xho I {New England Biolabs
(NEB), Cat No. R01045 and R0146S respectively, USA} were used {Hind III (on the F primer)
and Xho I (on the R primer)} to clone noxa in pcDNA3.1+ vector. 1 µg of template DNA was
used for restriction digestion of the PCR product as well as the vector. Restriction digestion
was performed in a 37oC water bath for 3 h.

Components

For Noxa DNA
digestion

For pcDNA3.1+
digestion

10X buffer 2
Hind III
Xho I
H2O
Template DNA

5 µl
1 µl
1 µl
29 µl
14 µl

5 µl
1 µl
1 µl
42 µl
1 µl

Table3. Components used for restriction digestion
Digested DNA was purified by using PCR purification method as mentioned above.
DNA Ligation: Purified digested products were used for ligation by using T4 DNA ligase
(NEB, Cat No. M0202S, USA). DNA ligation was performed at 16 oC for 12 h. Amount of the
vector and insert used in the reaction was calculated by the ligase calculator software. Vector to
insert ratio was 1:6.
Calculation for ligation mix: (10 µl)
Components

Volume

H2O
10X ligase Buffer
Insert (14.2 ng)
Vector (75 ng)
Ligase enzyme

4.78 µl
1 µl
0.626 µl
2.59 µl
1 µl

Table 4. Components used in the ligation reaction
Transformation: 50 µl of DH5α strain of Ecsherichia coli competent cells (Invitrogen, Cat
No. 18265017, USA) and 3 µl of ligation mix were added to a pre-chilled microcentrifuge
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tube and kept on ice for 30 min. Tubes were incubated in 42 oC water bath for 45 sec. 450 µl
of SOC media (Invitrogen, Cat No. 15544034, USA) was added to the cell mix and incubated
for 1 h at 37 oC in a shaker. Bacterial suspension was plated on LB agar (HiMedia, Cat No.
M1151, India) plate with 75 μg/ml ampicillin (MP Biomedicals, Cat No. 194526, USA) and
incubated for overnight at 37 oC.
Selection of positive clones: A single healthy colony was chosen from the plate and inoculated
in 4 ml of LB broth with 75μg/ml of ampicillin followed by overnight shaking at 37 oC.
Plasmids were extracted from the bacterial culture by alkaline lysis method and recombinant
clones were screened by restriction digestion.
Miniprep plasmid isolation (alkaline lysis): The alkaline lysis method was followed to extract
plasmids from bacteria.
Composition of solutions used in this protocol
Solution I (Stored at RT)
Tris (25 mM, pH 8.0)
Glucose (50 mM)
EDTA (100 mM, pH 8.0)
Solution II (Stored at RT)
NaOH (0.2 N)
1 % SDS
Solution III (Stored at 4 oC)
Potassium acetate (60 ml)
Glacial acetic acid (11.5 ml)
H2O (28.5 ml)
Miniprep Protocol: 4 ml of bacterial culture was pelleted down at 16,100×g for 30 sec at 4 oC.
The cell pellet was dried and resuspended in 200 µl of ice cold solution I followed by
vortexing. 400 µl of freshly prepared solution II was added and the tube was inverted many
times to mix. The tube was incubated on ice for 5 min followed by centrifugation at 16,100 × g
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for 10 min. Then supernatant was transferred to a fresh tube and an equal amount of
phenol:chloroform:isoamylalcohol (25:24:1) mix was added, mixed by inverting several times
and then centrifuged at 16, 100 × g for 2 min at 4oC. The supernatant was taken in a fresh tube
and 2 volume of 100% ethanol was added on top of it, mixed by inverting several times. The
tube was then incubated at RT for 2 min followed by centrifugation at maximum speed for 5
min. 1 ml of 70% ethanol was added to the pellet and inverted several times followed by
centrifugation at a maximum speed for 2 min. The supernatant was discarded followed by
removal of all traces of ethanol from the pellet. The pellet was air-dried and finally resuspended
in 50 µl of 1X TE buffer (HiMedia, Cat No. ML012, India) containing 20 µg/ml DNase-free
RNase A and stored at -20 oC. Clones were assessed by sequencing (Europhins, India).
Generation of S13A mutant of Noxa by site-directed mutagenesis: Site-directed mutagenesis
was carried out by using a single mutagenic primer to insert a single point mutation on the noxa
plasmid.
The amino acid sequence of noxa is:
MPGKKARKNAQPS*PARAPAELEVECATQLRRFG DKLNFRQKLLNLSKLFCSGT
The 13th serine (S13) residue of Noxa (*) was replaced with an alanine residue in the S13A
construct.
The mutation is indicated by underlining in the primer shown below.
Primer for noxa S13A: 5’ AAG AAC GCT CAA CCG GCC CCC GCG CGG GCT CCA 3’
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Mutagenesis reaction (25 µl)

Components

Volume

10X Quik change buffer
Quik Solution
ds DNA template
Primer
dNTP
Enzyme
H2O

2.5 µl
0.75 µl
1µl (100 ng)
1µl (100 ng)
1µl
1µl
17.75

Table 5. Components of site-directed mutagenesis reaction
Cycling parameters

Temperature oC

Time

No. of Cycles

95 oC
95 oC
55 oC
65 oC
65 oC

1 min
1 min
1 min
#
12 min
12 min

1

Initial denaturation
Denaturation
Primer annealing
Primer extension
Final extension
#
2min/kb of plasmid length

30
1

Table 6. PCR reaction conditions of site-directed mutagenesis reaction
After completion of thermal cycles, the amplified product was treated with 1 μL (10 U/μL) of
Dpn I enzyme (an endonuclease; targeted sequence: 5´-Gm6 ATC-3´ and is specific for
methylated and hemimethylated DNA). This enzyme digests the parental DNA at specific sites,
leaving the new strand intact. After addition of this enzyme the tube was incubated at 37 °C for
2 h, followed by transformation into XL10-Gold ultracompetent cells (Agilent, Cat No.
200515, USA), where the mutant closed circle SS-DNA is converted into a duplex form in vivo
as previously mentioned. Mutants were confirmed by sequencing and positive clones were
further amplified by maxi prep method.
Maxiprep: Maxiprep kit (QIAGEN, Cat No. 43776, Germany) was used to amplify the cloned
DNA. A healthy colony was chosen from the plate and inoculated in 100 ml LB broth
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containing 75 μg/ml of ampicillin followed by overnight shaking at 37 oC. 100 ml of culture
was pelleted down at 6000 x g for 15 min at 4 oC. The supernatant was poured off and bacterial
pellet was resuspended in 10 ml of buffer P1 (to buffer P1 RNAse A & lyseblue reagent were
premixed as per manufacturer’s instruction). 10 ml of buffer P2 was added to the supernatant,
mixed thoroughly by vigorously inverting 4-6 times, and incubated at RT for 5 min. 10 ml of
cold buffer P3 was added, mixed thoroughly mixed by vigorously inverting 4-6 times. The
lysate was poured into the barrel of the Qiafilter catridge and incubated at RT for 10 min.
Hispeed maxi tip was equilibrated by adding 10 ml Buffer QBT. The column was allowed to
drain by gravity flow. The cap was removed from the Qiafilter catridge outlet nozzle, the
plunger was gently inserted into the Qiafilter maxi catridge and the bacterial lysate was filtered
into the previously equilibrated Hispeed tip. The clear lysate was allowed to enter the resin
through gravity flow. The Qiagen tip was washed with 60 ml Buffer QC. DNA was eluted by
adding 15 ml Buffer QF.

The eluate was collected in fresh centrifuge tube. DNA was

precipitated with 10.5 ml isopropanol at room-temperature, mixed and incubated for 5 min. The
isopropanol mixture was transferred to a 30 ml syringe which is attached to a Qiaprecipitator
and placed over a wash bottle. The plunger was inserted and the mixture was filtered through
Qiaprecipitator using constant pressure. 2 ml of 70% ethanol was added to the 30 ml syringe
and was filtered through Qiaprecipitator. The outlet nozzle of Qiaprecipitator was air-dried to
prevent ethanol carryover. The Qiaprecipitator was attached to a 5 ml syringe and 500 μl of TE
buffer (37 oC) was added to the syringe. The plunger was inserted to collect DNA from the
other side.
2.2.5. Transfection of cell lines
Transient transfection was performed using lipofectamine 2000 reagent (Invitrogen, 11668019, USA). Cell plating was done one day prior to the transfection for which required number
of cells (as mentioned in Table 8) were plated in appropriate volume of growth medium
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containing FBS in tissue culture plates, and incubated in an incubator maintaining 37 ºC and 5
% CO2. 1 h prior to transfection, growth medium was gently aspirated from wells and fresh
growth medium was added. The required amount of DNA and transfection reagent were
diluted in serum free media to the volume indicated in table 8 in separate microcentrifuge tubes
followed by an incubation of 5 min at RT. Then both mixtures were mixed together and
incubated for 20 min at RT to allow the DNA-Lipofectamine complex formation. Then the
transfection mix was immediately added drop-wise onto the cells. Plates were gently swirled to
ensure uniform distribution of the complexes. Cells were incubated with the complex at 37 ºC
and 5 % CO2 for 36 h to allow gene expression. Cells were treated on the next day according to
experimental need.

Culture
Vessel

Surface Area
Per Well
(cm2)

Relative Surface
Area
(vs. 24-well)

Volume of
Plating
Medium

96-well

0.3

0.2

100 µl

24-well

2

1

500 µl

4

2

1 ml

12-well

35-mm

2 ml

DNA (µg) and
Dilution Volume
(µl)

0.2 µg in 25 µl

0.8µg in 50 µl

1.6 µg in 100 µl

4 µg in 250 µl

10

5

6-well

10

5

2 ml

4 µg in 250 µl

60-mm

20

10

5 ml

8 µg in 500 µl

10-cm

60

30

15 ml

24 µg in 1.5 ml

Table 7. Parameters for transient transfection (Adapted from Invitrogen)
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2.2.6. Infection of GECs with H. pylori
One day prior to infection, H. pylori were inoculated in Brucella broth and OD600 was assessed
after 12-16 h. OD values between 0.5-1 were considered suitable for infection. Transfected or
non-transfected GECs were infected with H. pylori (in case of transfected groups, cells were
used after 24-36 h post-transfection) for various multiplicity of infection (MOI) and time
periods.
2.2.7. Exposure of cells to chemical hypoxia induced by CoCl2.6H2O, physiological
hypoxia and a HAT inhibitor, sodium4-(3,5-bis(4-hydroxy-3-methoxystyryl)-1H-pyrazol1-yl)benzoate (CTK7A)
CoCl2.6H2O (Sigma-Aldrich, Cat No.255599, USA) was used as a chemical hypoxia-mimetic
agent and GasPak™ EZ Anaerobe Pouch System (BD, Cat No. 260683, USA) was used to
create physiological hypoxia (1% O2). Cells were treated with a varied dose of CoCl2 as
indicated in an earlier study (47) or with a fixed dose of 1% O2 for desired time points.
CTK7A,

which

is

a

curcumin-derived

water-soluble

p300/CBP-specific

histone

acetyltransferase (HAT)/lysine acetyltransferase (KAT) inhibitor (128) was used at a
concentration of 100 µM for 24 h, when required.
2.2.8. Whole cell lysate preparation
Following treatment, cells were either trypsinized or scraped off from the culture plate. Then
cells were centrifuged at 250 × g for 5 min at 4 oC and the supernatant was discarded. Samples
were kept on ice and required amount of protease inhibitor cocktail (HiMedia, Cat No. ML051,
India) was added to each tube and then vortexed. 2X Laemmli sample buffer (HiMedia, Cat
No. ML-021, India) was added to the lysate at 1:1 ratio followed by vortexing to mix. Finally,
samples were kept at 100 oC (dry bath) for 8 min and stored at -80 oC for further use.
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2.2.9. Mitochondrial and cytosolic lysate preparation
To study the mitochondrial and the cytosolic distribution of proteins, mitochondrial and
cytosolic lysates were isolated. 2 x 106 AGS cells were seeded in six well plates and incubated
at 5 % CO2 and 95 % humidity in a 37 ºC incubator. Cells were treated with 200 µM of CoCl2
and CTK7A or left untreated. In other experimental setup, transfected or pcDNA3.1+transfected cells were used for mitochondrial and cytosolic fraction isolation. After
treatment/infection, cells were scraped off the treatment plate followed by collection of lysates
in microfuge tubes. The lysates were spun down at 371 × g for 10 min at 4oC. Pellet was
resuspended in 150 µl of resuspension buffer {20 mM N-(2-hydroxyethyl) piperazine Na-2ethanesulfonic 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 (HiMedia, Cat No. ML-051, India) 10 µl/ml + 150 mM sucrose)}.
At this step sodium fluoride (NaF, a phosphatase inhibitor) was added at a concentration of 40
mM). Cells were broken down by 20 passages through 26 gauge needle and were spun at 750 x
g for 10 min to remove the nuclei and unbroken cells. The supernatant was taken out and spun
at 10000 x g for 15 min at 4 oC. Supernatant collected at this step was the cytosolic fraction.
The mitochondria-rich pellet was resuspended in 10 µl of lysis buffer (20 mM Tris-HCl pH 7.4,
150 mM NaCl + protease inhibitor cocktail) and boiled with 10 µl Laemmli sample buffer
(HiMedia, Cat No. ML-021, India) followed by heating at 100 oC (dry bath) for 8 min and run
on gel for further use.
2.2.10. Nuclear and cytosolic lysate preparation
Nucleus-enriched and cytosolic fractions were prepared by NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Thermo Scientific, Cat No. 78833, USA) according to the
manufacturer’s instruction. 2 x 106 AGS cells were seeded in six well plates and treated with
hypoxia and/or CTK7A for 24 h. Cells were pelleted down and NE-PER protocol was followed
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for the rest of the processing. Addition of reagents to the cell pellet was based on packed cell
volume as mentioned below.
Packed Cell Vol (µl)

CER I (µl)

CER II (µl)

NER (µl)

10

100

5.5

50

20

200

11

100

50

500

27.5

250

100

1000

55

500

2x106 cells wasconsidered equivalent to 20 µl packed cell volume.
Table 8. Buffers used in NE-PER isolation (Adapted from NE-PER manual)
Cells were pelleted by centrifugation at 500 x g for 5 min. The supernatant was carefully
removed and the pellet was kept dry. CER I buffer was added to the pellet and vortexed
vigorously in order to break the pellet followed by an incubation on ice for 10 min. CER II was
added to the tubes, vortexed vigorously for 5 sec followed by incubation on ice for 1 min.
Tubes were again vortexed for 5 second followed by centrifugation for 5 min at 16000 x g. The
supernatant (cytoplasmic extract) was immediately transferred to chilled microcentrifuge tubes
and stored at -80 oC until used. The insoluble pellet was resuspended in ice cold NER, vortexed
at 16000 x g for 15 sec and incubated on ice for 40 min followed by vortexing thrice with 10
min interval. Finally, tubes were centrifuged at maximum speed (~16000 x g) in a
microcentrifuge tube for 10 min and the nuclear lysate was collected and stored at -80oC.
2.2.11. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
SDS PAGE is the method of separation of protein samples based on their molecular weight.
Gel components
Solutions: Acrylamide-bisacrylamide (29:1) solution or solution A (Bio-Rad, Cat No. 1610156,
USA), separating gel buffer or solution B (pH 8.8) (Bio-Rad, Cat No. 161-0798, USA) and
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stacking gel solution or solution C (pH 6.8) (Bio-Rad, Cat No. 161-0799) were purchased from
Bio-Rad.
Glycerol: A 50% solution was made by mixing 50 ml glycerol (HiMedia, Cat No. RM1027,
India) with 50 ml distilled water.
TEMED: N, N, N’, N’-Tetramethylethylenediamine (Bio-Rad, Cat No. 161-0800, USA) was
used as a catalyst of polymerization.
Ammonium persulfate (APS): A 10% solution was made by dissolving 10 mg APS (Bio-Rad,
Cat No. 161-0700, India) in 100 μl distilled water. This also acts as a catalyst of
polymerization. For best results, APS was prepared fresh.
Working solutions (this calculation is for two gels)
Resolving gel solution:

The stock solutions were mixed in the following proportions. Other

percentages of gel were achieved by changing the volume of solution A and distilled water
appropriately.

Components

7.5%

10%

12.5%

15%

Solution A/Acrylamide: bisacrylamide solution

2.25 ml

3 ml

3.75 ml

4.5 ml

Solution B (Resolving gel solution)

2.25 ml

2.25 ml

2.25 ml

2.25 ml

Distilled water
50% glycerol

2 ml
2.5ml

1.25 ml
2.5ml

0.5 ml
2.5ml

No
2.5ml

TEMED

5 µl

5 µl

5 µl

5 µl

10% APS

70 µl

70 µl

70 µl

70 µl

Table 9. Composition of resolving gels
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Stacking gel solution: The stock solutions were mixed in the following proportion: (for 2 gels)
Components

Volume

Solution A
Solution C
DW
TEMED
APS

900 μl
1.5 ml
3.6 ml
6 μl
36 μl

Table 10. Composition of stacking gel
APS and TEMED were added to each solution just prior to polymerization.
Electrophoresis buffer: Electrophoresis buffer contained 25 mM Tris-HCl, 190 mM glycine
and 0.1 % SDS.
Sample denaturing (Laemmli) buffer: Ready to use 2X Laemmli (HiMedia, Cat No. ML021,
India) sample buffer was used for sample preparation.
Casting of the SDS polyacrylamide gel: This is the first step in which the gels were casted
between the assembled glass plates. A gel is composed of resolving solution (three fourth of the
total height) at the lower region of the glass plate assembly and stacking solution towards the
upper region. A 10/15-well comb was inserted into the stacking gel solution. The gel solutions
were allowed to polymerize at RT for 20-30 min, after which the comb was gently removed.
Electrophoresis buffer was added to the upper surface of the stacking gel and the whole glass
plate assembly was kept inside the Mini-PROTEAN gel apparatus (Bio-Rad, Cat No. 1658003, USA) filled with electrophoresis buffer.
Sample preparation: Samples were already prepared as mentioned above and stored at -80 oC.
Samples were taken out at RT and properly thawed before loading.
Sample loading and electrophoresis: Denatured protein samples were loaded into individual
wells in the stacking gel following the desired sequence. Standard molecular weight marker
(BLUelf prestained protein ladder, BR Biochem, Cat No. BM008-500, India) was loaded to
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obtain molecular masses of sample proteins. The electrophoresis chamber was connected to a
power pack and electrophoresis was carried out at a constant voltage of 130 V for 15 min
followed by 180 V for 1 h, i.e. till the bromophenol blue dye front reached 0.5 cm above the
base of the gel.
2.2.12. Immunoblotting
Immunoblotting was performed by using specific antibodies to identify target proteins in the
pool of unrelated proteins.
Composition of solutions used in immunoblotting:
Tris-buffered saline (1X TBS):20 mM Tris, 500 mM NaCl, pH 7.5
4.84 gm Tris, 58.48 gm NaCl were added to 1 L of distilled water and pH was adjusted to 7.5
with HCl. The volume was then made upto 2l.
Phosphate-buffered saline (1X PBS): 10mM Na2HPO4, 2 mM KH2PO4, 137 mM Nacl and 2.7
mM KCl
8 gm of NaCl, 0.2 gm of KCl, 1.44 gm of Na2HPO4 and 0.24 gm of KH2PO4 were added in
800ml of distilled water and pH was adjusted to 7.4 with HCl. The volume was made upto 1 L.
Tween-20 wash solution (TBST):0.1 % (v/v) Tween-20 dissolved in 1X TBS.
Blocking buffer: 3 % (w/v) bovine serum albumin (BSA, Cohn fraction V, HiMedia, Cat No.
RM3151, India) in TBST or 5 % non-fat-dry-milk (NFDM, HiMedia, Cat No. RM1254, India)
in TBST.
Note: Primary and secondary antibodies were diluted in blocking buffer.
Transfer buffer for polyvinylidene (PVDF) membrane: 48 mM Tris, 39 mM glycine, 0.0375 %
SDS, 20 % methanol. 2.904 gm of Tris base, 1.463 gm of glycine, 0.1875 gm of SDS were
added to 250 ml of water and pH was adjusted to 8.3, with HCl. 100 ml of methanol was added
on top of it and volume was made upto 500 ml.
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Procedure for transfer of protein onto PVDF membrane (semi-dry transfer): The semi-dry
transfer was performed for the transfer of low molecular weight proteins. Protein samples were
run on SDS polyacrylamide gel. After the run was complete, the gels were transferred to chilled
transfer buffer for 2-5 min. PVDF membrane (Millipore, Cat No. PVH00010, USA) was
pretreated with chilled methanol for 5 min to reduce the hydrophobicity of the membrane
followed by water and transfer buffer. Precut thick papers were soaked in transfer buffer. The
transfer assembly was prepared by first placing the thick paper on the anode of the transfer
apparatus (Bio-Rad Cat No. 170-3940, USA) followed by a PVDF membrane, the
electrophoresed gel and another thick paper (towards the cathode). After rolling out air bubbles
from the assembly, transfer was carried out at 25 V for 35 min.
Procedure for transfer of proteins onto PVDF membrane (Wet transfer): Wet transfer protocol
was followed for transfer of high molecular weight proteins. After completion of SDS gel
electrophoresis, the same procedure was followed as that of semidry transfer. For wet transfer,
a fiber pad was placed first on the cathode, followed by a thick filter paper, the electrophoresed
gel, the pre-soaked PVDF membrane, filter paper and a fiber pad. The whole assembly was
made bubble-free by using a roller and was put inside the cassette and then placed inside the
tank and connected with power supply of 40 V for 4 h. The whole transfer set up was kept
inside the transfer tank filled with transfer buffer. After the transfer process, the membrane was
washed with TBS solution (or PBS for non-phospho proteins) and then incubated with blocking
solution for 60 min, to prevent non-specific binding. The membrane was probed with specific
primary antibody for overnight at 4 oC. Then, membranes were washed with 1X TBST/PBST
followed by secondary antibody incubation for 1 h at RT with constant shaking. Membrane was
washed thrice with TBST and finally with 1X TBS (5 min for each wash). Super Signal West
Femto Chemiluminescent Substrate kit (Thermo Fisher Scientific, Cat No. 34094, USA) was
used for blot development and images were taken with Chemi Doc XRS (Bio-Rad
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Laboratories, Model No. #1708265, USA) equipped with Quantity One 1-D Analysis software
version 4.6.9 (Bio-Rad Laboratories).
Reprobing of the PVDF membrane: Ready to use Restore Plus Western Blot Stripping Buffer
(Thermo scientific, Cat No. 46430, USA) was used for stripping the western blotted
membranes to probe with different sets of antibodies. One time western-blotted PVDF
membrane was kept in the reprobing buffer for 30 min with shaking. Membrane was then
washed three times (15 min each) with TBST followed by blocking, primary antibody
incubation, washing with TBST, secondary antibody incubation and washing. Finally,
membranes were developed as mentioned previously to get desired bands.
2.2.13. Immunoprecipitation (IP) assays
Immunoprecipitation was performed to study interaction between Mcl1 and Noxa in the
presence of JNK inhibitor II (SP600125, Calbiochem, Cat No.129-56-6, USA). 2 x 106 cells
were seeded in six well plates and treated with JNK inhibitor for 1 h followed by H. pylori
infection for 5 h. Mitochondrial fraction was isolated as described previously and the IP
protocol (described below) was followed. In another set of experiments, interaction between
Hif1α and p300 was studied by immunoprecipitation for which 2 x 106 cells were plated. Cells
were treated with CTK7A (100 µM) and CoCl2 (200µM) in combination or alone for 24 h and
whole cell lysates were used for IP assays.
After incubation, cells were scraped from the cell culture plate & collected in
microcentrifuge tubes. Cells were centrifuged at 4 oC at 850 x g for 5 min and resuspended in
200 µl of 1% Triton X-100 and protease inhibitor cocktail (10 µl/ml)-supplemented TEN buffer
(150 mM NaCl, 50 mM Tris pH 7.5, 1 mM EDTA), vortexed, and kept on ice for 30 min for
lysis. Then cells were centrifuged at 850 x g at 4oC for 10 min and 800 µl of 1% Triton X-100
and protease inhibitor cocktail (10 µl/ml)-supplemented TEN buffer was added to the
supernatant in each tube. 10 µl of protein A/G plus-agarose (Santacruz, Cat No. SC-2003,
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USA) was added in each tube and kept at 4 oC for 30 min with shaking followed by
centrifugation at 15600 x g for 5 min at 4 oC. Supernatants were collected and IgG B
(SantaCruz Biotechnology, Cat No. SC-2762, USA) was added to control IgG-marked tube and
specific antibodies (antibody used to pull down) were added to the other tubes as per
recommended dilutions followed by overnight incubation at 4 oC with shaking. After 12-14 h,
tubes were taken out from the cold room and centrifuged at 2300 x g for 2 min at 4 oC. 15 µl of
50% protein A/G plus-agarose was added to each tube followed by incubation for 3 h with
shaking in cold room. Pelleted immunocomplex was washed twice with ice cold 1X PBS (2300
x g for 5 min). Pellet was cooked with sample buffer supplemented with 5% β-mercaptoethanol
(HiMedia, Cat No. MB041, India). Lysate was then loaded onto SDS gel as previously
explained and desired proteins were detected by western blotting after probing with specific
antibodies.
2.2.14. Generation of stable cell lines
Noxa wild type (WT) and mutant (mut) constructs expressing stable cell lines were generated
in AGS cells. The protocol for stable cell line generation includes transfection of cells (as
described before) with desired constructs and then selection of transformed cells.28 h posttransfection, cells were trypsinized with 500 μl of trypsin for 5 min. Then cells were distributed
in two six well plates, one with 200 μg/ml G418 (Sigma-Aldrich, Cat No. 051M0854, USA)
and the other without G418. Cells were kept under selection pressure for 3 days. After 3 days,
G418 was added to each well at a concentration of 300 µg/ml. After every 3 days, this selection
media was changed and cells were kept fresh selection media for 15 days. Following this, cells
were trypsinized and subcultured into media with 300 µg/ml G418.
The same protocol was followed for generation of stable cells expressing pDsRed2Mito vector (Clontech Laboratories, Cat. No. 63242, USA). This construct was used to
fluorescently label mitochondria.
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Confirmation of Noxa-expressing stable cells by western blotting: 0.5 × 106 cells were plated
for empty vector, Noxa WT and mut constructs. Sample isolation was done after 24 h of plating
according to previously-mentioned protocol. The semidry transfer protocol was followed for
transfer of proteins.
Confirmation of pDsRed2-Mito expressing stable cells by fluorescence microscopy: 0.16 x
106pDsRed2-Mito expressing AGS stable cells were seeded on coverslips in 24 well plates.
After 24 h of plating, old media was removed from each well and 500 µl of new media was
added to each well with equal amount of paraformaldehyde (PFA) (Sigma-Aldrich, Cat No.
SLBCO355V, USA) (1:1 ratio to that of media) and kept at RT for 15 min. Then PFA was
removed and samples were washed 3 times with 1X PBS (3 min each) in shaker. Then 4’, 6Diamidino-2-phenylindole, Dihydrochoride (DAPI, Invitrogen, Cat No. D1306, USA) (1:2000)
was added to each well and kept for 20 min at RT followed by washing with PBST and allowed
to dry. Coverslips were mounted to glass slides with 4 µl of Fluoromount G (Sigma-Aldrich,
Cat No. F-4680, USA) kept for 30 min at RT and detection was done by using Olympus
fluorescence microscope (Olympus, Model No. WS-BX51-0169, Japan).
2.2.15. Confocal microscopy
AGS cells were grown on coverslips in 24 well plates and treated with hypoxia and CTK7A
alone or in combination for the desired time periods. For another experimental setup, Noxa WT
and S13A mutant or empty vector constructs were transfected in pDsRed2-stably expressing
AGS cells followed by infection with H. pylori for 9 h. Cells were fixed with paraformaldehyde
(1:1 ratio to that of the media) and kept at RT for 15 min. Fixed cells were then washed with
1X PBS followed by treatment with triton X-100 for 5 min. Coverslips were washed with 1X
PBST and blocked for 1 h with 5% BSA followed by washing and incubation with primary
antibody for overnight at 4 oC. After primary antibody incubation, cells were washed with
PBST followed by secondary antibody treatment for 2 h. Nuclei of cells were counterstained
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by DAPI for 20 min, washed with PBS and coverslips were mounted to slides by using 4 µl of
Fluoromount G. Mitochondrial appearance was assessed by a laser scanning confocal
microscope (LSM 780, Carl Zeiss, Jena, Germany) with argon laser 488 excitation and a
63X/1.4 NA oil objective (Carl Zeiss). LSM-TPMT camera system (Carl Zeiss) and ZEN 2010
software (Carl Zeiss) were used for image capturing. Image analysis was performed by using
LSM software (Carl Zeiss) and processing was done by Adobe Photoshop CS4. Mitochondrial
fragmentation (represented by the length, circularity and roundness) was quantified by ImageJ
software (NIH, Bethesda, MD, USA).
(Refer appendix II for detail of antibodies used)
2.2.16. Sectioning of gastric biopsy tissue samples
Biopsy samples were stored in 4% PFA for overnight and then transferred to 25% of sucrose
solution at 4 oC. Tissue samples were mounted over glass slides coated with poly-L-lysine
(Sigma-Aldrich, Cat No. SLBB7119, USA) and kept at 37 oC for 30 min. Samples were then
placed on the holder and dipped into mounting media (Sigma-Aldrich, Cat No. F4680, USA)
inside the cryostat (Leica Biosystems, Model No. LEICA CM3050 S, Germany). Sectioning
was done for the control as well as patient samples with a thickness of 10 µm.
Immunofluorescence staining was performed as described in the next section.
2.2.17. Immunofluorescence microscopy
Fluorescence microscopy was performed to study the expression of various EMT markers in
gastric biopsy tissue samples (described later) and AGS cells. Samples were washed with 1X
PBS followed by Triton-X-100 (0.5%) treatment for 15 min. Samples were blocked with 3%
FBS for 1 h at RT followed by overnight incubation with primary antibody at 4 oC. Slides were
washed 3 times with 1X PBST for 5 min each and incubated with fluorescently conjugated
secondary antibodies such as Alexa Fluor 488 goat anti-mouse (Invitrogen, Cat No. A-11001,
USA) and Alexa Fluor 488-goat-anti-rabbit (Invitrogen, Cat No. A-11034, USA) for 2 h at RT.
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Finally, slides were washed with 1X PBS twice and mounted with Fluoromount G mixed with
DAPI (1:2000). Slides were analyzed by a fluorescence microscope (refer appendix II for
detail of antibodies used).
2.2.18. Flow cytometry
Apoptosis in untreated as well as treated experimental groups were quantitated by flow
cytometry. AGS cells were treated with CoCl2 alone or in combination with CTK7A for 24 h or
left untreated. Similarly, in another set of experiment, AGS cells were transfected with Noxa
WT, S13A mutant or empty vector-transfected cells followed by infection with H. pylori for 10
h or left uninfected. For both experimental setups cell pellets were washed twice with chilled
PBS and cells were stained with Annexin V PE/7 AAD (BD Biosciences, Cat No. 556422 and
559925, respectively) according to the manufacturer’s instruction. 10000 cells were taken
during acquisition by using FACSCalibur Flow Cytometer (BD Biosciences, Model No.
342976, USA). Results were analyzed by using CellQuest Pro software (BD Biosciences).
2.2.19. Trypan blue dye-exclusion assay
Cell viability was measured by using trypan blue stain (Hyclone, Cat No. SV30084.01, USA).
20 μl of the cell suspension was mixed with 180 µl of trypan blue. Within five minutes of
mixing, the cells were counted under an inverted microscope (Olympus, Model no. CKX 41SF,
Japan)by using Neubauer hemocytometer (Merienfed, Germany). Viable cells were detected by
their dye-exclusion property.
2.2.20. Detection of reactive oxygen species (ROS)
Generation of intracellular ROS was measured by staining cells with 5-(and 6)-chloromethyl-2,
7-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2-DCFDA; Invitrogen, Cat No.
C6827, USA). This is a chloromethyl derivative of H2DCFDA which can passively enter into
the cell. CM-H2DCFDA is widely used to measure oxidative stress in cells. CM-H2DCFDA is
resistant to oxidation, but when taken up by cells, is de-acetylated by intracellular esterases to
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form the more hydrophilic non-fluorescent reduced dye dichlorofluorescin DCFH, which then
is rapidly oxidized to form a two-electron oxidation product, the highly fluorescent DCF in a
reaction with the oxidizing species. To do this, 0.166 x106 AGS cells were grown on 9 mm
coverslips in a 24 well cell culture plate. These cells were treated with hypoxia alone or in
combination with CTK7A or left untreated for 24 h. Cells were stained with 1µM CM-H2DCFDA and incubated for 10 min at 37 oC in the dark. Cells were fixed with 4% PFA for 10
min at RT and viewed with fluorescence microscope.
2.2.21. Soft agar assay
The soft agar assay is the technique to study anchorage-independent nature of cells. In this
experiment cells were plated in between two layers of agar and treatment was done for desired
time.
Preparation of the bottom agar (0.6%): 1.2% Bacto Agar (MP Biomedicals, Cat No. 199835,
USA) was prepared by autoclaving 1.2 gm agar in 100 ml of distilled H2O and continuously
maintained at 50 oC to avoid solidification. Dulbecco's Modified Eagle Medium/ Nutrient
Mixture F-12 Ham (DMEM/ F12, 1:1 mixture) media (HiMedia, Cat No. AT140A, India) and
equal volume of 1.2% agar were mixed properly. 1 ml of the mix was poured on each plate and
kept in the CO2 incubator for 30 min.
Preparation of the top agar (0.3%): Top agar was prepared by adding 2X media (DMEM/ F12,
1:1 mixture), 1.2 % agar, cell suspension (containing 10000 cells) and MilliQ H2O.
0.3% top agar were plated over 0.6 % bottom agar in 6 well cell culture plates. These
plates were treated with CoCl2 and CTK7A for 30 days at an interval of 3 days. Cells were
maintained in humidified 37 oC incubators containing 5% CO2. At the end of the incubation
period, visible colonies on the top agar were counted and colony sizes were compared between
various treatment groups.
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2.2.22. Scratch assay or wound-healing assay
Scratch assay was performed to study the wound-healing property of cells. 1 x 106 AGS cells
were seeded in 35 mm cell culture plates and incubated for 24 h to create a monolayer of cells.
Cell layer was scratched with a 200 µl pipette tip and new media was added to each well.
Dislodged cells were washed off and fresh RPMI media was added to wells. Cells were treated
with CoCl2 (200 µM) and CTK7A (100 µM) in combination or alone or left untreated for 24 h.
A bright field inverted microscope (Carl Zeiss, Primo Vert, Germany) as used to study the
wound closure between two boundaries. The migration distance was assessed using Image J
1.43 software (NIH).
2.2.23. Transwell migration and invasion assay
Transwell migration and invasion assay were performed to study metastatic properties of GECs
after treatment with CoCl2 and the HAT inhibitor, CTK7A. In another set of experiment, AGS
cells were tested for their invasion and migration potential in H. pylori-infected and HAT
inhibitor-treated GECs. Cell migration and invasion assays were performed by using 8-μm pore
size transwell biocoat control inserts (migration assay, BD, Cat No. 353097, USA) or matrigelcoated inserts (BD, Cat No. 354483, USA) as per manufacturer’s instruction. Transwell inserts
were arranged over 24 well plates and 5 × 104 AGS cells dissolved in serum free RPMI were
seeded on the upper surface while the lower chamber was filled with 10% FBS-containing
media. After completion of treatments as mentioned above for different experimental groups,
upper surfaces of the transwell were scraped off by using a cotton swab to remove the noninvading cells. Cells in the lower surface were fixed for 30 min with 4% PFA after a wash with
1X PBST followed by permeabilization with 0.5% tween-20. Inserts were stained for 30 min
with haematoxylin (Fischer Scientific, Cat No. 38803, USA). After a final wash with 1X PBS a
drying period of 60 min was allowed. Finally, membranes were cut from the inserts and
mounted over a glass slide keeping the lower side down. Migrated and invaded cells were
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counted (from five different fields) under a bright field inverted microscope (Carl Zeiss, Primo
Vert, Germany).
2.2.24. Densitometric and statistical analysis
Densitometric analyses of western blot images as well as flow cytometry data were done by
Image J 1.43 software (NIH). Values are given as means±SEM. Student’s t-test was
performed for comparisons of two groups. Statistical significance was determined at
*P<0.05. Statistical analysis was also performed by using GraphPad Prism 5 (Prism, V5.04,
USA) for confocal analyses. For multiple comparisons, Two-way ANOVA was performed
and Turkey test was applied for post hoc comparisons.
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RESULTS

(Chapters3-5)

44

3. Apoptosis induction in hypoxic GECs expressing EMT markers and showing
invasive properties
3.1. Hif1α and metastatic markers are upregulated in CoCl2-treated GECs
CoCl2.6H2O is a chemical inducer of hypoxia which has similar biochemical responses as of
physiological hypoxia with respect to Hif1α induction (46). To investigate the role of
chemically-induced hypoxia on GECs, dose and time point of CoCl2 was standardized (Figure
3.1A). For this, AGS cells were treated with 50 µM, 100 µM, 200 µM and 300 µM of CoCl2
for 24 h. Hif1α expression increased dose-dependently and showed equal expression at 200 µM
as well as 300 µM concentrations. Hif1α miRNA expression in CoCl2-exposed cells is also
reported in the literature (129). No change in p300 expression was observed with increasing
dose of CoCl2. But as 300 µM concentration is considered to be beyond the physiological limits
(130, 131), this dose was not found suitable for further use. Therefore, 200 µM of CoCl2
concentration was considered as the optimum dose for the rest of the experiments. The effect of
CoCl2 on the EMT marker expression pattern was studied with 200 µM of CoCl2 for various
time points which showed induced expression of Hif1α, Twist1 and N-cadherin, the major
EMT markers expressed in metastatic cells (Figure 3.1B). As AGS cells are E-cadherin null
(132), E-cadherin bands were not found upon CoCl2 exposure.
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Figure 3.1. Induced expression of Hif1α and EMT markers in CoCl2-treated GECs. (A)
Western blot analysis (n=3) of whole cell lysates isolated from AGS cells after treatment with
50 µM, 100 µM, 200 µM and 300 µM concentrations of CoCl2 for 24 h. GAPDH was used as a
loading control. (B) Expression of Hif1α and various metastatic factors in AGS cells was
assessed by western blotting (n=3) at 3 h, 12 h, 24 h after treatment with 200 μM of CoCl2.
GAPDH was used as a loading control.
3.2. Hif1α and EMT markers are upregulated in metastatic gastric cancer biopsy samples
Expression of EMT markers in gastric cancer biopsy samples was studied. Gastric cancer
metastatic biopsy samples were collected from metastatic gastric adenocarcinoma patients and
compared

with adjacent

noncancerous areas.

Biopsy tissues were sectioned

and

immunofluorescence staining was performed to study expression of various EMT markers.
Remarkably higher expression of Hif1α as well as Twist1 and N-cadherin were observed in
metastatic samples as compared to their matched controls while E-cadherin expression was
downregulated (Figure 3.2).
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Figure 3.2. Expression pattern of metastatic factors in metastatic gastric cancer biopsy
samples. Metastatic gastric cancer biopsy samples and adjacent noncancerous gastric tissue
samples (n=4 in each group) were immuno stained with fluorescently labeled Hif1α, Twist1
and N-cadherin antibodies. Nuclear staining was performed with DAPI stain. Scale bar 100
μm.
3.3. Inhibition of HAT activity downregulates expression of Hif1α in CoCl2-treated GECs
Hif1α is one of the major regulatory molecules expressed during EMT and metastasis
progression in hypoxic GECs (133). To study the status of Hif1α under chemical hypoxia, AGS
cells were treated with CoCl2 alone or in combination with one curcumin-derived HAT/KAT
inhibitor CTK7A (128) or left untreated for 24 h. Western blot results indicated decrease in
Hif1α expression in CTK7A and CoCl2-treated GECs. Acetylation of p300 was also reduced in
CTK7Aand CoCl2-treated cells (Figure 3.3A). As Hif1α is a nuclear protein, Hif1α status was
further investigated in the nuclear fraction of GECs and Hif1α expression was found to be
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decreased in HAT inhibitor and CoCl2-treated GECs (Figure 3.3B). Further IP were performed
to find interaction between Hif1α and p300. An interaction between p300 and Hif1α was
observed only in CoCl2 treated cells which was drastically reduced after CTK7A treatment
(Figure 3.3C).

Figure 3.3. Effect of HAT inhibition on Hif1α expression in CoCl2-treated GECs.
(A) Western blot analysis (n=3) of whole cell lysates from AGS cells treated with 200 μM of
CoCl2 and/or 100 μM of CTK7A for 24 h. Blots were probed with Hif1α, p300 and Pan-acetyl
lysine antibody. GAPDH was used as a loading control. (B) Western blot (n=3) experiments
showing Hif1α expression in the nuclear and cytosolic fractions of CTK7A (100 μM) and/or
200 μM CoCl2-treated GECs for 24 h. HDAC1 and GAPDH were used as loading controls for
the nuclear and cytosolic fractions, respectively. (C) Interaction between p300 and Hif1α were
assessed by immunoprecipitation experiment with whole cell lysates prepared from CTK7A and
CoCl2-treated AGS cells. A non-specific band was used to estimate protein loading.

48

3.4. HAT inhibition downregulates EMT marker expression in chemically-induced and
physiological hypoxia
Twist1 is a transcription factor and a hallmark of metastasis in GECs and one of the major
metastatic markers expressed during hypoxia exposure (134-136). N-cadherin is another
important marker expressed during EMT progression (137). Twist1 and N-cadherin expression
was next studied in hypoxic GECs by western blotting and confocal microscopy. Induced
expression of Twist1 and N-cadherin was observed in CoCl2 treated cells, which was inhibited
after treatment with CTK7A for 24 h (Figure 3.4A, 3.4B). Similar results were observed in
MKN45 cells. p53 null KATO III cells also showed reduced expression of Hif1α, Twist1 and
N-cadherin in CTK7A and CoCl2 treated cells (Figure 3.4C). Further, effect of CTK7A in
physiological hypoxia was studied by exposing GECs to normoxia (21% O2) and hypoxia
(1.0% O2) for 24 h in the presence or absence of CTK7A. Whole cell lysates were
immunoblotted and probed with antibodies for Hif1α and EMT markers such as N-cadherin and
Twist1. Our results confirmed that, CTK7A had the same effect on Hif1α, N-cadherin and
Twist1 expression in 1% O2–treated cells as it was found in CoCl2-treated cells (Figure 3.4D).
Therefore, majority of our experiments were performed using CoCl2 unless stated specifically
about exposing cells to 1% O2.
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Figure 3.4. Effect of HAT inhibition on EMT marker expression in chemically-induced and
physiological hypoxia. (A) A representative western blot analysis (n=3) of whole cell lysates
from AGS cells after treatment with 200 μM of CoCl2 and/or 100 μM of CTK7A for 24 h.
GAPDH was used as a loading control. (B) A representative confocal microscopy image of
AGS cells treated with CoCl2 (200 μM) alone or in combination with CTK7A (100 μM) showed
expression pattern of EMT markers Twist1 and N-cadherin. Scale bar 5 μm. (C) Western blot
analysis (n=3) of whole cell lysates isolated from MKN-45 cells and KATO III cells after
treatment with 200 μM of CoCl2 and/or 100 μM of CTK7A for 24 h. GAPDH was used as a
loading control. (D) Immunoblotting (n=3) of whole cell lysates from AGS cells after a hypoxia
(1% O2) exposure alone or with CTK7A. GAPDH was used as a loading control.
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3.5. Metastatic property of GECs are suppressed in CoCl2 and HAT inhibitor-treated
cells
Role of hypoxia in inducing invasive properties of GECs is well established (138, 139). The
effect of HAT inhibition on metastatic properties of CoCl2-treated GECs was assessed by
migration assay, invasion assay, wound-healing assay and anchorage independent growth
assay. Migration ability of GECs was evaluated by transwell migration assay and wound
healing assay. Our result confirmed a significant reduction in CoCl2-induced migration upon
CTK7A treatment (Figure 3.5A). In another experiment, cell migration ability was measured by
filling of the gap which was made in the uniform lawn of cells. Higher migration rate was
observed in only CoCl2-treated wells as compared to CTK7A and CoCl2-treated wells (Figure
3.5B). Invasiveness of GECs was measured by matrigel invasion assay in which a significant
reduction in invasiveness was observed in CoCl2 plus CTK7A-treated GECs as compared to
only CoCl2-treated cells (Figure 3.5C). Anchorage-independent growth of CoCl2-treated GECs
was evaluated after CTK7A treatment by soft agar assay. A significant reduction in the number
of foci was observed in CTK7A-treated cells as compared to only CoCl2-treated cells (Figure
3.5D).
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Figure 3.5. HAT inhibition suppresses metastatic properties in CoCl2-treated GECs. (A)
Transwell migration assay was performed by using 24 well inserts in which the upper chamber
contains AGS cells suspended in serum-free media while lower chambers had 10% FBSenriched media. After 24 h of treatment, inserts were stained with haematoxylin and migrated
cells were counted using an inverted microscope. Scale =50 μm. Bars represent the count of
cells migrated from three independent experiments (mean±SEM). *P< 0.05. (B) Wound healing
assay or scratch assay was performed by formation of a wound of uniform width over the
monolayer culture of AGS cells followed by treatment with CoCl2 (200 μM) alone or in
combination with CTK7A (100 μM). One untreated experimental setup was used as a control.
After 24 h of treatment, wound closure property of cells was measured in terms of change in
wound width (n=4 independent experiments, *P<0.05) by using an inverted microscope
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equipped with camera (Primo Vert Carl Zeiss, Germany). Scale bar 200 μm. (C) Matrigel-precoated Transwell invasion assay was performed to study the invasive property of AGS cells
after treatment with CoCl2 (200 μM) alone or in combination with CTK7A (100 μM) for 24 h.
Number of invading cells were stained with haematoxylin and counted (n=3 independent
experiments, *P<0.05) by using an inverted microscope. (D) AGS cells were treated with 200
μM CoCl2 and/or CTK7A (100 μM) for 24 h or left untreated. After 21 days of incubation,
anchorage-independent growth of CTK7A and CoCl2-treated hypoxic cells were measured by
counting number of colonies over the upper layer of agar surface by using an inverted
microscope. Scale bar 300 μm. Student’s t-test was used for quantification of anchorageindependent growth (n=3); *P<0.05, **P<0.01, ***P<0.001.
3.6. Inhibition of HAT activity induces Noxa expression in CoCl2-treated hypoxic GECs
Noxa is one of the Hif1α-induced proteins and a major contributor in apoptosis (115). To find
out the optimum time for Noxa expression after 200 µM CoCl2 treatment, AGS cells were
treated for 3 h, 12 h and 24 h. A gradual increase in Noxa expression was observed in hypoxic
GECs (Figure 3.6A). In order to study the effect of p300HAT on Noxa expression, AGS cells
were transfected with pcDNA3.1+ empty vector, p300 WT and p300 HAT mutant constructs
followed by CoCl2 (200 µM) treatment for 24 h. A significant increment in Noxa expression
was observed in HAT mutant-transfected cells (Figure 3.6B). Role of p300 HAT activity on
Noxa expression was validated by using HAT inhibitor CTK7A. AGS cells were treated with
CoCl2 alone or in-combination with CTK7A for 24 h and immunoblotting was performed to
validate the status of Noxa. A significant upregulation in Noxa expression was observed in
CTK7A and CoCl2-treated cells. Antiapoptotic protein Mcl1 remained suppressed in CoCl2 plus
CTK7A-treated cells as compared to only CoCl2-treated AGS cells (Figure 3.6C). Further, the
effect of CTK7A on non-malignant, immortalized HFE-145 cells was studied in the presence
and absence of CoCl2.A similar effect of CTK7A on Noxa expression was found in HFE-145
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cells but at a lesser magnitude as compared to AGS cells (Figure 3.6D). Two other GECs,
KATO III and MKN 45, showed similar Noxa expression pattern as that of AGS cells in the
above mentioned experimental conditions (Figure 3.6F). Effect of hypoxia (1% O2) on GECs
after HAT inhibition was further validated by western blotting. AGS cells were exposed to
normoxia and hypoxia in the presence or absence of CTK7A. Our results showed that Noxa
expression was significantly more in CTK7A and 1% O2 exposed cells as compared to only 1%
O2-treated cells (Figure 3.6F).
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Figure 3.6. Noxa induction in CTK7A-treated and hypoxic GECs. (A) Immunoblot analysis of
whole cell lysates (n=3) isolated from hypoxia-treated (3 h, 12 h, 24 h with 200 μM of CoCl2).
AGS cells showed time-dependent increment of Noxa expression. GAPDH was used as a
loading control. Bar diagrams represent graphical presentation of western blot data (mean ±
SEM, n=3), *P<0.05. (B) A representative western blot analysis of whole cell lysates of Noxa
protein in AGS cells after transfection with empty vector, p300 WT, p300 ΔHAT constructs
followed by treatment with 200 μM of CoCl2 for 24 h (n=3). GAPDH was used as a loading
control. (C) Immunoblotting of whole cell lysate isolated from AGS cells after treatment with
CoCl2 (200 μM) and/or CTK7A (100 μM) for 24 h showed status of Mcl1 and Noxa proteins.
GAPDH was used as a loading control. Significant increment in Noxa expression in
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CTK7A+CoCl2-treated groups was graphically represented. (mean ± SEM, n = 3), *P<0.05.
(D) Whole cell lysates were prepared from immortalized human GEC HFE145 after treatment
with CoCl2 (200 μM) alone or in combination with CTK7A (100 μM) and western blotted by
using Noxa and Mcl1 antibodies. GAPDH was used as a loading control. Noxa expression
normalized to GAPDH was depicted by bar diagrams (mean ± SEM, n = 3), *P<0.05. (E)
Immunoblot analysis (n=3) of whole cell lysates isolated from CoCl2 (200 μM) and CTK7A
(100 μM)-treated KATO III and MKN 45 cells showed induced expression of Noxa protein.
GAPDH was used as a loading control. Student’s t test was used for graphical presentation of
the data. Bars represent mean ± SEM, n = 3, *P<0.05. (F) AGS cells were treated with
hypoxia (1% O2) alone or in combination with CTK7A (100 μM) for 24 h. Whole cell lysates
were isolated and probed with Noxa antibody. GAPDH was used as a loading control. Bars
represent mean ± SEM, n = 3, *P<0.05.
3.7. HAT inhibition induces Noxa translocation to mitochondria and Cyt c release in
CoCl2-treated GECs
Noxa is translocated to mitochondria during apoptosis induction (140). Effect of HAT
inhibition on Noxa expression was studied in CoCl2-treated hypoxic GECs. A significant
increment in mitochondrial Noxa translocation was observed in CTK7A and CoCl2-treated
GECs (Figure 3.7A). Confocal microscopy also confirmed enhanced Noxa translocation to the
mitochondria in CTK7A and CoCl2-treated AGS cells stably-expressing pDsRed2 construct
(Figure 3.7B).
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Figure 3.7. CTK7A induced mitochondrial translocation of Noxa in CoCl2-treated GECs. (A)
Mitochondrial and cytosolic lysates of AGS cells treated with CoCl2 (200 μM) alone or in
combination with CTK7A (100 μM) for 24 h were isolated and western blotted (n=3) to study
Noxa expression. COX IV and GAPDH were used as loading controls for the mitochondrial
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and cytosolic fractions, respectively. Bars depict Noxa expression normalized to COX IV in the
mitochondrial fraction (mean± SEM, n=3), *P<0.05. (B) Confocal microscopy of AGS cells
stably-expressing pDsRed2 (n=3) were treated with CoCl2 (200 μM) and/or CTK7A (100 μM)
for 24 h showed significant Noxa translocation into the mitochondria. Nuclei were stained with
DAPI. Scale bar 10 μm.
As Noxa translocation was followed by Cyt c (140) release, our next aim was to study
the status of Cyt c in CTK7A and CoCl2-treated AGS cells. To achieve this goal, confocal
microscopy was performed by using pDsRed2 stably-expressing AGS cells, treated with
CTK7A (100 μM) and CoCl2 (200 μM) alone or in combination with CTK7A. Our results
confirmed that a drastic reduction in mitochondrial retention of Cyt c occurred in CTK7A plus
CoCl2-treated cells as compared to control cells, only CTK7A-treated and only CoCl2-treated
cells.
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Figure 3.8. CTK7A induced Cyt c release in CoCl2-treated GECs. Confocal microscopy data
showed that maximum Cyt c release occurred in CTK7A and CoCl2-treated AGS cells stablyexpressing pDsRed2 construct. DAPI staining was used to stain the nucleus. Scale bar 10 μm.
3.8. Induction of intrinsic apoptotic pathway in CoCl2 and CTK7A-treated GECs
Mitochondrial fragmentation is one of the important events during intrinsic apoptosis
progression (141). Effect of CTK7A and CoCl2 treatment on mitochondrial stress was studied
by confocal microscopy. pDsRed2 stably-expressing AGS cells were used for this experiment.
These cells were treated with CTK7A alone or in combination with CoCl2 for 24 h. Fragmented
mitochondrial morphology (spheroidal/punctated) was observed in CTK7A and CoCl2-treated
hypoxic GECs while the tubular network of healthy mitochondria was maintained in control as
well as only CoCl2-treated cells (Figure 3.9 A and B).
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Figure 3.9. Mitochondrial morphology of HAT inhibitor and CoCl2-treated GECs.
(A) pDsRed2 stably-expressing AGS cells were treated with CoCl2 (200 μM) alone or in
combination with CTK7A (100 μM) for 24 h and mitochondrial morphology was examined by
confocal microscopy. Upper panel: Images taken at lower magnification. Scale bar 10 μm.
Lower panel: Zoomed-in images of the selected areas shown in the upper panel. Scale bar 5
μm. (B) Mitochondrial length, roundness and circularity were the important parameters
measured from four cells (from four independent experiments). Statistically analysis was done
by considering the mean length of five mitochondria from each cell. Circular and round

61

mitochondrial morphology was observed in CoCl2 plus CTK7A-treated cells which indicated
for more mitochondrial stress (mean±SEM, n=4), *P<0.05, **P<0.001.
As caspase 9 and 3 are induced in mitochondria-mediated intrinsic cell death pathway,
western blotting experiment was performed to study the expression of caspase 9 and its
downstream effector caspase 3 in the whole cell lysates isolated from CTK7A and hypoxiatreated AGS cells. Maximal expression of cleaved caspase 9 and cleaved caspase 3 were
observed in CTK7A-treated hypoxic AGS cells as compared to the single treatment groups or
the control cells (Figure 3.9A, 3.9B).

Figure 3.10. Intrinsic apoptotic cell death in CTK7A and CoCl2-treated GECs. (A) Whole cell
lysates were isolated from AGS cells after treatment with CoCl2 (200 µM) or hypoxia (1% O2)
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alone or with CTK7A (100 µM) for 24 h. Western blot analysis (n=3) of Noxa, cleaved caspase
9 and cleaved caspase 3 showed their significant upregulation in CTK7A and hypoxia-treated
GECs as compared to the single treatment groups. GAPDH was used as a loading control. (B)
AGS cells were treated with 200 µM CoCl2 alone or in combination with CTK7A (100 µM) for
24 h or left untreated. After completion of the incubation period cells were harvested and
stained with Annexin V PE/7-AAD dyes. Flow cytometry analysis showed maximum apoptotic
cell death in CTK and CoCl2 treated cells. % cell death, in all four experimental groups were
depicted by bar diagrams. (mean±SEM, n=4), *P<0.05.
3.9. Noxa upregulation is independent of Hif1α expression in CTK7A and CoCl2-treated
hypoxic GECs
Binding of Hif1α to Noxa is facilitated by HRE site in the Noxa promoter region (86). As both
Hif1α and Noxa proteins were upregulated by hypoxia exposure (115), the effect of Hif1α on
Noxa expression after CTK7A treatment in CoCl2-exposed GECs was studied. AGS cells
stably transfected with shRNA against Hif1α cloned in pGFP-V-RS plasmid or with scrambled
control shRNA or with empty pGFP-V-RS plasmid were treated with CTK7A (100 µM) alone
or in combination with CoCl2 (200 µM) for 24 h. Our results confirmed of a significant
suppression of Hif1α in Hif1α-knockdown cells in the presence of CoCl2, while the empty
vector and scrambled shRNA-expressing cells had high expression of Hif1α following CoCl2treatment.However, in spite of a drastic suppression of Hif1α in Hif1α suppressed cells, Noxa
expression remained unaltered as that of empty vector or scrambled shRNA-transfected cells
(Figure 3.11A). To study the effect of Hif1α overexpression, AGS cells were transfected with
Hif1α overexpression constructs along with empty vector construct followed by CTK7A and
CoCl2 treatment for 24 h. Noxa was upregulated equivalently in empty vector as well as Hif1αtransfected cells which indicated of Hif1α-independent Noxa expression in CTK7A and CoCl2treated cells (Figure 3.11B).
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Figure 3.11. Noxa upregulation is independent of Hif1α status in CTK7A and CoCl2-treated
hypoxic GECs. (A) Whole cell lysates were isolated from empty vector, scrambled negative
control shRNA and Hif1α-shRNA stably-expressing AGS cells treated with CoCl2 (200 μM)
and/or CTK7A (100 μM) for 24 h. Lysates were immunoblotted (n=3) and probed with Hif1α,
Noxa antibody. GAPDH was used as a loading control. (B) Western blot analysis (n=3) of
whole cell lysates showed equal expression in Hif1α overexpressed as well as empty vector
transfected cells after treatment with hypoxia (200 μM of CoCl2) and/or CTK7A (100 μM) for
24 h. GAPDH was used as a loading control.
3.10. HAT inhibition induces H2O2 generation in CoCl2-treated GECs
Several reports correlated HAT activity with ROS generation (48, 142). Curcumin was reported
to have differential effects on HAT function depending on dose. It decreased ROS generation
and exerted anticancer effects when used at low concentration. But at higher dose, it killed cells
by more ROS production (143). As CTK7A was derived from curcumin, the effect of CTK7A
on ROS generation was next assessed.AGS cells were treated with superoxide dismutase (SOD,
200 units/ml for 4 h) to find out the involvement of superoxide (O2.-) in Noxa induction
followed by treatment with CoCl2 alone or in combination with CTK7A for 24 h. Whole cell
lysates were western blotted and probed with Noxa antibody. There was no change in Noxa and
Hif1α expression after SOD treatment which indicated that neither CTK7A nor CoCl2 or their
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combination had any role on O2.-generation (Figure 3.12A). In another experiment, AGS cells
were treated with a H2O2 scavenger, catalase (350 units/ml), for 4 h followed by a 24 h
treatment with CoCl2 (200 µM) alone or in combination with CTK7A (100 µM). Whole cell
lysates were prepared and western blotted. A marked reduction in Noxa level was observed
without changing Hif1α level (Figure 3.12B). ROS generation was further confirmed by using
CM-H2-DCFDAat a dose of 1 μM for 10 min to assess intracellular ROS. Fluorescence
microscopy data revealed a maximum ROS generation in CTK7A plus CoCl2-treated cells as
compared to other experimental groups which was scavenged after pretreatment with catalase.
Altogether, our findings summarized that H2O2-mediated Noxa upregulation in CTK7A and
CoCl2-treated GECs, was independent of cellular O2 status (Figure 3.12C).

Figure 3.12. CTK7A-mediated ROS generation in CoCl2-treated GECs leads to increased
Noxa expression. (A) AGS cells were pretreated with SOD for 4 h followed by a treatment with
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CoCl2 (200 μM) and/or CTK7A (100 μM) for 24 h. Whole cell lysates were isolated and run on
gel. A representative western blotting (n=3) showed status of Noxa and Hif1α. GAPDH was
used as a loading control. (B) Immunoblotting (n=3) of whole cell lysates after pretreatment
with catalase (350 units/ml) for 4 h followed by treatment with CTK7A (100 μM) and CoCl2
(200 μM) alone or in combination for 24 h. Blots were probed with antibody for Noxa and
Hif1α .GAPDH as the loading control. (C) AGS cells were treated with CoCl2 (200 μM) alone
or combination with CTK7A (100 μM) for 24 h with or without catalase pretreatment (350
units/ml, 4 h). Cells were then incubated with fluorescence probe CM-H2DCFDA at a final
concentration of 1 μM for 10 min followed by fixation with paraformaldehyde at 37oC for 20
min. ROS generation was measured under a fluorescence microscope (Olympus, Japan). Scale
bar, 20 μm.
3.11. H2O2 induces p38 MAPK-mediated Noxa induction in CTK7A and CoCl2-treated
GECs
Existing reports suggest ROS mediated activation of MAPK and Noxa upregulation (144-147).
Status of MAPKs upon hypoxia and CTK7A-exposure alone or in combination for 24 h was
studied and upregulation of all three MAPKs i.e. p38, ERK and JNK were observed.
Expression of phosphorylated-p38 MAPK (P-p38 MAPK) and P-JNK along with Noxa
expression was reduced after catalase treatment while Hif1α expression remained unchanged.
There was no change in P-ERK level after catalase treatment (Figure 3.13A). Further, the effect
of JNK and p38 MAPK on Noxa expression was studied. For this, cells were pre-treated with
JNK or p38 MAPK inhibitors for 1 h followed by treatment with hypoxia (200 µM of CoCl2)
alone or in combination with CTK7A (100 µM) for 24 h. Whole cell lysates were assessed by
western blotting to study the status of Noxa in JNK and p38 MAPK inhibitor-treated cells and
observed a remarkable downregulation of Noxa in CTK7A and CoCl2-treated cells with
SB203580(p38 MAPK inhibitor)-pretreatment but not in SP600125 (JNK inhibitor) pretreated
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CTK7A plus CoCl2-treated cells. This result established that p38 MAPK-mediated Noxa
expression in CTK7A-treated cells (Figure 3.13 B and C).

Figure 3.13. H2O2 induces p38 MAPK-mediated Noxa upregulation in CTK7A and CoCl2treated GECs. (A) AGS cells were pre-treated with catalase (350 units/ml) for 4 h followed by
treatment with hypoxia (200 μM of CoCl2) alone or in combination with CTK7A (100 µM) for
24 h. Whole cell lysates were western blotted (n=3) and probed for Noxa, Hif1α and various
MAPKs. GAPDH was used as a loading control. (B) Western blotting (n=3) of whole cell
lysates after pretreatment with 25 μM JNK inhibitor II (SP600125) for 1 h followed by CoCl2
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(200 μM) and CTK7A (100 μM) treatment for 24 h showed the status of P-JNK and Noxa.
GAPDH was used as a loading control. (C) Whole cell lysates were isolated from AGS cells
after pretreatment with 25 μM of p38 MAPK inhibitor (SB203580) for 1 h followed by
treatment with CoCl2 (200 μM) and/or CTK7A (100 μM) for 24 h. Western blot (n=3) showed
the effect of p38 MAPK inhibition on cleaved caspase 3 and Noxa expression. GAPDH was a
loading control.
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3.12. Discussion
Hypoxic environment inside the solid tumor is created by unequal angiogenesis and poor blood
supply to parts of the tumor mass which drive cells to be more malignant (133).Treatment
resistance and metastatic property are more frequent in hypoxic cancer cells than in nonhypoxic cells. Hif1α expression is noticed in neoplastic gastric cancer tissues (Panel A of
Figure S5 in (47)). It is the major transcription factor which modulates metastasis by regulating
downstream effector molecules involved in angiogenesis (148, 149). As also revealed by this
study, Hif1α enhanced EMT and metastasis in hypoxic GECs. This study suggested a novel
mechanism which explained the role of HAT inhibitor CTK7A, in regulation of invasiveness,
EMT and apoptosis induction. This compound selectively killed hypoxic gastric cancer cells
but spared non-hypoxic cells from apoptotic death to a significant extent. Downregulation of
EMT marker expression and invasiveness in CTK7A-treated hypoxic GECs was also noticed.
Hypoxia-induced invasiveness of GECs was reversed by treatment with CTK7A. Moreover,
GECs showed apoptotic cell death to a greater extent after treatment with CTK7A in hypoxic
condition. This cell death involved activation of Noxa-mediated intrinsic pathway.
We suggested a novel mechanism of cell death induction in CTK7A-treated hypoxic
GECs which was regulated by ROS generation but not by Hif1α. As Hif1α is a transcriptional
activator for both noxa and mcl1 in H. pylori-infected GECs (85, 86), Mcl1 and Noxa
expression was studied in hypoxic GECs and Hif1α-independent Noxa induction mechanism
was found to be active in CTK7A-treated hypoxic cells.
Current therapeutic methods exploit the mechanism of ROS-mediated cellular damage
in cancerous cells to treat cancer (122, 150, 151).Association between MAPKs and apoptosis is
well established in ROS-generating cells. For example, cisplatin-mediated ROS induction had
been associated with JNK activation and apoptosis of various types of cells including GECs
(152). Another report explained the role of curcumin-mediated ROS generation and activation
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of JNK signaling which induced apoptosis in human GECs (145). Apoptosis induction and
ROS-mediated p38 activation was well established in the literature (153). Studies also
supported involvement of histone acetylation in cancer progression and therapy. Inhibition of
p300 HAT activity as well as autoacetylation by CTK7A was earlier shown to substantially
reduce the xenografted oral cancer progression in mice (128). Our results confirmed that
CTK7A treatment produces a substantially higher amount of ROS specifically H2O2 in hypoxic
cells than in non-hypoxic or normoxic GECs. Enhanced H2O2generation in hypoxic CTK7Atreated cells induce p38 MAPK-mediated induction of Noxa. Noxa translocation to
mitochondria causes significantly higher mitochondrial apoptosis in hypoxic CTK7A-treated
cells. Our results showed significantly higher Noxa expression in hypoxic CTK7A-treated
GECs as compared to their CTK7A-untreated counterparts. Thus, the potential therapeutic
advantage of CTK7A was revealed by our work which might have a better effect over
contemporary anticancer remedies.
Altogether, our study put a new insight to understand the detailed mechanism of HAT
inhibition-mediated apoptosis induction in GECs exposed to chemically-induced or
physiological hypoxia. However, effect of CTK7A on other type of cancers need to be
evaluated.
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Chapter 4
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4. Role of H. pylori in inducing antiapoptotic pathways in GECs
4.1. H. pylori infection induces Noxa expression without downregulating Mcl1 in human
GECs
Mcl1 is a major antiapoptotic protein expressed in cancer tissues and Noxa acts as an
antiapoptotic molecule in Mcl-expressing cells by regulating degradation of Mcl1 (108) . The
balance between both mcl1 and noxa are Hif1-inducible. Mcl1 and Noxa have crucial roles in
determining the life span of a cell (111). The effect of H. pylori infection on Noxa and Mcl1
expression in GECs were next investigated. AGS cells were infected with a cag PAI (+) H.
pylori strain 26695 at a multiplicity of infection (MOI) of 200 for various time periods (3 h, 5
h, 8 h and 12 h) (Figure 4.1A). Induced expression of both Mcl1 and Noxa was observed in a
time dependent manner which reached the maximal expression level at 5 h post-infection.
Hif1α was equally induced by MOI 200 and 300 t {lower MOIs were earlier reported to have
no significant effect on Hif1α expression (85)}. So, MOI 200 of the strain 26695 was used for
all future experiments with the standardized infection time of 5 h, unless stated otherwise. Both
Mcl1 and Noxa were equally induced in other GECs, MKN-45, NCI-N87 and Kato III (Figure
4.1B). This was surprising to observe simultaneous Mcl1 and Noxa expression in GECs since
Noxa was known to degrade Mcl1.

Figure 4.1. Concurrent expression of Noxa and Mcl1 in H. pylori-infected GECs. (A) AGS
cells were infected with an MOI of 200 of H. pylori for various time points (3, 5, 8and 12 h) or
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left uninfected. Whole cell lysates were isolated and western blotted to study Mcl1 and Noxa
status. α-Tubulin was used as a loading control. (B) Immunoblot analysis (n=3) of whole cell
lysates prepared from uninfected or H. pylori–infected (an MOI of 200; 5 h) MKN-45, NCIN87, KATO III, and AGS cells. α-Tubulin was kept as a loading control.
4.2. H. pylori infection induces Noxa phosphorylation at S13 residue in GECs
To solve the puzzle of simultaneous expression of Noxa and Mcl1 in H. pylori-infected GECs,
phosphorylation of Noxa was studied since Noxa phosphorylation by Cdk5 was earlier reported
to decrease apoptosis in leukaemia cell lines (117). Maximum Noxa phosphorylation at S13
residues was observed after 5 h of H. pylori infection (Figure 4.2A). cag PAI of H. pylori
encodes proteins for a type IV secretion system (T4SS) which injects virulence factor CagA
into infected host cell cytoplasm upon H. pylori infection. CagA enhances infected host cell
mortality upon phosphorylation (154). But this study confirmed that Noxa phosphorylation was
a cag PAI-independent event (Figure 4.2B) since equal enhancement in Noxa phosphorylation
occurred by cag (+)/ (-) strains. As expected, CagA expression and its phosphorylation were
noticed in 26695-infected cells but not in cells infected with 8-1 strain confirming the integrity
of CagA in 26695 strain (Figure 4.2C). Our next goal was to study potential phosphorylation
sites and kinases involved in Noxa phosphorylation, for which GPS2.1 prediction software was
used (155) (Figure 4.4D). The analysis predicted about involvement of Cdk5 and JNK in Noxa
phosphorylation at S13 residue, while p38 MAPK and ERK had much lesser predicted effect.
However, expression of Cdk5 was not observed in GECs which corroborated with the other
studies that showed no expression of Cdk5 in the human stomach (156, 157).
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Figure 4.2. Noxa phosphorylation by H. pylori is independent of CagA status. (A) Whole cell
lysates prepared from AGS cells infected with an MOI of 200 of H. pylori for 3 h, 5 h and 8 h.
Lysates were run on gel and western blotted to study expression status of phosphor-serineNoxa, Noxa and Hif1α proteins. α–Tubulin served as a loading control. Bar diagrams depicted
fold change in Noxa and P-Noxa with respect to control (mean ± SEM, n = 3). (B) AGS cells
were infected with MOI 200 of H. pylori cag PAI (+) strain 26695 and (-) strain (8-1) for 5 h
or left uninfected. Western blot analysis of whole cell lysates showed cag PAI-independent
expression of P-S-Noxa and Noxa. α–Tubulin was used as a loading control. (C) Immunoblot
analysis (n=3) of whole cell lysates after infection with cag PAI (+) strain 26695 or (-) strain
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8-1. Blots were probed to study CagA expression and its phosphorylation pattern by both the
strains. α–Tubulin was used as a loading control. (D) Potential kinase-target site of Noxa
protein was analyzed by GPS2.1 software and only S13 site appeared to be a potential kinasetarget within the five residues which can be phosphorylated (S and T, boldfaced and in italics,
S13 has been indicated with an arrow).
4.3. Cloning, expression and S13A mutation of noxa gene
noxa gene was amplified and cloned in pcDNA3.1+ vector (Figure 4.3A). Transformation of
DH5α competent cells was done with the construct for further amplification. Amplified
constructs were purified, and transiently transfected to GECs. After 32 h of transfection, whole
cell lysates were isolated and run on a gel. Western blot results confirmed noxa overexpression
as compared to the empty vector-transfected cells (Figure 4.3B). As discussed in the previous
section, S13 residue of Noxa seemed to be the phosphorylated residue, we attempted to generate
a S13A mutant of Noxa by site-directed mutagenesis kit. Construct was confirmed by
sequencing. AGS cells were transfected with WT or mut constructs followed by H. pylori
infection. Whole cell lysates were western blotted and probed with P-serine antibody and Noxa
antibody. We have observed a significant Noxa phosphorylation in WT Noxa construct
transfected cells as compared to the mut and empty vector-transfected cells while total Noxa
remained the same in both samples (Figure 4.3C).
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Figure 4.3. Cloning, expression and mutation of noxa. (A) Amplification of human noxa gene.
Lane1: 200 bp marker, Lane 2: PCR product showing noxa band at 164 bp (B) Western blot
analysis of whole cell lysates isolated from Noxa construct and empty vector-transfected GECs.

α–Tubulin served as a loading control. (C) AGS cells were transfected with noxa WT and S13A
mut constructs and infected with H. pylori. Whole cell lysates were western blotted for P-SNoxa and Noxa expression. α–Tubulin was kept as a loading control.
4.4. JNK phosphorylation induces Noxa phosphorylation at S13 residue in H. pyloriinfected GECs
MAPKs are widely distributed throughout the tissue and express in a context dependent
manner. As per reports, ERK1/2, p38 MAPK and JNK phosphorylation start at 30 min after H.
pylori infection and continues till 24 h (158). H. pylori at MOI 200 induced MAPKs in infected
GECs at 5 h of infection (Figure 4.4A and B). In order to identify which MAPKs played crucial
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role in Noxa phosphorylation, cells were pre-treated with the MEK1 inhibitor PD98059 (25
μM) or p38 MAPK inhibitor SB203580 (25 μM) for 1 h prior to infection and this pretreatment
caused partial suppression of total Noxa and P-S-Noxa. This result matched with findings from
previous studies which reported about marked reduction in Noxa expression after ERK and p38
MAPK inhibition (159). Surprisingly, JNK II inhibitor SP600125 (25 μM, 1 h pre-treatment)
inhibited only P-S-Noxa without altering Noxa expression. This result established a correlation
between JNK and Noxa phosphorylation in H. pylori-infected GECs (Figure 4.4A and B).
JNK-mediated phosphorylation, stabilization and antiapoptotic function of Mcl1 were
previously reported (160). So, we assumed that inhibition of JNK phosphorylation would
reduce Mcl1 protein expression in H. pylori-infected AGS cells. As activation of JNK and p38
MAPK by Noxa has been previously reported (111), the effect of WT and S13A mut Noxa on
MAPKs was examined. For this, AGS cells were first transfected with WT and S13A Noxa
constructs followed by infection with H. pylori (200 MOI) or were left uninfected. Results
confirmed that WT and S13A construct equally enhanced H. pylori-mediated JNK
phosphorylation. But these overexpressions had little effect on p38 MAPK phosphorylation and
no effect on ERK1/2 phosphorylation (Figure 4.4C). To study the interaction between Noxa
and P-JNK in H. pylori-infected GECs, WT and S13A Noxa were ectopically expressed and
whole cell lysates were generated. Immunoprecipitation was performed with Noxa antibody
and blots were probed for P-JNK and total Noxa. Data showed that P-JNK interaction with
Noxa was not affected by the mutation (Figure 4.4D). Effect of JNK overexpression on Noxa
phosphorylation at S13 was evaluated by western blotting for which AGS cells were transfected
with WT Noxa along with JNK1 or JNK2 constructs or S13A Noxa with JNK1 or JNK2
constructs followed by H. pylori infection for 5 h or cells were left uninfected. Results
confirmed that overexpression of JNK1 or JNK2 enhanced WT Noxa phosphorylation but did
not phosphorylate the S13A mutant (Figure 4.4E) in infected GECs (lanes 2, 4, 6 vs lanes 8, 10,
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12). Altogether, these findings summarized that Noxa and P-JNK interaction was independent
of S13 phosphorylation status but JNK-mediated Noxa phosphorylation was drastically affected
in Noxa S13A-expressing cells. These results established the importance of the S13 residue in
JNK-mediated Noxa phosphorylation. Further, we wanted to study the importance of cag PAI
on JNK phosphorylation for which GECs were infected with cag PAI (+) and (-) strains 26695
and 8-1, respectively. Western blotting confirmed about equivalent JNK phosphorylation by
cag PAI (+) and (-) strains (Figure 4.4F).
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Figure 4.4. Noxa phosphorylation at S13 residue was induced by JNK1 and JNK2 in H.
pylori-infected GECs. (A) AGS cells were pre-treated with 25 µM JNK inhibitor II [SP600125
(SP)], 25 µM p38 MAPK inhibitor [SB203580 (SB)] and 25 µM MEK 1/2 inhibitor [PD98039
(PD)] followed by infection with H. pylori (200 MOI) for 5 h. Whole cell lysates were isolated
and western blotted to show the status of P-JNK and JNK. α–Tubulin was a loading control.
(B) Expression pattern of P-ERK, P-p38 MAPK, ERK and p38 MAPK in AGS cells infected (5
h) with 200 MOI of H. pylori was evaluated by western blotting. Pre-treatment with 25 µM
JNK inhibitor II (SP600125), 25 µM p38 MAPK inhibitor (SB203580) and MEK 1/2 inhibitor
(PD98039) were done as indicated. α–Tubulin served as a loading control. (C) Western blot
analysis of AGS cells after transfecting with overexpression construct of WT and
nonphosphorylatable Noxa S13A mutant followed by infection with H. pylori with an MOI of
200 for 5 h showed ERK and p38 MAPK phosphorylation in GECs. α–Tubulin was used as a
loading control. (D) Whole cell lysates were prepared from empty vector or WT Noxa or S13A
Noxa-transfected and H. pylori-infected (MOI 200, 5 h) AGS cells. Lysates were
immunoprecipitated with Noxa antibody and probed with P-JNK and Noxa antibody. (E) AGS
cells were transfected with JNK1 or JNK2 constructs along with empty vector, WT, or S13A
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mutant constructs of Noxa followed by infection with an MOI of 200 of H. pylori for 5 h.
Western blot analysis showed JNK mediated Noxa phosphorylation at S13 residue. α-Tubulin
was used as a loading control. (F) AGS cells were infected with an MOI of 200 of H. pylori cag
PAI (+) strain 26695 and (-) strain 8-1 or left uninfected for 5 h. Whole cell lysates were
isolated and western blotted for P-JNK and JNK. α–Tubulin was a loading control.
4.5. Inhibition of Noxa phosphorylation at S13 induces Mcl1 degradation and
mitochondria-mediated intrinsic apoptotic pathway in H. pylori-infected GECs
The next study assessed the effect of Noxa phosphorylation on Mcl1. Western blot results
confirmed that H. pylori-mediated Mcl1 expression was significantly decreased in S13A Noxa
construct-transfected cells as compared to the control vector and WT Noxa-transfected in cells
(Figure 4.5A). Correlation between Mcl1 downregulation and mitochondria-mediated apoptosis
induction are well-studied (161) but the regulation of Mcl1-Noxa interaction is relatively less
understood. So, the next study aimed at understanding the effect of JNK on Mcl1-Noxa
interaction in H. pylori-infected GECs. To achieve this, mitochondrial lysates were prepared
from vehicle (DMSO)-treated, H. pylori-infected or JNK inhibitor II pre-treated and infected
AGS cells. IP experiment was performed with Mcl1 antibody. Results confirmed that Mcl1Noxa interaction occurred only in JNK-inhibitor-treated and H. pylori-infected mitochondria
but not in mitochondria isolated from cells which were not treated with the inhibitor (Figure
4.5B). This experiment also identified abrogation of Mcl1-Bax interaction in JNK inhibitor IItreated cells which was not observed in inhibitor-untreated H. pylori-infected AGS cells.
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Figure 4.5. Effect of S13A Noxa mutant on intrinsic apoptotic pathway. (A) Immunoblot
analysis of whole cell lysates isolated from AGS cells transfected with empty vector, Noxa WT
or Noxa S13A construct followed by infection with H. pylori (5 h with an MOI of 200) and
probed with Mcl1 antibody. Data were analyzed by 2-way ANOVA with Tukey’s post hoc test
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(n=4). Error bars, SEM. ****P <0.0001. (B) Mitochondrial lysates were immunoprecipitated
with Mcl1 antibody after pretreatment with JNK inhibitor II followed by H. pylori infection for
5 h. Blots were probed with Mcl1 and Noxa antibodies to assess the Mcl1-Noxa interaction.
Further, Mcl1-Bax interaction was studied in the same experimental setup. A nonspecific band
was used to show protein loading. (C) Western blot analysis of cytosolic and mitochondrial
fractions showed the phosphorylation status of Noxa and Cyt c in H. pylori–infected AGS cells
expressing either empty vector or Noxa WT or Noxa S13A. α–Tubulin and Cox IV were used as
loading controls for cytosolic and mitochondrial fractions, respectively. (D) Whole cell lysates
were immunoblotted to study the status of cleaved caspase-3 in WT and S13A Noxa-transfected
and infected (MOI of 200 of H. pylori, 10 h) AGS cells. α-Tubulin was used as a loading
control.
Noxa translocation to mitochondria is a very crucial step in intrinsic apoptotic pathway
(162). Noxa displaces apoptotic effectors such as Bak and Bax from pro-survival protein Mcl1
which is followed by Bax or Bak oligomerization resulting in Cyt c release (163). The effect of
Noxa phosphorylation on Cyt c release was validated in H. pylori-infected GECs by western
blotting. Mitochondria-enriched and cytosolic fractions of H. pylori-infected AGS cells
(already transfected with WT Noxa, S13A Noxa or the empty vector), were western blotted and
probed for Noxa and Cyt c. S13A-expressing H. pylori-infected cells showed remarkably more
Cyt c release as compared to the WT Noxa-transfected cells (Figure 4.5C) which confirmed the
significance of Noxa phosphorylation on negatively regulating apoptosis. Cyt c release is
accompanied by activation of cleaved caspase-3, the effector caspase which leads to apoptotic
cell death (164).

We found maximum cleaved caspase 3 accumulation in S13A mutant-

expressing cells as compared to empty vector and WT Noxa-transfected groups upon H. pylori
infection (Figure 4.5D).
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4.6. Phosphorylation deficient Noxa S13 mutant induces mitochondrial fragmentation in
H. pylori-infected GECs
Analysis of mitochondrial structure is very crucial to judge the physiological status of a cell.
Healthy AGS cells have small, tubular mitochondrial structure and this mitochondrial network
is easily destroyed with mitochondrial stress (165). Mitochondrial morphology of pDsRed2
stably-expressing AGS cells was studied by confocal microscopy. These cells were either
transiently transfected with empty vector or Noxa WT or S13A mutants followed by infection
with H. pylori for 8 h or left uninfected. Fragmented mitochondrial structure was noticed in
S13A-expressing cells, whereas the reticulotubular network of healthy mitochondria remained
unaltered in empty vector-transfected cells but became partially disintegrated in WT constructtransfected and infected cells (Figure 4.6A). Mitochondrial structural integrity was measured in
terms of length, circularity and roundness. These parameters were calculated by using image J
software and a perfect circle was represented by a circularity value of 1 (Figure 4.6B).
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Figure 4.6. Noxa S13A mutant transfection enhances mitochondrial fragmentation in H.
pylori-infected GECs. (A) Confocal microscopy was done to study mitochondrial morphology
in pDsRed2 stably-expressing AGS cells transfected with empty vector (pcDNA3.1+), Noxa WT,
and Noxa S13A constructs and infected with H. pylori (8 h, with an MOI of 200). Scale bars, 5
µm. (B) Mitochondrial morphology in terms of length, roundness, and circularity was analyzed
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from 4 cells (from 4 independent experiments), and 5 mitochondria were taken into account
measured from each cell for statistical analysis. 2-way ANOVA with Tukey’s post hoc test was
used for data analysis. Error bars, SEM. *P<0.05;**P<0.01; ****P <0.0001.
4.7. Effect of Noxa dephosphorylation on apoptosis of H. pylori-infected GECs
Flow cytometric analysis was performed to study the effect of S13A mutation on apoptotic cell
death. For this, AGS cells were infected with MOI 200 of H. pylori for 10 h. Cells were stained
with Annexin V/PE to detect apoptotic cells and 7-AAD to detect necrotic population.
Significant apoptosis induction was observed in H. pylori-infected GECs (Figure 4.8A). The
effect of Noxa WT and S13A mutant on apoptosis induction was further studied in H. pyloriinfected GECs. Apoptosis induction was significantly more in S13A-transfected and H. pyloriinfected cells as compared to the empty vector- and Noxa WT-transfected groups (Figure
4.8B).
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Figure 4.7. S13A-mutated Noxa enhances H. pylori–mediated apoptosis in AGS cells. (A)
AGS cells were harvested and stained with Annexin V PE/7-AAD dyes for detection of H.
pylori-mediated apoptosis. The lower-right quadrant showed H. pylori-induced apoptosis in
infected cells (n = 6). Graphical analysis of the data shown in figure 4.8A was performed by
Student’s t test (mean ± SEM, n=6), *P<0.05. (B) Noxa WT or Noxa S13A plasmid constructs
or empty vector were transfected in AGS cells followed by infection with H. pylori for 10 h. H.
pylori-induced apoptosis was represented by dot plot which showed a marked increase in H.
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pylori–mediated apoptosis in S13A Noxa construct-transfected cells as compared to WT and
empty vector-transfected cells (n=6). The percentage of apoptotic cell death in various
transfected groups were compared with two way ANOVA with Tukey’s post hoc test.
(mean±SEM, n =6), ***P<0.001, ****P<0.0001.
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4.8. Discussion
H. pylori-mediated apoptosis as well as proliferation of GECs are regulated by accumulation of
mutations and balance between these two events are very much necessary for the survival of
the host cell (166). Proapoptotic as well as antiapoptotic proteins play a very crucial role in H.
pylori-mediated carcinogenesis. BH3-only apoptotic protein Noxa interacts with antiapoptotic
protein Mcl1 and leads to its proteasomal degradation. Thus, Mcl1/Noxa balance is a critical
regulator of apoptosis (167). This work is the first report showing simultaneous upregulation of
proapoptotic protein Noxa and antiapoptotic protein Mcl1 in H. pylori-infected GECs.
Coexistence of both of these proteins was extensively studied in the present work and JNKmediated Noxa phosphorylation is found to be responsible for prevention of Noxa-mediated
Mcl1 degradation.
H. pylori- mediated gastric epithelial ROS generation and apoptosis induction has been
well-documented in the literature (168). Release of Cyt c is strongly associated with interaction
between pro and antiapoptotic proteins. According to the indirect activation model,
conformational change in the multi-BH domain-containing proteins Bax and Bak leads to their
auto-oligomerization and pore formation in the outer mitochondrial membrane. This is
followed by Cyt c release due to the interaction between the BH3-only proteins and their
antiapoptotic partners (169). Lowman et al. (117) have shown the importance of Noxa S13
phosphorylation in leukemia cells under glucose stress. The failure of generating S13A-stably
expressing Jurkat cells by Lowman et al. support enhanced proapoptotic activity of this mutant
which is further validated by unsuccessful attempt by our group to generate GECs with Noxa
S13A mutation (86). These results further confirms antiapoptotic potential of Noxa protein by
its phosphorylation (170).
H. pylori infection also plays a crucial role in several cellular processes including cell
cycle, proliferation and apoptosis by inducing MAPKs activation (159). Significance of JNK
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activation in inducing intrinsic apoptotic pathway has been previously reported (171). This
study reveals the role of JNK-mediated Noxa phosphorylation in regulating the apoptotic
potential of H. pylori-infected GECs. Since JNK can induce invasiveness and motility of H.
pylori-infected cells (172), we assume JNK-mediated Noxa phosphorylation might be helpful
for survival of invasive gastric cancer cells. But detailed studies are needed to justify the
hypothesis.
Role of H. pylori-mediated Bax translocation and mitochondrial fragmentation is well
established in the literature (165) but Mcl1-Bax direct interaction is rare to find. A study has
demonstrated that Mcl1 can indirectly inhibit Bax-mediated cell death but has not identified a
direct Mcl1-Bax interaction as a requirement for that (173). But another group has discussed
about the existence of Mcl1-Bax interaction (174). This study confirms that a direct interaction
between Mcl1 with Bax occurs in H. pylori-infected cells. An enhanced Mcl1-Noxa interaction
in JNK inhibitor-treated and H. pylori-infected gastric epithelium is also noted. This study
further shows that the absence of Noxa phosphorylation at S13 residue enhances its binding
affinity towards Mcl1 by displacing Bax followed by Bax oligomerization and Cyt c release
leading to intrinsic cell death (175, 176). As H. pylori infection induces Noxa and enhances its
phosphorylation in GECs and non-P-Noxa shows significantly high apoptotic potential than PNoxa, a nonphosphorylatable mutation of Noxa in gastric epithelial cells will only ensure
impairment of apoptosis after H. pylori infection. Further studies are required to identify the
prevalence of Noxa S13 mutation and P-JNK expression pattern in H. pylori-infected gastric
biopsy samples. We have also studied Hif1α-mediated Noxa induction in H. pylori-infected
GECs (86). As chemoresistance of gastric cancer cells can be individually attributed to Hif1α
(146) and H. pylori (177), a detailed study on H. pylori-mediated Noxa phosphorylation and
Hif1α upregulation might help in finding a potential therapeutic strategy to treat treatmentresistant gastric cancer.
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In brief, this work establishes the role of Noxa phosphorylation in regulation of
apoptosis in H. pylori-infected GECs. As H. pylori infection modulates both cell survival and
cell death mechanism by regulating balance between proapoptotic protein Noxa and
antiapoptotic protein Mcl1, this finding might be helpful in understanding Noxa mediated
apoptosis in H. pylori-infected GECs. The next part of my study depicts the role of p300 HAT
function on Noxa-mediated apoptosis in H. pylori-infected GECs.
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Chapter 5
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5. Effect of HAT/KAT inhibition in H. pylori-infected metastatic GECs
5.1. HAT/KAT inhibition suppresses H. pylori-mediated expression of EMT markers in
GECs
Role of H. pylori in EMT progression is well established (80, 178, 179). We found Hif1αmediated Noxa expression in H. pylori-infected GECs (86). p300 is a transcriptional
coactivator of Hif1α. p300 HAT activity is very crucial for its biological functions and hence,
has been studied elaborately (94). The first aim of this study was to identify the effect of H.
pylori on the expression of EMT markers and secondly, to study the effect of inhibition on
EMT and metastasis of H. pylori-infected GECs. AGS cells were treated with the HAT
inhibitor CTK7A (100 µM, an already standardized dose) followed by H. pylori infection (200
MOI) for 24 h. Western blotting of whole cell extracts (Figure 5.1A) showed upregulation of
EMT markers, Twist1 and N-cadherin in H. pylori-infected GECs which were further
suppressed upon

HAT inhibition. Expression of EMT markers was further validated by

confocal microscopy, which showed downregulation of H. pylori-induced N-cadherin and
Twist1 expression upon CTK7A treatment (Figure 5.1B and C).
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Figure 5.1. Effect of HAT/KAT inhibition on H. pylori-induced EMT marker expression. (A)
A representative western blot (n=3) of whole cell lysates prepared from CTK7A-treated and H.
pylori-infected AGS cells showed suppressed expression of EMT markers selectively in CTK7A
plus H. pylori-exposed GECs. GAPDH was used as a loading control (B) A representative
confocal microscopy image (n=3) of AGS cells infected with H. pylori at an MOI of 200 alone
or in combination with CTK7A (100 μM) for 24 h showed status of Twist1 expression. Scale
bar, 5 μm. (C) AGS cells were cells infected with H. pylori (MOI 200) alone or in combination
with CTK7A (100 μM) for 24 h and confocal microscopy was performed to study N-cadherin
status. Scale bar, 5 μm.
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5.2. H. pylori-mediated enhancement in GEC invasion and migration are downregulated
by HAT inhibition
To evaluate the effect of HAT inhibition on H. pylori-induced metastasis progression, transwell
migration and invasion assays were performed. For transwell migration assay, AGS cells were
seeded on the upper side of the inserts in a 24 well plate and infected with H. pylori (200 MOI)
with/without co-treatment with CTK7A (100 µM) for 24 h. Migrated cells were stained with
hematoxylin and studied under a microscope. H. pylori-induced cell migration was
significantly downregulated with treatment of CTK7A (Figure 5.2 A). Further, invasiveness of
GECs was measured by matrigel invasion assay in which a significant reduction in H. pylorimediated invasiveness of GECs was observed with CTK7A co-treatment (Figure 5.2B).

Figure 5.2. Metastatic properties of H. pylori-infected GECs were downregulated by HAT
inhibition. (A) AGS cells were suspended in serum-free media and were seeded onto the upper
chamber of 24 well inserts while the lower chamber had 10% FBS-enriched media. After H.
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pylori (200 MOI) infection alone or in combination with CTK7A (100 μM) for 24 h, migrated
cells were stained with haematoxylin and counted by using an inverted microscope. Scale =100
μm. (B) Invasiveness of GECs was studied by matrigel-pre-coated transwells after H. pylori
infection (200 MOI) with/without CTK7A (100 μM) treatment for 24 h. Invading cells were
stained with haematoxylin and counted by using an inverted microscope. Scale =100 μm.
5.3. Noxa expression is induced in HAT inhibitor-treated and H. pylori-infected GECs
Apoptotic protein Noxa gets induced in H. pylori-infected GECs (86). But the effect of p300
HAT inhibition on Noxa expression in H. pylori-infected GECs has not been studied. So, the
level of Noxa in HAT inhibitor-treated and H. pylori-infected GECs was next examined. A
significant increase in Noxa expression was observed in CTK7A-treated and H. pylori-infected
GECs as compared to only H. pylori-infected GECs (Figure 5.3A).

Mitochondrial

translocation of Noxa was remarkably high in H. pylori-infected GECs as compared to CTK7A
plus H. pylori exposed GECs (Figure 5.3B). Confocal microscopy data also corroborated with
the western blot result (Figure 5.3C).
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Figure 5.3. Status of Noxa in CTK7A-treated and H. pylori-infected GECs.(A) A
representative western blot of whole cell lysates prepared from AGS cells infected with H.
pylori (200 MOI, 24 h) alone or in combination with CTK7A (100 µM) (n=3). GAPDH was
used as a loading control. (B) Mitochondrial and cytosolic fractions of AGS cells were isolated
from H. pylori-infected and CTK7A-treated GECs and western blotted. GAPDH and Cox IV
were used as loading controls for cytosolic and mitochondrial fractions, respectively. (C) H.
pylori-infected (200 MOI) AGS cells stably-expressing pDsRed2 constructs were treated with
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CTK7A (100 μM) for 24 h and confocal microscopy was performed to study Noxa expression.
Nuclei were stained with DAPI. Scale bar 10 μm.
5.4. Induction of the intrinsic apoptotic pathway in CTK7A-treated and H. pylori-infected
GECs
Cyt c release and caspase activation are crucial steps in the intrinsic apoptotic pathway (180).
Cyt c release from the mitochondria was studied in pDsRed2 stably-expressing AGS cells
infected for 24 h with H. pylori (at an MOI of 200) in presence or absence of CTK7A (100
µM). Confocal microscopy result clearly indicated that mitochondrial retention of Cyt c was
drastically reduced in CTK7A- plus H. pylori-exposed cells (indicating maximal Cyt c release
into the cytosol) while control cells, only CTK7A-treated and only H. pylori-infected cells were
able to retain Cyt c in the mitochondria (Figure 5.4A). Cleaved caspase 9 and its downstream
effector caspase, cleaved caspase 3, were accumulated in CTK7A-treated and H. pyloriinfected GECs as compared to only H. pylori-infected or CTK7A-treated cells (Figure 5.4B).
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Figure 5.4. Activation of intrinsic apoptotic pathway in HAT inhibitor-treated H. pyloriinfected GECs. (A) Confocal microscopy of AGS cells stably-expressing pDsRed2 construct
and treated with CTK7A (100 µM) followed by H. pylori infection(200 MOI) for 24 h showed
maximum Cyt c release in CTK7A treated and H. pylori-infected GECs. Nuclei were stained
with DAPI. Scale bar 10 μm. (B) Whole cell lysates prepared from AGS cells after H. pylori
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(200 MOI) infection alone or in combination with CTK7A (100 μM) for 24 h. These lysates
were immunoblotted (n=3) to study the status of cleaved caspase 9 and cleaved caspase 3.
GAPDH was used as a loading control.
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5.5. Discussion
H. pylori infection-mediated EMT progression is an interesting field of research (78, 181). H.
pylori infection induces invasiveness of GECs by suppressing normal epithelial differentiation,
cell adhesion, cell polarity maintenance and hence, is involved in metastasis progression (73).
The present study revealed upregulation of EMT markers and metastatic property in H. pyloriinfected GECs. p300 acts as the transcriptional coactivator of Hif1α which is upregulated by H.
pylori infection, and has HAT activity. The significance of p300 HAT activity in H. pyloriinfected GECs had not been studied at all. This study confirmed that inhibition of HAT activity
by CTK7A led to suppression of EMT marker expression and metastatic nature of H. pyloriinfected GECs. This finding was supported by one previous report which explained the tumorsuppressive role of CTK7A in the mouse model of oral cancer (128). So, these new findings
might be helpful in controlling EMT progression in H. pylori-infected GECs.
Apoptosis induction in H. pylori-infected metastatic GECs is a challenging issue.
Several reports have previously shown apoptosis induction in metastatic cells by using various
chemical compounds (125, 126). But apoptosis induction in H. pylori-infected GECs by HAT
inhibitor was not studied altogether. Remarkable upregulation in proapoptotic protein Noxa
was observed in H. pylori-infected GECs after treatment with HAT inhibitor (CTK7A). Noxa
translocation to mitochondria, Cyt c release, followed by cleaved caspase 9 and 3 accumulation
indicated a significant increase in the intrinsic apoptotic pathway in CTK7A treated and H.
pylori-infected GECs.
The finding of CTK7A-mediated apoptosis induction selectively in H. pylori-infected
GECs, therefore, is extremely significant especially because this gives the hope of finding
better treatment options for even metastatic gastric cancer with curcumin-derived drugs which
will have less side-effects.
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SUMMARY AND CONCLUSION

Chapter 6

101

6.1. Pictorial depiction of selective apoptosis induction in hypoxic GECs expressing EMT
markers and invasive property.

Curved arrow= mitochondrial translocation; solid-headed downward arrow= downregulation;

dotted arrow= minor pathway, arrow-headed= activation; blunt end-

headed= inhibition.
The above picture summarizes the following:
 Inhibition of HAT activity by CTK7A downregulates Hif1α expression and reduces
expression of EMT markers leading to suppression of metastatic property of hypoxic
GECs.
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 HAT inhibition induces H2O2 generation and activation of p38 MAPK, which
subsequently increases Noxa expression. Noxa is translocated to mitochondria and
induces intrinsic apoptosis pathway selectively in hypoxic GECs.
6.2. Regulation of Noxa-mediated apoptosis in H. pylori-infected GECs.

Curved arrow= translocation
This figure summarizes the following:
 H. pylori infection induces Hif1α expression in GECs which enhances Noxa expression.
H. pylori infection also induces mitochondrial translocation of Noxa followed by its
interaction with Mcl1.
 Noxa phosphorylation at S13 residue is induced by JNK phosphorylation in H. pyloriinfected GECs which inhibits its mitochondrial translocation resulting in impairment of
apoptosis.
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 Non-phosphorylated form of Noxa has higher mitochondrial translocation potential
which further displaces Bax from Mcl1 and induces Mcl1 degradation followed by Bax
oligomerization and Cyt c release resulting in apoptosis induction.

6.3. HAT inhibition selectively kills H. pylori-infected GECs expressing EMT markers
 H. pylori infection induces EMT marker expression and metastasis of GECs.
 HAT inhibitor CTK7A downregulates expression of EMT markers, anchorageindependent growth as well as invasiveness of H. pylori-infected GECs.
 HAT inhibition upregulates proapoptotic protein Noxa which particularly induces
mitochondria-mediated intrinsic cell death pathway by Cyt c release and caspase 9, 3
activation.

In conclusion, this thesis work emphasizes on the crucial roles of hypoxia and H. pylori
infection in inducing metastatic properties of GECs. This work further suggests that Noxamediated apoptosis induction is possible in HAT inhibitor-treated hypoxic and H. pyloriinfected GECs even if these cells show invasive nature.
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Appendix I
PLASMID CONSTRUCTS USED

Constructs

Description

Source

pcDNA3.1+-Noxa

Wild type construct

Self generated

pcDNA3.1+-Noxa mut

Noxa (S13A) mutation

Self generated from Noxa wild
type

pDsRed2-Mito

Discosoma sp. red fluorescent
protein and subunit VIII of
human cytochomec oxidase
sequence containg plasmid
targets mitochondria

pCMV-p300

Wild type construct

Clontech
Gifted by Dr. Chandan
Goswami, School of biological
Sciences, NISER, India

Gastroenterology. 2009 June ;
136(7): 2258–2269

pCMV-ΔHAT

JNK1

JNK2

HAT region is deleted

Gastroenterology. 2009 June;
136(7): 2258–2269

Wild type construct

Cell. 1994 Mar 25;76(6);
1025-37

Wild type construct

Genes Dev. 1994 Dec 15;
8 (24):2996-3007
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Appendix II
ANTIBODIES USED FOR WESTERN BLOTTING AND MICROSCOPY

Antibodies

Clone

Dilution

Company

Catalogue

p300 (WB)

Mouse
Monoclonal

1:250

Abcam

ab3164

Anti-HIF1α (WB)

Mouse
Monoclonal

1:2000

Abcam

ab16066

Anti-HIF1α (IF)

Mouse
Monoclonal

1:200

Abcam

ab16066

Anti-p53 (WB)

Rabbit
Monoclonal

1:1000

Abcam

ab32049

Acetylated lysine (WB)

Rabbit
Polyclonal

1:1000

Cell Signaling
Technology

9441

Anti-Twist1 (WB)

Mouse
Monoclonal

1:250

Abcam

ab50887

Anti-Twist1 (IF)

Mouse
Monoclonal

1:50

Abcam

ab50887

Cleaved caspase 3 (WB)

Rabbit
Polyclonal

1:1000

Cell Signaling
Technology

9661

Cleaved caspase 9 (WB)

Rabbit
Polyclonal

1:1000

Cell Signaling
Technology

9501

COX IV (WB)

Rabbit
Polyclonal

1:1000

Cell Signaling
Technology

4850

Noxa (WB and IF)

Mouse
Monoclonal

1:250

Abcam

13654

Rabbit
Polyclonal

1:1000

Cell Signaling
Technology

4272

Rabbit
Polyclonal

1:100

Cell Signaling
Technology

4272

Cytochrome c (WB)

Cytochrome c (WB)

133

Anti-Phosphoserine
(WB)

Mouse
Monoclonal

1:250

Sigma-Aldrich

P5747

Alpha Tubulin (WB)

Rabbit
Monoclonal

1:100000

Abcam

ab52866

N-Cadherin (WB)

Rabbit
Polyclonal

1:1000

Cell Signaling
Technology

4061

N-Cadherin (IF)

Rabbit
Polyclonal

1:100

Cell Signaling
Technology

4061

E-Cadherin (WB)

Rabbit
Polyclonal

1:1000

Cell Signaling
Technology

3195

E-Cadherin ( IF)

Rabbit
Polyclonal

1:1000

Cell Signaling
Technology

3195

Acetyl-p53 (Lys382)
(WB)

Rabbit
Polyclonal

1:1000

Cell Signaling
Technology

2525

Phospho-p44/42-MAPK
(Thr202/Tyr204) (WB)

Rabbit
Monoclonal

1:1000

Cell Signaling
Technology

4370

Phospho-p38MAPK
(Thr180/Tyr182) (WB)

Rabbit
Monoclonal

1:1000

Cell Signaling
Technology

Phospho-SAPK/JNK
(Thr183/Tyr185) (WB)

Rabbit
Monoclonal

1:1000

Cell Signaling
Technology

4668

p44/42 MAPK (WB)

Rabbit
Polyclonal

Cell Signaling
Technology

4695

1:1000

Cell Signaling
Technology

9258

1:1000

Cell Signaling
Technology

SAPK/JNK (WB)

p38MAPK (WB)

Rabbit
Polyclonal
Rabbit
Polyclonal

1:1000

4511

9212
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Anti-MCl1 (WB)

Rabbit
Monoclonal

1:1000

Abcam

ab32078

Anti Bax (WB)

Rabbit
Polyclonal

1:1000

Abcam

ab10813

p53 (WB)

Mouse
Monoclonal

1:1000

Abcam

ab28

CagA (WB)

Mouse
Monoclonal

1:100-1:1000

GAPDH (WB)

Mouse
Monoclonal

1:500

IMGENEX

IMG-6665A

HDAC1 (WB)

Rabbit
Polyclonal

1:1000

Cell Signaling
Technology

2062

SANTACRUZ
BIOTECH

SC-28368

WB: western blot, IF: immunofluorescence microscopy
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Appendix III
PRIMER SEQUENCES USED FOR noxa CLONING

Primers

Sequence

Forward

Reverse

5’ AAA AGC TTC ACC ATG CCT GGG AAG AAG GCG CGC 3’
5’ G C TCG AGT CAG GTT CCT GAG CAG AAG AGT TTG GAT ATC AGA TTC AG 3’

PRIMER USED FOR noxa S13A MUTATION

Mutagenesis
primer

Sequence

5’ AAG AAC GCT CAA CCG GCC CCC GCG CGG GCT CCA 3’
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a b s t r a c t
Hypoxia enhances immortality and metastatic properties of solid tumors. Deregulation of histone acetylation has been associated with several metastatic cancers but its effect on hypoxic responses of cancer
cells is not known. This study aimed at understanding the effectiveness of the hydrazinocurcumin, CTK7A,
an inhibitor of p300 lysine/histone acetyltransferase (KAT/HAT) activity, in inducing apoptosis of gastric
cancer cells (GCCs) exposed to cobalt chloride (CoCl2 ), a hypoxia-mimetic chemical, or 1% O2 . Here, we
show that CTK7A-induced hydrogen peroxide (H2 O2 ) generation in CoCl2 -exposed and invasive gastric
cancer cells (GCCs) leads to p38 MAPK-mediated Noxa expression and thereafter, mitochondrial apoptotic
events. Noxa induction in normal immortalized gastric epithelial cells after CTK7A and hypoxia-exposure
is remarkably less in comparison to similarly-treated GCCs. Moreover, hypoxia-exposed GCCs, which have
acquired invasive properties, become apoptotic after CTK7A treatment to a signiﬁcantly higher extent
than normoxic cells. Thus, we show the potential of CTK7A in sensitizing hypoxic and metastatic GCCs
to apoptosis induction.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Abbreviations: Ac, acetylated; BH3, Bcl2 homology 3; CM-H2 -DCFDA, 5-(and 6)chloromethyl-2,7-dichlorodihydroﬂuorescein diacetate acetyl ester; CoCl2 ·6H2 O,
cobalt chloride hexahydrate; Cyt c, cytochrome c; DAPI, (4 ,6-Diamidino-2phenylindole Dilactate; ERK, extracellular signal-regulated kinases; GCC, gastric
cancer cell; HAT, histone acetyltransferase; H2 O2 , hydrogen peroxide; Hif1, hypoxiainducible factor 1; HRE, hypoxia-responsive element; IP, immunoprecipitation; JNK,
c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; PAGE, polyacrylamide gel electrophoresis; ROS, reactive oxygen species; SDS, sodium dodecyl
sulphate; SOD, superoxide dismutase; WT, wild type.
∗ Corresponding author.
E-mail address: asima@niser.ac.in (A. Bhattacharyya).
http://dx.doi.org/10.1016/j.biocel.2016.11.014
1357-2725/© 2016 Elsevier Ltd. All rights reserved.

Solid tumors are different from normal tissues in terms of
their oxygen supply and consumption. The core of solid tumors
become hypoxic due to inefﬁcient blood supply (Karakashev and
Reginato, 2015; Rankin and Giaccia, 2008). Hypoxia provides the
ideal microenvironment for promoting metastasis (Sullivan and
Graham, 2007). Naturally, like other solid tumors, gastric cancer malignancy and treatment resistance are largely, if not solely,
determined by hypoxia (Vaupel and Mayer, 2007). Thus, selective
therapeutic targeting of hypoxic metastatic gastric cancer cells is a
challenging area of research.
Hypoxic cells undergo several hypoxia-adaptations. The master
regulatory protein expressed in hypoxic cells is hypoxia-inducible

S. Rath et al. / The International Journal of Biochemistry & Cell Biology 82 (2017) 28–40

factor1 (Hif1). Hif1 is a heterodimeric protein having two subunits,
␣ and ␤. While Hif1␣ gets degraded in normoxia and hypoxia stabilizes it, Hif1␤ is constitutively expressed and its stability is not
regulated by cellular oxygenation status (Huang et al., 1998). Hif1␣
dimerizes with Hif1␤ and transcriptionally activates a number of
hypoxia-responsive genes by binding to the hypoxia-responsive
elements (HREs) (Rohwer et al., 2009). p300 acts as a transcriptional
coactivator of Hif1. p300 has an intrinsic histone or lysine (K) acetyltransferase (HAT or KAT) activity and functions as a protein scaffold
(Chan and La Thangue, 2001; Santer et al., 2011). Autoacetylation
induces acetyltransferase activity of p300. Both enhanced and suppressed (HAT) activity in tumor cells can lead to cell cycle arrest and
apoptosis (Clarke et al., 1999; Kawamura et al., 2004). It is evident
from the literature that the relation of HAT activity with cancer is
tissue and context-dependent. Dysregulation of histone acetylation
and deacetylation have been associated with gastric cancer progression and invasiveness (Yang et al., 2014). Studies have found
expression of Hif1␣ in gastric cancer and have associated Hif1␣
with aggressive metastasis and treatment resistance (Liu et al.,
2008; Rohwer and Cramer, 2010; Urano et al., 2006). Induction of
apoptotic cell death in invasive cancer cells is a highly desired goal
to achieve for cancer therapists. Cellular apoptosis is orchestrated
by two separate signaling pathways- the mitochondria-mediated
intrinsic pathway and the death receptor-mediated extrinsic pathway (Cotter, 2009). Chemo and radiotherapy induce the former
pathway by involving the Bcl2 family proteins. A Bcl2 homology
3 (BH3)-only tumor suppressor protein Noxa is transcriptionally
induced by Hif1 and induces mitochondria mediated intrinsic apoptotic pathway (Gomez-Bougie et al., 2011).
In this study, we investigated the role of p300 HAT activity
on Noxa-mediated apoptosis in CoCl2 -treated and 1% O2 -exposed
GCCs. We showed that downregulation of HAT activity signiﬁcantly induced reactive oxygen species (ROS) generation as well
as Noxa-mediated apoptosis selectively in hypoxic GCCs but not
in non-hypoxic GCCs. In addition, the expression of metastatic
markers in CoCl2 -treated GCCs was also downregulated after suppression of HAT activity by the hydrazinocurcumin, CTK7A. Thus,
this study revealed a previously undescribed mechanism for how
CTK7A can induce apoptosis in hypoxia-exposed invasive GCCs and
further enriched our understanding of its antitumor effects.
2. Methods
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for 1 h prior to CoCl2 and CTK7A treatment. Superoxide dismutase (SOD) and catalase (CAT) (both from Sigma Aldrich) were used
at 200 units/ml and 350 units/ml dose, respectively, for 4 h prior
to treatment with CoCl2 and CTK7A. 5-(and 6)-chloromethyl-2,7dichlorodihydroﬂuorescein diacetate, acetyl ester (CM-H2 -DCFDA;
Invitrogen, CA, USA) was used to detect intracellular ROS generation.
2.3. Whole cell, nuclear, cytosolic and mitochondrial lysate
preparation
Whole cell lysates were prepared by standard protein isolation
protocol. Nuclear and cytoplasmic fractions were isolated using NEPER Kit following manufacturer’s instruction (Thermo Scientiﬁc, IL,
USA). Mitochondrial lysates were prepared following a previouslydescribed protocol (Rath et al., 2015).
2.4. Western blots, antibodies and immunoprecipitation
Proteins were separated by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) followed by western
blotting. Membranes were probed with speciﬁc antibodies for
p300, acetylated lysine, Hif1␣, Noxa, Twist1 (Abcam, MA, USA), caspase 3, caspase 9, Cytochrome c, N cadherin, E cadherin, phospho
p38 MAPK, phospho ERK and phospho JNK (Cell Signaling Technology, MA, USA). GAPDH (Imgenex Corporation, CA, USA) and Cox
IV (Cell Signaling Technology, MA, USA) antibodies were used as
loading controls for the cytosolic fraction and mitochondrial fractions, respectively. Proteins were detected by using Super Signal
West Femto kit (Thermo scientiﬁc). Images were taken with Chemidoc XRS (Bio-Rad Laboratories, CA, USA) equipped with Quantity
One-4.6.9 software.
2.5. Flow cytometry
Apoptosis was quantiﬁed by ﬂow cytometry. AGS cells were
treated with CoCl2 (Sigma-Aldrich) alone and/or CTK7A for 24 h
or left untreated. Cell pellets were washed twice with chilled
PBS and stained with Annexin V PE/7-AAD (BD Biosciences, CA,
USA) according to manufacturer’s instruction. 1 × 104 cells were
acquired per sample using FACSCalibur Flow Cytometer (BD Biosciences). Results were analyzed by CellQuest Pro software (BD
Biosciences).

2.1. Cell lines
GCCs AGS, MKN 45, KATO III were cultured and maintained
as previously described (Bhattacharyya et al., 2009). Immortalized human GCC cell HFE145 and pDsRed2 (Clontech, CA,
USA)-expressing AGS stable cells were maintained in 10% heatinactivated FBS-supplemented RPMI 1640. Most of the studies were
performed using non-metastatic AGS cells so that metastasis induction could be clearly identiﬁed. HFE145 cells were used to study
properties of non-malignant human gastric epithelial cells. hif1˛
knockdown cells were prepared as described previously (Rath et al.,
2015).
2.2. Chemicals and reagents
Cobalt chloride hexahydrate (CoCl2 ·6H2 O) (Sigma-Aldrich, MO,
USA) or 1% O2 was used to induce hypoxia in AGS cells as per standard methods (Rath et al., 2016; Wu and Yotnda, 2011). CTK7A
at 100 M dose (Arif et al., 2010) either alone or in combination
with CoCl2 (200 M) was used for 24 h treatment. ERK1/2 inhibitor
PD98059, p38 MAPK inhibitor SB203580, and JNK inhibitor II
SP600125 (all from Calbiochem, CA, USA) were used at 25 M dose

2.6. Confocal microscopy
pDsRed2 (Clontech)-expressing AGS stable cells were used for
confocal microscopy. These cells were treated with CoCl2 and/or
CTK7A or left untreated for 24 h. Noxa translocation to mitochondria and cytochrome c release from mitochondria were studied
in the above experimental condition. Cells were ﬁxed with 4%
paraformaldehyde at 37 ◦ C for 15 min followed by incubation with
DAPI (4 , 6-Diamidino-2-Phenylindole, Dilactate (Invitrogen) for
20 min. Mitochondrial morphology was studied as described earlier
(Rath et al., 2015). Fragmentation of mitochondria, as assessed by
roundness, circularity and length, was measured by ImageJ software (NIH, MD, USA). Roundness [4 × (surface area)/( × major
axis2 )] and circularity [4 × (surface area/perimeter2 )] together
represented mitochondrial sphericity (sphericity value 1 = perfect
spheroid).
2.7. Transwell migration and invasion assay
Cell migration and invasion assays were performed using 8m pore size Transwell Biocoat control inserts (migration assay)
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or matrigel-coated inserts, as per manufacturer’s instruction (Becton Dickinson, MA, USA). 5 × 104 AGS cells in serum free media
were seeded on the upper surface of 24 well transwell plate and
10% FBS-containing media was added to the lower chamber. Cells
were treated with CoCl2 or 1% O2 alone and/or CTK7A for 24 h or
left untreated. After completion of the incubation, upper surfaces
of transwell were scraped off and cells in the lower surface were
ﬁxed for 30 min with 4% paraformaldehyde, and stained for 30 min
with haematoxylin. Migrated and invaded cells were counted (from
ﬁve different ﬁelds) under an inverted microscope (Primo Vert, Carl
Zeiss, Jena, Germany).
2.8. Wound healing assay
1 × 106 AGS cells were seeded in 35 mm plates and wound healing assays were performed as described earlier were kept for 24 h
to create a monolayer of cells. Multiple uniform wounds of constant diameter were made on the monolayer culture. Detached cells
were washed followed by 24 h treatment of CoCl2 and/or CTK7A or
were left untreated. Imaging was done by an inverted microscope
equipped with camera (Primo Vert, Carl Zeiss).
2.9. Soft agar assay
AGS cells were harvested and 1 × 103 cells were mixed with 0.3%
top agar and plated onto 0.6% bottom agar in 6 cm cell culture plates.
Cells were treated with CoCl2 (50 M) and/or CTK7A (100 M) for
24 h. These plates were fed twice weekly with the above treatment
condition and maintained for 3 weeks in a humidiﬁed incubator
containing 5% CO2 . At the end of the incubation period, visible
colonies on the top agar were directly counted and colony sizes
were compared between various treatment groups.
2.10. Human gastric biopsy specimen collection and ﬂorescence
microscopy
Biopsy samples from the antral gastric mucosa were collected from patients suffering from metastatic gastric cancer and
undergoing diagnostic esophagogastroduodenoscopy following a
National Institute of Science Education and Research (NISER)
Review Board-approved protocol. Written informed consent was
obtained from all patients. Gastric biopsy samples were embedded
in optimal cutting temperature (OCT) compound (VWR International, Lutterworth, UK). Cryosectioning was performed at 10 m
(Leica, Wetzlar, Germany). Sections were stained with Hif1␣,
Twist1, E-cadherin and N-cadherin primary antibodies followed by
incubation with ﬂuorescently labelled secondary antibodies (Alexa
Fluor 488 anti-rabbit and anti mouse from Molecular Probes, Invitrogen, Paisley). The sections were examined by a ﬂuorescence
microscope (Olympus, Tokyo, Japan).
2.11. Reactive oxygen species (ROS) measurement
ROS was measured by staining cells with a membranepermeable dye, 5-(and 6)-chloromethyl-2,7-dichlorodihydroﬂuorescein diacetate, acetyl ester (CM-H2 -DCFDA; Invitrogen).
0.166 × 106 AGS cells were grown on 9 mm coverslips in 24 well
cell culture plates. After treatment, cells were stained with 1 M
CM-H2 -DCFDA and incubated for 10 min at 37 ◦ C in the dark.
Cells were ﬁxed with 4% paraformaldehyde for 10 min at room
temperature and viewed by ﬂuorescence microscope (Olympus).
2.12. Statistics
Values are given as mean ± SEM. Student’s t-test was performed
for comparison between groups. Statistical signiﬁcance was deter-

mined at P < 0.05. 2-way ANOVA was performed to compare various
transfected groups. Bonferroni test was applied for post hoc analysis. Colocalization analysis of confocal images was performed by
ImageJ plugin Coloc 2.

3. Results
3.1. CoCl2 and 1% O2 treatment enhances expression of
metastatic factors in AGS cells
Cobalt chloride (CoCl2 ) mimics hypoxia, induces ROS generation and promotes mitochondria-mediated apoptosis (Torii et al.,
2011; Wang et al., 2000). CoCl2 has the same biochemical response
as that of physiological hypoxia (Bae et al., 2012; Lee et al.,
2001) and induces Hif1␣ expression in GCCs (Rath et al., 2016).
In contrast, several reports have also shown that CoCl2 -induced
Hif1␣ inhibits apoptosis (Piret et al., 2005, 2002) and enhances
metastatic potential (Zhang et al., 2013). In order to study the
expression of metastatic factors in GCCs after treatment with
200 M cobalt chloride hexahydrate (CoCl2 ·6H2 O) for various time
periods, western blotting were performed. Although GAPDH is
a Hif1-target gene, we used GAPDH as a loading control since
GAPDH was not found to be regulated by hypoxia in the gastric
cancer cell lines AGS (Xiao et al., 2012), MGS-803 and SGC-7901
(Luo et al., 2010) as well as in other hypoxic cancer cells studied in vitro (Jung et al., 2014; Said et al., 2007, 2009). Western
blot data (n = 3) showed that although Hif1␣ was signiﬁcantly
induced as early as 3 h of treatment and it was maintained up
to 24 h, Hif1␣-dependent metastasis-inducing transcription factor Twist1 was noticeably enhanced only at 12 and 24 h of CoCl2
treatment (Fig. 1A). The mesenchymal marker N-cadherin was
highly upregulated at 24 h of CoCl2 treatment. Therefore, we used
200 M CoCl2 and 100 M CTK7A [(Sodium 4-(3, 5-bis (4-hydroxy3-methoxystyryl)-1H-pyrazol-1-yl) benzoate], a curcumin-derived
water soluble HAT/KAT and p300 autoacetylation inhibitor treatment for 24 h for the rest of our experiments. As AGS cells do
not express the invasion-suppressor epithelial marker E-cadherin
(Oliveira et al., 2009), we did not observe the other component
of “cadherin switch” associated with metastasis, the E-cadherin
degradation (Gheldof and Berx, 2013) in CoCl2 -treated hypoxic AGS
cells. p300, however, remained equally expressed at all time points.
We also performed immunoﬂuorescence microscopy on human
metastatic gastric cancer biopsies and compared with matched
controls from adjacent noncancerous areas. Metastatic samples
(n = 4), which showed substantial high expression of Hif1␣, also had
high Twist1 and N-cadherin but showed much lower E-cadherin
expression compared to their matched controls (n = 4) (Fig. S1A).
In an attempt to understand the effect of HAT function inhibition
on the expression of Hif1␣ and the above-mentioned metastasis markers, AGS cells were incubated for 24 h with 100 M of
CTK7A in the presence or absence of 200 M CoCl2 or were left
untreated. Western blotting (n = 3) of whole cell lysates showed
that CoCl2 -mediated induced expression of Hif1␣, Twist1 and Ncadherin was substantially inhibited by CTK7A (Fig. 1B). We also
noticed that acetylated p300 (ac-p300) remained suppressed in
CoCl2 plus CTK7A-treated cells as compared to the other three
treatment groups. p300 expression was not altered by CTK7A treatment. Twist1 and N-cadherin expression in CTK7A-treated and
untreated CoCl2 -exposed AGS cells were further assessed by confocal microscopy (n = 3) (Fig. S1B). Confocal images complemented
our ﬁndings shown in Fig. 1B. As protein expression varies from cell
to cell, we tested Hif1␣, N-cadherin and Twist1 expression in CoCl2
and CTK7A-treated MKN45 and Kato III cells. Data (n = 3) conﬁrmed
that as in AGS cells, CoCl2 -induced expression of Hif1␣, N-cadherin
and Twist1 in MKN45 and Kato III cells was signiﬁcantly inhib-

S. Rath et al. / The International Journal of Biochemistry & Cell Biology 82 (2017) 28–40

31

Fig. 1. HAT inhibition downregulated CoCl2 and 1% O2 -induced expression of metastatic markers in GCCs. (A) Expression of various metastatic factors was assessed at 3 h,
12 h, 24 h after treatment with 200 M of CoCl2 by western blotting (n = 3). GAPDH was used as a loading control. Graphical presentation of western blot data clearly showed
signiﬁcant induction of Hif1␣ from 3 h to 24 h of CoCl2 treatment (mean ± SEM, n = 3), *P < 0.05. (B) Western blot analysis (n = 3) of whole cell lysates from AGS cells after
treatment with 200 M of CoCl2 and/or 100 M of CTK7A for 24 h. Bar diagrams represent status of EMT markers (mean ± SEM). *P< 0.05 (C) Western blot analysis (n = 3)
indicated downregulation of metastatic markers N-cadherin, Twist1, Hif1␣ in metastatic gastric cancer cell lines KATO III and MKN 45 after CoCl2 and CTK7A treatment. (D)
Western blot analysis (n = 3) of whole cell lysates from AGS cells after a hypoxia (1% O2 ) exposure alone or with CTK7A. GAPDH was used as a loading control.

ited by CTK7A treatment (Figs. 1C and S2A). To study the effect of
CTK7A in hypoxic environment, GCCs were exposed to normoxia
(21% O2 ) and hypoxia (1% O2 ) for 24 h in the presence or absence
of CTK7A. Whole cell lysates were immunoblotted (n = 3) to detect
the expression of EMT markers. CTK7A showed the same effect on

Hif1␣, N-cadherin and Twist1 expression in 1% O2 –treated cells as
it was found in CoCl2 -treated cells (Figs. 1D and S2B). Therefore,
majority of our experiments were performed using CoCl2 unless
we stated speciﬁcally about treating cells with 1% O2 .
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3.2. CTK7A decreases migration and invasion properties in CoCl2
as well as 1% O2 -treated GCCs
Hypoxia plays a positive role in gastric cancer invasion and
migration (Xing et al., 2011; Zhong et al., 1999). In order to assess
the effect of HAT inhibition on migrating ability of hypoxic GCCs,
we performed transwell migration assay and wound healing assay.
Cells were seeded in inserts for transwell migration assay and were
treated with CTK7A and CoCl2 or 1% O2 for 24 h. Migrated cells were
stained with hematoxylin and studied under a microscope. A significant reduction in hypoxia-induced migration was observed upon
CTK7A treatment (Fig. 2A and B) (n = 4, *P < 0.05). For further validation of our data, wound healing assay was performed. Conﬂuent
layers of AGS cells were wounded and exposed to CTK7A and CoCl2 .
After 24 h, we found that control and only CTK7A-treated cells
were comparable to CoCl2 and CTK7A-treated cells with respect
to their poor wound-healing ability but CoCl2 -treated cells had signiﬁcantly high (n = 4, *P < 0.05) wound-healing ability than other
groups (Fig. S3A). Invasiveness of GCCs was measured by matrigel
invasion assay which showed signiﬁcant (n = 4, *P < 0.05) reduction
of invasive property in hypoxia plus CTK7A-treated GCCs as compared to only hypoxia exposed cells (Fig. 2C and D). The change in
clonogenic potential of CoCl2 -treated AGS cells after CTK7A treatment was examined by soft agar assay (n = 3). We found that the
number of foci was signiﬁcantly (*P < 0.05, **P < 0.01, ***P < 0.001)
increased by CoCl2 exposure as compared to control cells, CTK7A
plus CoCl2 -exposed cells showed signiﬁcantly less foci formation
than only CoCl2 -treated cells (Fig. S3B).
3.3. Inhibition of HAT activity induces Noxa in hypoxic GCCs in a
Hif1˛-independent manner
Hif1␣ depletion in gastric cancer cell line induces apoptosis
under hypoxia (Tanaka et al., 2015). Noxa is a mediator of apoptosis in hypoxic cells and is induced by Hif1␣ (Kim et al., 2004). In
an attempt to assess Noxa expression pattern in hypoxic cells, AGS
cells were treated with 200 M CoCl2 for 3 h, 12 h and 24 h. Western blot data (n = 3) revealed a time-dependent enhancement in
Noxa expression in CoCl2 -treated cells (*P < 0.05) (Fig. 3 A). We next
assessed Noxa expression in control and CoCl2 -treated AGS cells
with or without CTK7A treatment by performing western blotting
(n = 3) of whole cell lysates. Although CTK7A and CoCl2 independently induced Noxa expression, CTK7A treatment resulted in a far
higher (*P < 0.05) Noxa expression in CoCl2 -treated cells than in
untreated cells (Fig. 3B). Treatment of normal immortalized HFE145 cells with CTK7A showed a much lower magnitude of Noxa
induction in CTK7A plus CoCl2 -treated cells than their AGS counterparts (Fig. 3C). MKN45 and KATO III cells, two other GCCs with
metastatic properties, were also tested for their Noxa expression
pattern. Noxa expression in these cells showed the same trend as
in AGS cells (n = 3, *P < 0.05) (Fig. 3D). In order to assess Noxa expression by hypoxia and CTK7A, AGS cells were exposed to normoxia
and hypoxia (1% O2 ) in the presence or absence of CTK7A. Noxa
expression was signiﬁcantly high in CTK7A and 1% O2 co-treated
cells as compared to only 1% O2 -treated cells (Fig. 3E). Noxa expression is known to be induced by the transcription factor Hif1. Our
data always showed signiﬁcantly high Hif1␣ expression in only
CoCl2 (or 1% O2 )-exposed GCCs as compared to CoCl2 (or 1% O2 )
and CTK7A-treated cells (Fig. 1B, C, E and F). Noxa expression was
always high in CoCl2 (or 1% O2 ) and CTK7A-treated GCCs as compared to only CoCl2 (or 1% O2 )-treated hypoxic GCCs (Fig. 3C–F).
To ﬁnd out the role of Hif1␣ on Noxa expression in the presence of
CTK7A, AGS cells were stably transfected with Hif1␣ shRNA (Rath
et al., 2015). The knockdown of Hif1␣ signiﬁcantly suppressed
CoCl2 -mediated Hif1␣ protein expression than empty vector and
scrambled shRNA-expressing cells but did not change the pattern of

CTK7A-induced Noxa expression in CoCl2 -treated AGS cells. These
data conﬁrmed that Noxa regulation in hypoxic CTK7A-treated
GCCs was not dependent on Hif1␣ (Fig. 3F).

3.4. CTK7A induces mitochondrial translocation of Noxa and
intrinsic apoptosis events in hypoxic GCCs
Since mitochondrial translocation of Noxa is required for its
apoptotic activity (Lowman et al., 2010; Rath et al., 2015), we examined mitochondrial Noxa status after CTK7A treatment. Western
blotting (n = 3) of mitochondrial and cytoplasmic fractions of AGS
cells showed signiﬁcantly higher (*P < 0.05) mitochondrial expression and localization of Noxa in CTK7A plus CoCl2 -treated cells
as compared to control, only CTK7A-treated or only CoCl2 -treated
cells (Fig. 4A). Confocal microscopy (n = 4) of the same set of cells
(Fig. 4B) corroborated western blot results. As cytochrome c (Cyt
c) release is the hallmark of the intrinsic apoptotic pathway, we
examined mitochondrial Cyt c status before and after CTK7A and
CoCl2 treatment. For this, AGS cells stably expressing pDsRed2
were treated with CTK7A and CoCl2 or left untreated. Results (n = 4)
clearly indicated that mitochondrial retention of Cyt c was drastically reduced in CTK7A plus CoCl2 -treated cells (indicating maximal
Cyt c release into the cytosol) while control cells, CTK7A-treated and
CoCl2 -treated cells were able to retain mostly all their Cyt c in the
mitochondria (Fig. 4C). Colocalization analysis of Noxa-pDSRed2
and Cyt c-pDSRed2 were performed and the data (Figs. S4A and
S4B, respectively) showed signiﬁcantly high Noxa but signiﬁcantly
less Cyt c in the CTK7A + CoCl2 -treated mitochondria as compared
to the other three treatment groups (n = 4, *P < 0.05). These data
clearly showed that CTK7A + CoCl2 treated cells were undergoing
maximal apoptotic stress. During intrinsic apoptosis, mitochondria undergo fragmentation (appears spheroidal/punctated) before
releasing Cyt c into the cytosol. Confocal microscopy was performed
to ﬁnd out whether any mitochondrial stress was induced by CTK7A
treatment. pDsRed2 stably-expressing AGS cells were treated with
CTK7A in the presence or absence of CoCl2 . The tubular network of
healthy mitochondria observed in control and CoCl2 -treated cells
was found to be damaged in cells treated with CTK7A. However,
mitochondria appeared signiﬁcantly (n = 4, *P < 0.05, **P < 0.001)
smaller, disintegrated and had increased roundness and circularity in CTK7A plus CoCl2 -treated cells when compared with other
treatment groups (Fig. S5A and S5B).
Next, we sought to examine the expression of caspase 9, a key
factor representing the intrinsic apoptotic pathway and the downstream effector caspase 3 in relation to Noxa expression. Western
blotting (n = 3) of total cell lysates showed that CoCl2 or 1% O2
plus CTK7A-treated cells had maximal expression of cleaved caspase 9 and cleaved caspase 3 (17, 19 kDa) indicating that these
cells were undergoing apoptotic cell death to the greatest extent
(Fig. 4D). Graphical representation of Noxa and cleaved caspase 3
(the catalytically active 17 kDa form) identiﬁed signiﬁcantly high
expression of these two factors in CoCl2 or 1% O2 plus CTK7Atreated cells as compared to the other treatment groups (n = 3,
*P < 0.05), The degree of apoptosis induction in CTK7A plus CoCl2 treated AGS cells was next determined. To detect apoptotic cells,
control, CoCl2 -treated, CTK7A alone and CTK7A plus CoCl2 -treated
AGS cells were stained with Annexin V-PE and necrotic population
was determined by 7-AAD staining (n = 4). Flow cytometric analysis
of the lower-right quadrant showed that CTK7A plus CoCl2 -treated
cells underwent signiﬁcantly higher cell death (*P < 0.05) compared
to the control, CTK7A-treated and only CoCl2 -treated cells (Fig. 4E).
These data altogether conﬁrmed that CTK7A was a potent inducer
of apoptosis selectively in CoCl2 and CTK7A-treated GCCs.
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Fig. 2. CTK7A reduced metastatic properties in CoCl2 -exposed and 1% O2 -treated GCCs. (A) AGS cells were suspended in serum-free media and were seeded onto upper
chambers of 24 well inserts while lower chambers had 10% FBS-enriched media. After treatment, migrated cells were stained with haematoxylin and counted using an
inverted microscope. Scale = 50 m. Bars represent count of cells migrated from three independent experiments (n = 4, mean ± SEM). *P < 0.05. (B) AGS cells were treated
with 1% O2 alone or in combination with CTK7A (100 M) or left untreated for 24 h and migration ability of these cells was assessed by counting the number of migrated
cells (n = 4, mean ± SEM). *P < 0.05. Photographs were taken using an inverted microscope equipped with camera (Primo Vert Carl Zeiss, Germany). Scale bar 200 m. (C)
Invasiveness of GCCs was studied by using matrigel-precoated Transwell after treatment with CoCl2 (200 M) alone or in combination with CTK7A (100 M) for 24 h. Number
of invading cells were stained with haematoxylin and counted (n = 4, mean ± SEM), *P < 0.05) by using an inverted microscope. (D) Invasiveness of GCCs was studied by using
matrigel-precoated Transwell after treatment with 1% O2 alone or in combination with CTK7A (100 M) for 24 h. Invading cells were stained with haematoxylin and counted
(mean ± SEM, n = 4, *P < 0.05) by using an inverted microscope.
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Fig. 3. Inhibition of HAT induces Noxa expression in hypoxia-treated GCCs. (A) A representative western blot of whole cell lysates (n = 3) prepared from CoCl2 -treated
(3 h, 12 h, 24 h with 200 M of CoCl2 ) AGS cells showed time-dependent induced expression of Noxa. GAPDH was used as a loading control. Graphical presentation
of western blot data clearly indicated increment in Noxa expression with time (mean ± SEM, n = 3), *P < 0.05. (B) Expression of Noxa was analyzed by immunoblotting
of cell lysates prepared from AGS cells treated with CoCl2 (200 M) and/or CTK7A (100 M) for 24 h. GAPDH was used as a loading control. Graphical presentation of western blot data conﬁrmed signiﬁcant increase in Noxa expression in CTK7A + CoCl2 -treated groups as compared to other groups (mean ± SEM, n = 3),
*P < 0.05. (C) Immunoblot analysis of whole cell lysates prepared from immortalized human GCC HFE145 treated with CoCl2 (200 M) alone or in combination with
CTK7A (100 M) showed induced expression of Noxa in CTK7A + CoCl2 combination treatment. GAPDH was used as a loading control. Bars depict Noxa expression
normalized to GAPDH (mean ± SEM, n = 3), *P < 0.05. (D) Noxa expression in CoCl2 (200 M) and CTK7A (100 M)-treated KATO III and MKN 45 cells. Analysis of
data by Student’s t-test clearly showed a signiﬁcant increase in Noxa expression in CTK7A + CoCl2 -treated cells as compared to other groups. Bars represent mean ± SEM,
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3.5. CTK7A-mediated Noxa induction in CoCl2 -treated GCCs is
mediated by H2 O2 generation
Earlier reports correlated HAT activity with ROS generation
(Kang et al., 2005). Curcumin, at low concentration, was shown to
exert anticancer activity in leukemia by decreasing ROS generation
whereas at high dose it killed cells through more ROS production (Chen et al., 2005). As CTK7A was derived from curcumin, we
sought to assess the effect of CTK7A on ROS generation. To ﬁnd
out the involvement of superoxide (O2 •− ) in Noxa induction, we
performed western blotting (n = 3) using AGS cell lysates prepared
from control cells, only CTK7A-treated cells, CoCl2 -treated cells
or CTK7A + CoCl2 -treated cells in the presence or absence of 200
units/ml superoxide-dismutase (SOD). (−)SOD group and (+)SOD
group showed no difference in Hif1␣ and Noxa expression which
indicated that neither CTK7A nor CoCl2 alone or in combination
had any role on O2 •− generation (Fig. 5A). In contrast, a 4 h pretreatment of cells with 350 units/ml of catalase, a H2 O2 scavenger,
markedly suppressed Noxa expression induced by CTK7A + CoCl2
treatment (*P < 0.05) (Fig. 5B) while catalase had no suppressive
effect on Hif1␣ expression (n = 3). Chloromethyl-H2 DCFDA (CMH2 DCFDA) was used at a dose of 1 M for 10 min to visualize ROS
generation in GCCs after CTK7A and CoCl2 treatment. Fluorescence
microscopy revealed that although CTK7A or CoCl2 slightly induced
ROS generation compared to control (Fig. 5C), CTK7A + CoCl2 treatment induced maximal ROS generation. Pretreatment with catalase
notably scavenged that effect. These results suggested that H2 O2 ,
but not O2 •− , was the main mediator in CTK7A-induced Noxa
expression in CoCl2 -treated AGS cells.

3.6. CTK7A-induced H2 O2 generation in CoCl2 -treated GCCs
causes p38 MAPK-mediated Noxa upregulation
Our data established that CTK7A in CoCl2 or 1% O2 -exposed cells
caused Noxa-mediated cell death. It is known that ROS can mediate Noxa induction (Fischer et al., 2005) and MAPK activation (Bae
et al., 2006; Chung et al., 2013; Liang et al., 2014). In order to ﬁnd
out the effect of H2 O2 on MAPK activation, we treated AGS cells
with catalase prior to treatment with CoCl2 and CTK7A. Whole cell
lysates were prepared and western blot data (n = 3) revealed that
CoCl2 plus CTK7A-treatment induced maximal JNK, p38 MAPK as
well as ERK1/2 phosphorylation compared to control, CTK7A alone
or CoCl2 -alone (Fig. 6A). Catalase had no suppressive effect on ERK
phosphorylation; JNK phosphorylation was partially suppressed
and p38 MAPK phosphorylation was noticeably decreased in CTK7A
plus CoCl2 -treated cells as compared to other treatment groups.
This data provided an important direction that p38 MAPK and JNK
were mediating Noxa induction in CTK7A and CoCl2 -cotreated cells.
To ﬁnd out the role of JNK and p38 MAPK activation on CTK7Amediated Noxa induction in CoCl2 -treated cells, AGS cells were
pretreated with SP600125 and SB203580, respectively. Data (n = 3)
revealed that JNK inhibition had no effect on Noxa (Fig. 6B) but
p38 MAPK inhibition drastically reduced Noxa and the downstream
effector molecule, cleaved caspase 3 in CTK7A and CoCl2 -treated
cells. (Fig. 6C). Altogether, we established that HAT inhibition in
CoCl2 -treated cells induced Noxa expression which was triggered
by ROS-mediated p38 MAPK activation.

35

4. Discussion
Hypoxic regions remain scattered inside solid tumors as a
resultant effect of heterogeneous angiogenesis and poor blood
supply to certain parts of the tumor. Cancer cells thrive and
progress towards malignancy in hypoxic environments (Vaupel,
2004). Hypoxic cancer cells metastasize very aggressively and
become treatment-resistant (Kitajima and Miyazaki, 2013; Lin
et al., 2008). The novelty of this work lies in the ﬁnding that
CTK7A, a hydrazinocurcumin compound, selectively kills hypoxiaexposed and CoCl2 -treated GCCs but spares non-hypoxic and
CoCl2 -untreated cells from apoptotic death to a signiﬁcant extent.
Cancer cells generally are under oxidative stress and further increment in ROS by therapeutic attempts make cancer cells susceptible
to ROS-induced cell-damages. Gastric cancer tissues express signiﬁcant amount of ROS (Bhattacharyya et al., 2014) and therefore,
therapeutic interventions of gastric cancer also exploits the ROSgenerating machinery (Chen et al., 2008; Matsunaga et al., 2010).
This study conﬁrms that CTK7A treatment produces substantially
higher amount of ROS in hypoxic cells than in untreated GCCs.
Our ﬁnding is supported by few other reports which state induced
ROS generation in hypoxic cells (Clanton, 2007; Sabharwal and
Schumacker, 2014). As CoCl2 also induces ROS generation (Guan
et al., 2015) and acts as a chemical hypoxia-inducer (Rath et al.,
2016), its role in ROS generation in p300 HAT inhibitor treated cells
might have a good therapeutic advantage. Enhanced ROS in CoCl2
plus CTK7A-treated cells induce p38 MAPK-mediated Noxa expression. Noxa translocation to mitochondria signiﬁcantly increases
mitochondrial apoptosis in CoCl2 and CTK7A-cotreated cells. Further, we show that Noxa induction in CoCl2 and CTK7A-co-treated
GCCs is dependent on ROS generation. Our analysis also demonstrates that the fold change in Noxa enhancement in hypoxic
CTK7A-treated GCCs over the CTK7A-untreated hypoxic cells is
much higher than the fold change noticed in their counterparts in
non-cancer GCCs. This study further conﬁrms that Noxa induction
after CTK7A treatment in hypoxic AGS cells is no longer dependent on Hif1␣. This enigma is solved by the ﬁnding that Noxa is
only slightly induced in CoCl2 -treated cells but the upregulation of
Noxa following CTK7A treatment in those cells is mostly induced by
H2 O2 . This is in keeping with earlier studies which reported about
enhanced apoptosis in ROS-generating cells. Cisplatin-mediated
ROS induction has been associated with JNK activation and apoptosis of various types of cells including GCCs (Bae et al., 2006).
Curcumin-mediated ROS induction reportedly induced JNK signaling and caused apoptosis of human GCCs (Liang et al., 2014). Similar
reports exist for ROS-mediated p38 MAPK activation (Chung et al.,
2013). The importance of histone acetylation in cancer progression
and therapy has been well documented. Suppression of HAT activity of p300 by CTK7A was earlier shown to substantially reduce
the xenografted oral cancer progression in mice (Arif et al., 2010).
Thus, our ﬁnding of ROS and p38 MAPK-mediated enhancement of
Noxa expression mostly in HAT activity-suppressed CoCl2 -treated
cells adds a new layer of complexity to the existing understanding on the altered nature of hypoxic cells and offers hope that
even hypoxic cells that show metastatic properties can be killed by
CTK7A. Although our study provides important information that
ROS and p38 MAPK control CTK7A treatment-induced apoptosis
of CoCl2 -treated cells, the complete signaling mechanism of ROS
upregulation by HAT inhibition remains elusive.

n = 3, *P < 0.05. (E) Immunoblot analysis of whole cell lysates prepared from AGS cells treated with hypoxia (1% O2 ) alone or in combination with CTK7A (100 M) showed
markedly induced expression of Noxa in CTK7A + hypoxia group. GAPDH was used as a loading control. (F) Immunoblot analysis (n = 3) showed equal expression of Noxa in
the empty vector, scrambled negative control shRNA and Hif1␣-shRNA stably-expressing AGS cells treated with 200 M of CoCl2 and/or CTK7A (100 M) for 24 h. GAPDH
was used as loading control. Data were further analyzed by 2-way ANOVA with Bonferroni post hoc test. Error bars, mean ± SEM. *P < 0.05.
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Fig. 4. CTK7A induced intrinsic apoptosis by mitochondrial translocation of Noxa in CoCl2 -treated GCCs. (A) Western blot (n = 3) showing status of Noxa in the mitochondria
and cytosolic fraction of AGS cells treated with CoCl2 , 200 M, or in combination with CTK7A (100 M) for 24 h. COX IV and GAPDH were used as loading controls for the
mitochondrial and cytosolic fractions, respectively. Bars depict Noxa expression normalized to COX IV in the mitochondrial fraction (mean ± SEM, n = 3), *P < 0.05. (B) Confocal
microscopy of AGS cells (n = 3) treated with CoCl2 (200 M) and/or CTK7A (100 M) for 24 h showed high Noxa translocation to mitochondria in CTK7A + CoCl2 -treated cells.
Nuclei were stained with DAPI. Scale bar 10 m. (C) Confocal microscopic image showing cytochrome c release from mitochondria in the above mentioned experimental
groups. DAPI staining was for nucleus. Scale bar 10 m. (D) Immunoblotting (n = 3) of whole cell lysates prepared from AGS cells after treatment with CoCl2 (200 M) or
hypoxia (1% O2 ) alone or in combination with CTK7A (100 M) for 24 h indicated status of Noxa, cleaved caspase 3 and cleaved caspase 9. Error bars, mean± SEM, n = 3,
*P < 0.05. (E) AGS cells were treated with 200 M CoCl2 alone or in combination with CTK7A (100 M) or left untreated. Cells were harvested and stained with Annexin V
PE/7-AAD dyes. A representative dot plot (n = 4) indicated striking increase in apoptosis in CTK7A + CoCl2 -treated GCCs as compared to other treatment groups.% cell death
were compared between various treatment groups (mean ± SEM, n = 4), *P < 0.05.
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Fig. 5. CTK7A-mediated increase in Noxa expression was regulated by ROS generation in CoCl2 -treated GCCs. (A) Immunoblot analysis (n = 3) of AGS cells after treatment
with SOD for 4 h followed by treatment with CoCl2 (200 M) and/or CTK7A (100 M) for detection of Noxa and Hif1␣ expression. GAPDH was used as a loading control.
Bars depict Noxa expression normalized to GAPDH (mean± SEM, n = 3), *P < 0.05. (B) Western blotting (n = 3) of cell lysates after treatment with catalase (350 units/ml) for
4 h followed by above mentioned combination of CTK7A and CoCl2 for detection of Noxa and Hif1␣ expression. Graphical presentation of Noxa expression was shown by
bar diagrams (mean ± SEM, n = 3), *P < 0.05. (C) AGS cells were treated with CoCl2 (200 M) alone or in combination with CTK7A (100 M) for 24 h with or without catalase
pre-treatment (350 units/ml, 4 h). Cells were then incubated with ﬂuorescence probe CM-H2 DCFDA at a ﬁnal concentration of 1 M for 10 min followed by ﬁxation with
paraformaldehyde at 37 ◦ C for 20 min. ROS generation was measured under a ﬂuorescence microscope (Olympus, Japan). Scale bar, 20 m. Bars depict mean ﬂuorescence
intensity (mean± SEM, n = 3), *P < 0.05.

38

S. Rath et al. / The International Journal of Biochemistry & Cell Biology 82 (2017) 28–40

Fig. 6. CTK7A induced p38 MAPK phosphorylation and Noxa upregulation via generation of H2 O2 in CoCl2 -treated GCCs. (A) Western blot analysis (n = 3) of whole cell lysates
from AGS cells pre-treated with catalase (350 units/ml) for 4 h followed by treatment with 200 M of CoCl2 alone or in combination with CTK7A for 24 showed effect of ROS
on Noxa, Hif1␣ and all MAPKs. Bar diagrams represent status of p38 MAPK and JNK (mean ± SEM, n = 3) *P < 0.05. (B) Western blotting (n = 3) showed the status of P-JNK
and Noxa after pre-treatment with 25 M JNK inhibitor II (SP600125) for 1 h followed by CoCl2 (200 M) and/or CTK7A (100 M) treatment for 24 h. GAPDH was used as a
loading control. (C) Immunoblotting (n = 3) of AGS cell lysates showed the effect of p38 MAPK inhibition on cleaved caspase 3 and Noxa after pre-treatment with 25 M p38
MAPK inhibitor (SB203580) for 1 h followed by CoCl2 (200 M) treatment and/or CTK7A (100 M) for 24 h. Graphs depict expression pattern of Noxa and cleaved caspase 3
normalized to GAPDH (mean ± SEM, n = 3), *P < 0.05.
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Altogether, our study elaborates the mechanism of p300
hypoacetylation-mediated antitumor activity in CoCl2 -treated and
hypoxic GCCs. The effectiveness of CTK7A in enhancing Noxamediated apoptosis via ROS generation and p38 MAPK activation
in hypoxic and invasive GCCs supports the possibility that CTK7A
may be further exploited for therapeutic purposes. This has further
implications since CTK7A shows the promise to avoid widespread
toxicity and serious side effects that are commonly associated with
cancer therapy. Future studies are required to conﬁrm the effect of
CTK7A on other types of cancer.
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Fig. S1. Metastatic factors expressed in metastatic gastric cancer biopsy samples and in
CTK7A and/or CoCl2-treated GCCs. (A) Immunofluorescence microscopy of metastatic
gastric biopsy samples and adjacent non cancerous gastric tissue samples (n=4 from each
group) revealed upregulation of Hif1α, Twist1 and N-cadherin in metastatic samples as
compared to paired non-cancerous antral biopsies. DAPI was used for nuclear staining.
Scale bar 100 μm. (B) A representative confocal microscopy image of AGS cells treated
with CoCl2 (200 μM) alone or in combination with CTK7A (100 μM) showed downregulation
of EMT markers Twist1 and N-cadherin in CTK7A+CoCl2-treated cells. Scale bar 5 μm.
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Fig. S2. CTK7A downregulated expression of metastatic markers in hypoxic GCCs. (A)
Graphical presentation of data shown in Figure 1C for MKN 45 and KATO III cells by
Student’s t-test demonstrated expression pattern of metastatic markers in CTK7A and CoCl2
treated cells as compared to other 3 experimental groups (n=3 independent experiments,
*P<0.05). (B) Bar diagram of Figure 1D depicted expression pattern of metastatic markers in
the above experimental conditions by Student’s t-test (n=3 independent experiments,
*P<0.05).
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Fig. S3. CTK7A downregulated metastatic properties in CoCl2-treated GCCs. (A) AGS cells
were treated with CoCl2 (200 μM) alone or in combination with CTK7A (100 μM) or left
untreated for 24 h and wound healing property of cells was assessed by measuring the
wound width (n=4 independent experiments, *P<0.05). Photographs were taken using an
inverted microscope equipped with camera (Primo Vert Carl Zeiss, Germany). Scale bar 200
μm. (B) Anchorage-independent growth of CTK7A and CoCl2-treated cells was evaluated by
soft agar assay. AGS cells were treated with 200 μM CoCl2 and/or CTK7A (100 μM) for 24 h
or left untreated. Cells were incubated for 21 days. Colonies were counted by an inverted
microscope. Scale bar 300 μm. Bar graphs depict quantification of anchorage-independent
growth (n=3) by Student’s t-test; *P<0.05, **P<0.01, ***P<0.001.
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Fig. S4. CTK7A increased Noxa translocation to mitochondria and cytochrome c release in
CoCl2-treated GCCs. (A) Colocalization analysis of figure 4B was performed by ImageJ plugin
Coloc 2 considering 4 separate mitochondrial regions in four different cells excluding the nucleus.
A representative bar diagram (n=4) indicated significantly high Noxa in mitochondria in the
CTK7A+CoCl2-treated GCCs as compared to the other three treatment groups. (mean±SEM,
n=4), *P<0.05 (B) Graphical analysis of figure 4C by using Coloc 2 software demonstrated
significantly less Cytochrome c in the CTK7A+CoCl2-treated mitochondria as compared to the
other three experimental groups (mean±SEM, n=4), *P<0.05.
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Fig. S5. CTK7A induced mitochondrial fragmentation in CoCl2-treated GCCs. (A) Upper
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CoCl2 (200 μM) alone or in combination with CTK7A (100 μM) for 24 h in p-DsRed2 stablyexpressing AGS cells. Scale bar 10 μm. Lower panel: zoomed-in images of the selected
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(from four independent experiments). The mean length of five mitochondria was taken from
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Hypoxia promotes cancer progression, and metastasis. The major protein expressed in hypoxic solid
cancer is hypoxia-inducible factor 1 (HIF1). We show that enhanced phosphorylation of a conventional
protein kinase C isoform, PKCa, at threonine 638 (T638) by hypoxia-mimetic cobalt chloride induces
HIF1a in nuclei of gastric epithelial cells (GECs). Moreover, phospho-T638-PKCa (P-PKCa) interacts with
p300-HIF1a complex in the nuclei of hypoxic GECs and PKCa phosphorylation at T638 enhances transcriptional activity of HIF1a. High P-PKCa expression in neoplastic gastric cancer biopsy samples as
compared to nonneoplastic samples suggests that P-PKCa might act as an indicator of gastric cancer
progression.
© 2016 Elsevier Inc. All rights reserved.
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1. Introduction
Hypoxia induces a number of proteins which enable cells to
adapt to low-oxygen environment. The master transcriptional
regulator in hypoxic cells is a heterodimeric protein hypoxiainducible factor 1 (HIF1). HIF1 binds to the hypoxia-response
element (HRE) of the target gene to induce transcription. It comprises of a and b subunits. The b subunit is constitutively expressed
but HIF1a is only detected in hypoxic cells or in cells that are under
oxidative stress [1]. Prolyl hydroxylation of HIF1a in the normoxic
cells catalyzed by prolyl hydroxylases (PHDs) leads to its binding

Abbreviations: CoCl2$6H2O, Cobalt chloride hexahydrate; DAG, Diacylglycerol;
DAPI, 40 ,6-Diamidino-2-Phenylindole, Dilactate; DN, Dominant negative; GECs,
Gastric epithelial cells; HDAC1, Histone-deacetylase 1; HIF1, Hypoxia-inducible
factor 1; HRE, Hypoxia-response element; NLS, Nuclear localization signal; PHDs,
Prolyl hydroxylases; PKC, Protein kinase C; PVDF, Polyvinylidene ﬂuoride; SDSPAGE, Sodium dodecyl sulphate-polyacrylamide gel electrophoresis; WT, Wild type.
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E-mail address: asima@niser.ac.in (A. Bhattacharyya).
1
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with the pVHL-E3 ubiquitin ligase complex following degradation.
Hypoxia inhibits prolyl hydroxylation of HIF1a and stabilizes it [2].
Cobalt chloride (CoCl2.6H2O) induces biochemical responses similar
to hypoxia [3].
Blood circulation is inefﬁcient in solid tumors and as a result,
hypoxic regions are common at the core of solid tumors [4]. Prolonged hypoxia induces apoptosis but cells that can survive hypoxic
assault, emerge as more drug-resistant and metastatic [5e7]. Besides HIF1, the PKC family of Ser/Thr kinases are also induced by
hypoxia that can regulate various cellular functions including cell
growth, differentiation and apoptosis [8]. Tissue ischemia or hypoxic stress leads to the activation of various protein kinase C (PKC)
family members. PKCs protect against hypoxic injury and are
implicated in ischemia-related diseases [9]. The PKC family has ten
isoforms grouped in three subfamilies based on their differences in
structure and catalytic domains and on their ability to respond to
the cofactors Caþþ and diacylglycerol (DAG). PKCa is a conventional
or classical isoform and requires both Caþþ and DAG for activation
[10].
PKCa promotes invasiveness of various cancers including gastric
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cancer [11,12]. But contradicting reports on PKCa downregulation in
several cancers [11] and PKCa-mediated apoptosis induction in 12O-tetradecanoyl phorbol-13-acetate-treated human gastric cancer
cell lines [13] also exist. Cellular localization of PKCs determines
their function and the effect is tissue or cell line-speciﬁc. For
example, nuclear translocation of PKCd in C5 cells induces
apoptosis whereas its mitochondrial translocation is required for
apoptosis in SP1 cells [14e16]. Phosphorylation and dephosphorylation inﬂuence PKC-mediated cellular signaling and impart
speciﬁcities to PKC binding to distinct substrates as well [17].
Subcellular fractionation shows that phosphorylated active PKCa
can translocate to the nucleus [18]. So, subcellular localization of
PKCa might be the key factor determining its role in cancer progression. However, its expression status and role in hypoxic gastric
cancer cells have not yet been studied.
This study identiﬁes that PKCa phosphorylation at T638 is
induced in the nucleus of GECs after treatment with CoCl2. Moreover, this study establishes that T638-phosphorylated PKCa induces
expression of HIF1a after CoCl2 treatment in GECs. As human
gastric neoplasia samples also showed highly-increased expression
of P-PKCa as compared to noncancerous samples, P-PKCa might be
useful as a molecular marker to study gastric cancer progression.
Since ﬂuctuations in blood ﬂow during solid tumor development
creates hypoxic state, our results implicate that P-PKCa might be a
regulator of HIF1a activity in aggressively growing solid tumors.
2. Materials and methods
2.1. Cell culture and treatment
Cell lines and reagents used in this work are listed in supplementary materials.
2.2. Plasmids, site-directed mutagenesis and transfection
Wild type (WT) PKCa and its dominant negative (DN) mutant
K368R (mutated in the ATP binding cassette and is kinase functiondead) were gifted by Bernard Weinstein (Addgene plasmids #
21232 and #21235, respectively) [19]. PKCa T638A mutant
construct was generated from the WT PKCa construct using QuikChange site directed mutagenesis kit (Agilent Technologies, Santa
Clara, CA). Mutagenesis primers and transfection method are
described in supplementary materials.
2.3. Immunoprecipitation, western blotting and antibodies
Whole cell lysates were prepared by using standard protocol.
Nuclear and cytoplasmic fractions were isolated using NE-PER kit
(Thermo scientiﬁc, MI). Further details are provided in supplementary materials.
2.4. Immunoﬂuorescence microscopy of gastric cancer biopsies
Immunoﬂuorescence staining was performed to detect HIF1a, PPKCa, PKCa proteins in human gastric cancer biopsy samples.
Gastric neoplasia and metastatic biopsy samples from the antral
gastric mucosa were collected from patients who were undergoing
diagnostic esophagogastroduodenoscopy following a NISER Review
Board-approved protocol. Biopsy samples from surrounding noncancerous areas were used as control samples. Research was carried out in accordance with the Declaration of Helsinki (2013) of the
World Medical Association. Written informed consent was obtained from all patients prior to the study. Primary antibodies used
were HIF1a, P-PKCa and PKCa (1:500). Digital images were
captured using a ﬂuorescence microscope (Carl Zeiss, Jena,

Germany).
2.5. Confocal microscopy
Detailed protocol for confocal microscopy is given in the supplementary materials section.
2.6. Dual luciferase assay
Dual luciferase assay was performed to study the effect of PKCa
overexpression on the transcriptional activity of HIF1a according to
manufacturer's instruction (Promega, CA) details of which can be
found from the supplementary materials section.
2.7. Statistical analysis
All data were presented as mean ± SE from three or more independent experiments. Student's t-test was performed for statistical comparisons between two experimental groups. Statistical
signiﬁcance was determined at P < 0.05.
3. Results
3.1. Short treatment with CoCl2 induces nuclear P-PKCa expression
Expression of PKCa and P-PKCa was assessed in normoxic (or
control) and CoCl2-treated AGS cells. Comparison of western blots
(n ¼ 3) of whole cell lysates prepared from control or 30 min, 1 h
and 3 h CoCl2-treated (200 mM) AGS cells did not show any change
in expression of PKCa and P-PKCa (Fig. 1A). CoCl2 at 200 mM was not
cytotoxic to AGS cells (data not shown). Expression of HIF1a timedependently increased with CoCl2 treatment. Western blot results
of the nuclear fractions identiﬁed signiﬁcant (n ¼ 3; P < 0.05) induction of P-PKCa in the nuclear fraction of CoCl2-treated AGS cells
as compared to control cells. Whereas, equal P-PKCa expression
was observed in the cytosol of CoCl2-treated and control cells at all
time points. On the contrary, total PKCa was constitutively
expressed in both compartments and was not changed after CoCl2
treatment (Fig. 1B). GAPDH and HDAC1 immunoblots were used as
cytosolic and nuclear loading controls, respectively. We next sought
to determine whether 200 mM CoCl2 was able to effectively induce
P-PKCa expression in another gastric cancer cell line, NCI-N87.
Western blot data conﬁrmed that 200 mM CoCl2 induced nuclear
expression of P-PKCa in NCI-N87 cells as it did in AGS cells
(Supplementary Fig. S1). Confocal microscopy data also showed the
same trend of P-PKCa and PKCa expression in the nuclear and
cytosolic compartments of control and CoCl2-treated cells (Fig. 1C
and Supplementary Fig. S2). Antral biopsy samples obtained from
consenting patients were used to study expression of PKCa and PPKCa proteins in gastric neoplasia. Comparison of ﬂuorescence
microscopy images obtained from neoplasia patients with images
from non-cancer gastric “control” tissues showed very high P-PKCa
expression in neoplasia samples but no difference was observed
amongst these groups with respect to PKCa expression
(Supplementary Fig. S3). However, we did not observe any difference between metastatic gastric cancer samples (n ¼ 4) collected
from antrum and adjacent non-cancer “control” samples (n ¼ 4)
with respect to PKCa expression but P-PKCa expression was substantially less in metastatic samples as compared to control samples (Supplementary Fig. S4). Next, we wanted to examine whether
HIF1a expression differs in metastatic and neoplastic samples.
Immunoﬂuorescence microscopy data showed equivalent high
expression of HIF1a in both neoplastic and metastatic gastric cancer tissues as compared to their non-cancer counterparts
(Supplementary Fig. S5).

S. Rath et al. / Biochemical and Biophysical Research Communications 471 (2016) 205e212

207

Fig. 1. CoCl2 induced phosphorylation of PKCa in the nuclear fraction of GECs.(A) Western blot analysis (n ¼ 3) of whole cell lysates prepared from control and 200 mM CoCl2-treated
AGS cells at various time points (30 min, 1 h, 3 h) was done to assess expression of p300, HIF1a, P-PKCa and PKCa. GAPDH was used as a loading control. (B) Representative western
blots (n ¼ 3) of cytoplasmic (left panel) and nuclear fractions (right panel) showed time-dependent induced expression of P-PKCa, HIF1a in CoCl2-treated GECs. GAPDH and HDAC1
were kept as a loading control for the cytoplasmic fraction nuclear fraction respectively. A graphical representation of the data showing nuclear P-PKCa induction normalized to
HDAC1. Bars depicting normalized data (mean ± SEM, n ¼ 3), *P < 0.05. (C) AGS cells were cultured on coverslips and treated with 200 mM of CoCl2 for various time points (30 min,
1 h, and 3 h) or left untreated. Nuclear expression of P-PKCa was visualized by confocal microscope. Nuclei of the AGS cells were stained with DAPI. Scale bar 5 mm.

3.2. P-PKCa induces HIF1a expression in the CoCl2-treated GECs
Intratumoral hypoxia is a hallmark of solid tumors and helps in
cancer progression through activation of HIF1a. Western blot results shown in Fig. 1B and C proved P-PKCa expression in the nucleus of CoCl2-treated cells. As PKCa phosphorylation in the nucleus
peaked ahead of nuclear expression of HIF1a (1 h and 3 h,
respectively) (Fig. 1B and Supplementary Fig. S1), we sought to
know whether HIF1a induction was regulated by PKCa. To

determine the effect of PKCa on HIF1a expression, we transfected
AGS cells with either WT PKCa or kinase function-dead dominant
negative DN PKCa or the empty vector followed by 200 mM CoCl2
treatment for 1 h. Western blotting of cytosolic and nuclear fractions (Fig. 2A) showed that CoCl2-mediated nuclear HIF1a expression was enhanced in PKCa WT construct-transfected cells as
compared to the empty vector or DN construct-transfected cells. It
is well-established that hypoxia induces various isoforms of PKC
including the classical isoforms and PKCa [20]. As demonstrated in
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Fig. 2. CoCl2-mediated PKCa phosphorylation induced expression of HIF1a in the nuclei of CoCl2 treated GECs. (A) AGS cells were transfected with empty vector, PKCa WT and PKCa
DN constructs followed by exposure to 200 mM of CoCl2 for 1 h. Cytoplasmic and nuclear fractions were isolated and status of p300, HIF1a, P-PKCa and PKCa were analyzed by
immunoblotting (n ¼ 3). GAPDH and HDAC1 were used as loading control for the cytoplasmic fraction and the nuclear fraction, respectively. (B) AGS cells were transfected with
empty vector, PKCa WT and PKCa DN constructs followed by treatment with 200 mM of CoCl2 for 1 h. Cells were ﬁxed and expression of HIF1a was studied by confocal microscopy.
Nuclei were stained with DAPI. Scale bar 5 mm.

Fig. 2A, the absence of kinase function in the DN PKCa [19] having
K368R mutation blocked the HIF1a-inducing effect shown by PKCa
in CoCl2 treated hypoxic GECs. Confocal microscopy of the above
experimental cell groups further conﬁrmed that CoCl2-induced
nuclear expression of HIF1a was maximal in WT PKCa-overexpressed cells as compared to the empty vector or DN PKCa-transfected cells (Fig. 2B). The effect of PKCa phosphorylation at T638 on
CoCl2-induced HIF1a expression was assessed by comparing the

empty vector, PKCa WT or T638A mutant-transfected AGS cells.
Western blotting of the cytoplasmic and nuclear lysates prepared
from control or CoCl2-treated cells from each transfection group
clearly showed signiﬁcant enhancement of HIF1a expression in
nuclear lysates prepared from WT PKCa-expressing cells but not in
PKCa T638A mutant-expressing cells after CoCl2 treatment
(Fig. 3A). As T638A PKCa reduces PKCa stability [21,22], we
observed decreased expression of PKCa protein in T638A construct-
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transfected cells as compared to the WT construct-expressed cells.
Confocal microscopy results supported that CoCl2-mediated induction of nuclear expression of HIF1a was further enhanced by
WT PKCa overexpression but overexpression of the T638A
construct had no such effect on HIF1a (Fig. 3B).
3.3. PKCa interacts with HIF1a-p300 complex in CoCl2-treated GECs
Next, we sought to identify whether PKCa or P-PKCa interacted
with HIF1a in CoCl2-treated AGS cells. For this, nuclear lysates from
CoCl2-treated and control cells were immunoprecipitated with
HIF1a antibody and western blotting was performed using PKCa, PPKCa and HIF1a primary antibodies. PKCa or P-PKCa did not
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interact with HIF1a (Fig. 4A) directly. HIF1a needs to interact with
its transcriptional coactivator p300/CBP to be transcriptionally
active [23,24]. As no interaction of PKCa with HIF1a might be due to
epitope unavailability, we performed another immunoprecipitation
assay using p300 antibody. p300 interacted with both HIF1a and PPKCa only in CoCl2-treated nuclear lysates. Whereas, binding of
PKCa with p300 was independent of CoCl2 (Fig. 4B). More P-PKCa
interacted with p300 at 1 h of CoCl2 treatment as compared to 3 h.
3.4. PKCa activity and phosphorylation at T638 is required to induce
HIF1a transcriptional activity
A dual luciferase assay was performed to determine the optimal

Fig. 3. CoCl2-induced phosphorylation of PKCa at T638 enhanced HIF1a expression in the nuclei of GECs. (A) Immunoblot analysis (n ¼ 3) of cytoplasmic and nuclear lysates
prepared from AGS cells transfected with empty vector, PKCa WT and PKCa T638A constructs and treated with 200 mM of CoCl2 for 1 h. GAPDH and HDAC1 were used as loading
control for cytosolic and nuclear fractions, respectively. (B) AGS cells were transfected with empty vector, PKCa WT and PKCa T638A constructs followed by treatment with 200 mM
CoCl2 for 1 h. Cells were ﬁxed, immunostained with anti-HIF1a antibody and expression of nuclear HIF1a was studied by confocal microscopy. DAPI was used to stain nuclei. Scale
bar 5 mm.
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Fig. 4. CoCl2 induced P-PKCa interaction with HIF1a-p300 complex and enhanced transcriptional activity of HIF1 after phosphorylation at T638 residue in the nuclear fraction of
GECs. (A) Immunoprecipitation experiment was performed to study interaction between HIF1a and PKCa in the nuclear fraction of AGS cells. Nuclear extracts prepared from 200 mM
CoCl2-treated cells (1 h and 3 h) were immunoprecipitated using HIF1a antibody. A non-speciﬁc band was used to ensure equal protein loading. (B) AGS cells were treated 200 mM
CoCl2 for 1 h and 3 h followed by immunoprecipitation of nuclear lysates using p300 antibody. A non-speciﬁc band was used to estimate protein loading. C) Dual luciferase assay
was performed in AGS cells to assess optimal time of transcriptional activity of HIF1a in PKCa WT construct ectopically expressed and CoCl2 treated cells (mean ± SEM,
n ¼ 3).***P < 0.001; P < 0.05. (D) Dual luciferase assay (mean ± SEM, n ¼ 3) showing HRE-luciferase activity in empty vector, PKCa WT, DN and T638A construct-transfected cells.

time of transcriptional activation of HIF1a following CoCl2 treatment. For this, AGS cells were cotransfected with a Renilla luciferase
construct and a HRE luciferase construct along with PKCa WT
construct. Cell lysates were prepared following CoCl2 treatment
and dual luciferase assay was performed. Data showed (means ± SE,
n ¼ 3) that HRE luciferase activity was signiﬁcantly increased

(P < 0.05) at 1 h of CoCl2 treatment (Fig. 4C). In another attempt to
identify the effect of PKCa on transcriptional activity of HIF1a, AGS
cells were transiently transfected with HRE and Renilla luciferase
construct along with the empty vector, PKCa WT, T638A or DN
construct. Although signiﬁcant enhancement (P  0.05) of HIF1a
HRE activation was observed in CoCl2-treated cells of each
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transfected group (means ± SE, n ¼ 3) as compared to control
(except for the T638A group), WT PKCa was found to maximally
induce HRE activity after CoCl2 treatment suggesting that WT PKCa
potentiated transcriptional activity of HIF1a in CoCl2 treated hypoxic GECs (Fig. 4D).
4. Discussion
Signaling events in hypoxia determine cancer progression,
metastasis, drug resistance properties and overall treatment
outcome in solid cancer. Research spanning the past two decades
has implicated PKCa in various solid cancers [25,26]. However, the
role of PKCa in CoCl2-treated GECs has not been studied at all. We
show that CoCl2 induces P-PKCa expression at T638 residue in the
nuclei of GECs. Moreover, we report that CoCl2-induced P-PKCa
enhances HIF1a expression and transcriptional activity. Our data
further implicates that phosphorylation-dephosphorylation of
PKCa might act as on-off regulators for HIF1a expression and
transcriptional activation in hypoxic tissues.
Various isoforms of PKC can be translocated and retained in the
nucleus (despite of the fact that PKCs lack nuclear localization
signal) or PKCs can be residents within the nucleus. PKC translocation to the nucleus varies from isotype to isotype [27]. Nuclear
PKCa-binding partners have been identiﬁed by various groups [28].
Hypoxia induces translocation of PKCa to the nucleus and enhances
its phosphorylation [29]. PKCa requires phosphorylation at T497
(activation loop), T638 (turn motif), and S657 (hydrophobic domain)
for its activation [30]. Phosphorylation of the activation loop of
PKCa causes autophosphorylation in the turn motif and hydrophobic domain, thus turning PKCa into a catalytically active, stable
and mature molecule [31]. As T638 is a priming phosphorylation site
in PKCa required for its complete catalytic activation [30,32],
dephosphorylation and mutation at this residue inactivates PKCa
enzyme [10,33]. We report here for the ﬁrst time that phosphorylation of PKCa at T638 is induced by CoCl2-mediated hypoxia.
Further, we report that P-PKCa expression in the cytoplasm of GECs
does not depend on CoCl2 but its expression in the nucleus is
signiﬁcantly induced by CoCl2.
PKCa-mediated HIF1a expression and transactivation are
known to occur in various experimental conditions [34,35]. Natu€6976 treatment results in attenuation of
rally, the PKC inhibitor Go
HIF1a expression under hypoxia [36]. Our data shows that both
HIF1a and P-PKCa are maximally expressed in WT PKCa-transfected hypoxic cells as compared to the empty vector or PKCa DN or
T638A mutant-transfected cells. Suppression of HIF1a transcriptional activity in T638A mutant or empty vector-transfected hypoxic cells as compared to the WT PKCa-transfected cells further
establishes the role of P-PKCa in inducing the transcriptional activity of HIF1a. The study to understand the molecular mechanism
of P-PKCa-mediated HIF1a induction is being persued in our laboratory. Although we know that p300 gene alteration is very
common in gastric carcinoma [37], we still do not know how p300
gene alteration or inactivating mutations would modulate the
molecular interaction of P-PKCa with p300-HIF1a complex in
gastric cancer which also warrants further experimentation.
Our data shows that overexpression of the kinase function-dead
K368R mutant (the DN construct has the mutation in the activation
loop) of PKCa also blocks the priming phosphorylation at the turn
motif at T638 under the inﬂuence of CoCl2. As both DN and T638A
constructs show similar effects on HIF1a expression and transcriptional function, we predict that P-PKCa might show similar
effects on HIF1a in cancers which show upregulation of nuclear
PKCa. As P-PKCa expression is high in neoplastic but not in metastatic biopsy samples while HIF1a expression remains high in both
types of gastric cancer tissues, we speculate that PKCa-HIF1a
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interaction differs depending on gastric cancer staging. The data
further indicates that PKCa phosphorylation is differentially regulated in neoplastic and metastatic gastric cancer tissues. Therefore,
P-PKCa appears to be a potential molecular marker determining the
staging of gastric cancer. Extensive research is required to ﬁnd out
whether high P-PKCa expression is exclusive for neoplasia and how
that affects various stages of cancer progression.
In conclusion, this work identiﬁes induced expression of nuclear
P-PKCa in the CoCl2 treated hypoxic GECs. The ﬁnding that PKCa
phosphorylation in hypoxic GECs enhancing HIF1a expression and
transcriptional activity suggests that hypoxia-mediated induction
of P-PKCa might be a major contributor in hypoxia-induced gastric
cancer progression.
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Supplementary materials and methods
1. Cell culture and treatment
Gastric epithelial cancer cells (GECs) AGS, MKN45 or NCI-N87 were cultured and
maintained as previously reported [1]. Cobalt chloride induces hypoxic condition similar to
physiological hypoxia [2-6], modulates a similar group of genes as physiological hypoxia [79]

and shows no cytotoxicity [7]. Cobalt chloride hexahydrate (CoCl 2 .6H 2 O) (Sigma

Aldrich) was used to examine the effect of hypoxia on P-PKCα, PKCα and HIF1α
expression. Experiments were done using AGS cell line, unless mentioned otherwise.
2. Plasmids, site-directed mutagenesis and transfection
QuikChange site directed mutagenesis kit (Agilent Technologies, Santa Clara, CA) was used
to generate PKCα T638A mutant construct from the WT PKCα construct. The following
mutagenesis primer was used to generate the T638A mutation in the WT PKCα construct5’CGAGGACAGCCCGTCTTAGCACCACCTGATCAGCTGGTT3’ where ACA (T) was
changed to GCA (A). 1x106 AGS cells were seeded in six-well cell culture plates 18–24 h
before transfection and were transfected with 2 μg of plasmid DNA and 10 μl of
Lipofectamine 2000 reagent (Invitrogen, CA). 32 h post-transfection, cells were treated with
200 μM dose of CoCl 2 .6H 2 O for various time periods.
3. Immunoprecipitation, western blotting and antibodies
Whole cell lysates were prepared by using standard protocol. Nuclear and cytoplasmic
fractions were isolated using NE-PER kit (Thermo scientific, MI). These lysates were
separated by SDS-PAGE followed by western blotting. Membranes were incubated with
antibodies against P-PKCα (Abcam, Cambridge, MA), PKCα, HDAC1 (Cell Signaling
Technology, MA), HIF1α and GAPDH (Abcam). GAPDH and HDAC1 antibodies were used
for normalization of protein loading for the cytoplasmic and nuclear fractions, respectively.
Membranes were detected by using Super Signal West Femto kit (Thermo Scientific, MI).

2

Chemidoc XRS (Bio-Rad, Hercules, CA) equipped with Quantity One -4.6.9 software was
used for visualization of western blots. Immunoprecipitation was performed by using p300
and HIF1α antibody to determine interaction between p300, PKCα and HIF1α.
4. Confocal microscopy
AGS cells were plated at a density of 0.166x106 cells/ well and treated with CoCl 2 for 30
min, 1 h and 3 h. In another experiment, cells were transfected with pcDNA3.1+ (empty
vector), PKCα WT, PKCα T638A and PKCα DN constructs using Lipofectamine 2000
(Invitrogen) and cells were treated with CoCl 2 for 1 h.

Cells were fixed with 4%

paraformaldehyde at 37oC for 15 min. Staining was done for P-PKCα, and PKCα followed by
DAPI (4', 6-Diamidino-2-Phenylindole, Dilactate (Invitrogen) treatment for 20 min. Cellular
distribution of P-PKCα and PKCα was assessed by a laser scanning confocal microscope
(LSM 780, Carl Zeiss, Jena, Germany) with argon laser 488 excitation and a 63X/1.4 NA oil
objective (Carl Zeiss). The microscope was equipped with LSM-TPMT camera system (Carl
Zeiss) and ZEN 2010 software (Carl Zeiss). Images were analyzed using LSM software (Carl
Zeiss). All images were acquired at room temperature and images were digitally processed
for presentation using Adobe Photoshop CS4.
5. Dual luciferase assay
To study the effect of PKCα overexpression and to standardize the time point of CoCl 2
treatment- on the transcriptional activity of HIF1α, we transfected AGS cells with pGL3HRE-luciferase construct (containing 4 tandem repeats of human EPO gene HRE) [10] and
the Renilla luciferase construct phRLTK at a ratio of 24.5:24.5:1 followed by CoCl 2
treatment for 30 min and 1 h. In another set of experiments, cells were transfected with
pcDNA3.1+ (empty vector) or PKCα-WT or PKCα-T638A or PKCα-DN along with pGL3HRE-luciferase construct and phRLTK construct for 24 h and then hypoxia was induced by

3

CoCl 2 treatment for 1 h. Dual luciferase assay was performed according to manufacturer’s
instruction (Promega, CA).
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Supplementary figures and figure legends

Fig. S1.

Fig. S1. CoCl 2 induced PKCα phosphorylation in the nucleus of NCI-N87 cell.
Representative western blot (n=3) of nuclear and cytosolic lysates prepared from NCI-N87
cells treated with 200 µM CoCl 2 for various time points (30 mins, 1 h, 3 h). GAPDH was
used as a loading control for the cytoplasmic fraction while HDAC1 was used as a loading
control for the nuclear fraction.
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Fig. S2.

Fig. S2. All panels used to prepare the merged images of Fig. 1C.
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Fig. S3.

Fig. S3. Fluorescence microscopy of gastric biopsies from gastric neoplasia patients. (A)
Comparison of P-PKCα expression in antral neoplastic gastric epithelial biopsy samples with
adjacent non-cancer gastric biopsies (control) and (B) comparison of PKCα expression in
non-cancer and gastric neoplasia samples (n=4 for each group). Scale 100 μm.
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Fig. S4.

Fig. S4. Fluorescence microscopy of gastric biopsies from metastatic gastric cancer
patients. (A) Comparison of metastatic gastric cancer biopsy samples (epithelia) with
adjacent non-cancer gastric biopsies (control) for P-PKCα and (B) PKCα expression (n=4 in
each group). Scale 100 μm.
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Fig. S5.

Fig. S5. HIF1α expression in gastric neoplasia and metastatic cancer samples. (A)
Fluorescence microscopy to study HIF1α expression in neoplastic and (B) metastatic gastric
cancer samples along with their respective controls (n=4 in each group). Scale 100 μm.
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ABSTRACT
Helicobacter pylori induces the antiapoptotic
protein myeloid cell leukemia 1 (Mcl1) in human gastric
epithelial cells (GECs). Apoptosis of oncogenic protein
Mcl1-expressing cells is mainly regulated by Noxamediated degradation of Mcl1. We wanted to elucidate
the status of Noxa in H. pylori–infected GECs. For this,
various GECs such as AGS, MKN45, and KATO III were
either infected with H. pylori or left uninfected. The effect
of infection was examined by immunoblotting, immunoprecipitation, chromatin immunoprecipitation assay, in
vitro binding assay, ﬂow cytometry, and confocal microscopy. Infected GECs, surgical samples collected from
patients with gastric adenocarcinoma as well as biopsy
samples from patients infected with H. pylori showed signiﬁcant up-regulation of both Mcl1 and Noxa compared
with noninfected samples. Coexistence of Mcl1 and Noxa
was indicative of an impaired Mcl-Noxa interaction. We
proved that Noxa was phosphorylated at Ser13 residue by
JNK in infected GECs, which caused cytoplasmic retention
of Noxa. JNK inhibition enhanced Mcl1-Noxa interaction
in the mitochondrial fraction of infected cells, whereas
overexpression of nonphosphorylatable Noxa resulted in
enhanced mitochondria-mediated apoptosis in the infected epithelium. Because phosphorylation-dephosphorylation
can regulate the apoptotic function of Noxa, this could
be a potential target molecule for future treatment
approaches for H. pylori–induced gastric cancer.—Rath,
S., Das, L., Kokate, S. B., Pratheek, B. M., Chattopadhyay,
S., Goswami, C., Chattopadhyay, R., Crowe, S. E.,
Bhattacharyya, A. Regulation of Noxa-mediated apoptosis in Helicobacter pylori–infected gastric epithelial
cells. FASEB J. 29, 796–806 (2015). www.fasebj.org

Key Words: JNK • cytochrome c • gastric cancer • myeloid cell
leukemia 1 • mitochondrial fragmentation

Abbreviations: cag, cytotoxin-associated gene; ChIP, chromatin immunoprecipitation; GEC, gastric epithelial cell; Hif1,
hypoxia-inducible factor 1; HRE, hypoxia-response element;
IHC, immunohistochemistry; MALT, mucosa-associated lymphoid tissue; Mcl1, myeloid cell leukemia 1; MOI, multiplicity
of infection; mut, mutant; PAI, pathogenicity island; p.i.,
postinfection; P-JNK, phospho-JNK; P-Noxa, phosphorylated
Noxa; P-S-Noxa, phospho-Ser-Noxa; ROS, reactive oxygen
species; shRNA, short hairpin RNA; UVA, University of Virginia; WT, wild-type
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HELICOBACTER PYLORI INFECTS the human stomach leading to
gastritis, gastric and duodenal ulcers, gastric carcinoma,
and mucosa-associated lymphoid tissue (MALT) lymphoma (1). The risk for gastric cancer is at least 2-fold
greater in infected persons than in uninfected individuals.
H. pylori promotes gastric cancer either via its cancerpromoting effects or via creating a carcinogenic environment by inducing host inﬂammatory responses to chronic
infection. Signaling events induced in infected host cells
play crucial roles in determining disease pathogenesis. One of
the major signaling molecules induced in H. pylori–infected
gastric epithelial cells (GECs) is hypoxia-inducible factor 1
(Hif1), a heterodimeric transcription factor (2, 3). Endogenous or H. pylori–induced gastric epithelial reactive
oxygen species (ROS) stabilize the oxygen-labile a-subunit
of Hif1 in normoxic condition (3, 4), whereas the bsubunit is constitutively expressed (5). Several cellular
processes including cell proliferation, apoptosis, and tumor angiogenesis are regulated by Hif1 (5). A Bcl2 family
antiapoptotic and tumorigenic protein myeloid cell leukemia 1 (Mcl1) and a proapoptotic Bcl2 homology 3
(BH3)-only tumor suppressor protein Noxa (synonyms
are immediate-early response protein APR or phorbol 12myristate 13-acetate-induced protein 1) both contain
hypoxia-responseelements(HREs)intheirpromoters(6,7).
H. pylori infection augments expression of both Mcl1
(2) and Noxa in the infected GECs (8). Noxa is a unique
BH3 protein because it binds only with Mcl1 and A1 prosurvival proteins, whereas other BH3 proteins can interact
with any Bcl2 family member. However, a recent ﬁnding
shows that Noxa can bind to other antiapoptotic and
proapoptotic proteins as well (9). Mcl1 has potent antiapoptotic and tumorigenic functions, but in effect, it is an
extremely short-lived molecule due to its proteasomal
degradation. Noxa imparts its apoptotic function mainly
by translocating to mitochondria followed by its binding
with Mcl1. Noxa-bound Mcl1 is targeted for proteasomal
degradation (10). In the presence of glucose, Noxa
1
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phosphorylation by Cdk5 sequesters the BH3 protein in
the cytoplasm and decreases apoptosis of proliferating
leukemia cell lines and primary T cells (11). Understanding the regulation of Mcl1 stability by Noxa is
important for developing cancer therapeutics, especially
for cancers with up-regulated Mcl1 expression. Because
Mcl1 is highly induced in gastric cancer and is associated
with a poor prognosis (12), studying the Mcl1-Noxa interaction in H. pylori–infected GECs would help in designing better treatment strategies for H. pylori–induced
gastric cancer.
To gain insight into the kinetics of expression of Mcl1
and Noxa in H. pylori–infected GECs, we analyzed expression of Mcl1 and Noxa over a time period. Our results show
that although H. pylori simultaneously up-regulates both
Mcl1 and Noxa expression in the infected GECs, Mcl1 is
not degraded, suggesting phosphorylation of Noxa.
We conﬁrm that Noxa is phosphorylated by JNK, a stressinduced MAPK activated in H. pylori–infected GECs.
Furthermore, we prove that H. pylori–mediated phosphorylation regulates the apoptotic function of Noxa in the
infected GEC.
MATERIALS AND METHODS
Cell culture and bacteria
Gastric epithelial cancer cells AGS, MKN-45, NCI-N87, and KATO
III, and H. pylori strain 26695 and 8-1 [a cytotoxin-associated gene
(cag) pathogenicity island (PAI) (+) strain (American Type Culture
Collection, Manassas, VA, USA) and a cag PAI(2) strain, respectively] were cultured and maintained as previously reported (13).
Plasmids, mutagenesis, and transfections
Human wild-type (WT) Noxa sequence and S13A mutant (mut)
sequence were cloned in pcDNA3.1+ vector (Invitrogen, Carlsbad,
CA, USA) by using HindIII and XhoI as restriction enzymes.
Primers used for WT Noxa cloning were 59-AAAAGCTTCACCATGCCTGGGAAGAAGGCGCGC-39 (forward primer) and 59GCTCGAGTCAGGTTCCTGAGCAGAAGAGTTTGGATATCAGATTCAG-39 (reverse primer). Noxa S13A mut was generated
by using Noxa WT construct as a template using the QuikChange
Site-Directed Mutagenesis Kit (Agilent Technologies, Santa
Clara, CA, USA) following the manufacturer’s instructions. The
primer used for mutagenesis was 59-AAGAACGCTCAACCGGCC(AGC)CCCGCGCGGGCTCCA-39, where the codon for A
(underlined and in italics) replaced the Ser13 of WT Noxa (in
parentheses, original codon). JNK1 and JNK2 constructs used
were described earlier (14, 15). A total of 1 3 106 AGS cells were
seeded in 6-well cell culture plates 18–24 h before transfection
and were transfected with 2 mg plasmid DNA and 10 ml Lipofectamine 2000 reagent (Invitrogen). Cells were infected after
24 h of transfections.
Stable hif1a knockdown in AGS cells
hif1a was stably knocked down using short hairpin RNA (shRNA)
using Lipofectamine 2000 reagent. We also derived stable cells
expressing empty negative control shRNA and scrambled negative control shRNA-expressing cells. All constructs (HuSH
plasmids) were purchased from OriGene Technologies, Incorporated (Rockville, MD, USA).

H. PYLORI INDUCES NOXA PHOSPHORYLATION BY JNK

Infections and treatments
Cells were infected with various multiplicities of infection (MOIs)
of H. pylori for speciﬁed periods. We found that an MOI of 200
for 5 h was optimum to induce Hif1a and Noxa in GECs. When
required, AGS cells were pretreated with 150 nM Echinomycin
(Sigma-Aldrich, St. Louis, MO, USA), MEK1/2 inhibitor
PD98059, p38 MAPK inhibitor SB203580, and JNK inhibitor II (all
from Calbiochem, San Diego, CA, USA) at 25 mM concentration
for 1 h prior to infection.
Human GEC isolation from mucosal biopsy specimens
Gastric biopsy samples from the gastric antral mucosa were collected from individuals undergoing esophagogastroduodenoscopy, as per a University of Virginia (UVA) institutional review
board-approved protocol. Epithelial cells were isolated, cultured,
and infected with an MOI of 200 of H. pylori 26695 or 8-1 for 5 h
as mentioned previously (13).
Mitochondrial and cytosolic lysate preparation
A total of 2 3 106 cells were collected by centrifugation at 1300 3 g
for 3 min at 4°C. Cells were resuspended in 150 ml ice-cold extraction buffer containing 20 mM 4-(2-hydroxyethyl)piperazine-1ethanesulfonic acid (pH 7.5), 10 mM KCl, 150 mM sucrose, 1.5 mM
MgCl2, 1 mM EDTA, 1 mM EGTA, and 1 mM DTT supplemented
with protease inhibitor cocktail (Sigma-Aldrich) and kept for 10
min at 4°C. Cells were homogenized by 20 passages through a 26gauge needle. Homogenates were centrifuged at 10,000 3 g at 4°C
for 5 min to remove nuclei and unbroken cells. Supernatant was
centrifuged at 12,000 3 g for 30 min at 4°C to obtain the cytosolic
fraction in supernatant. The mitochondria-enriched pellet was
resuspended in cold 10 ml lysis buffer containing 20 mM Tris-HCl
(pH 7.4), 150 mM NaCl, 1% Nonidet P-40, and 1 mM DTT along
with protease inhibitor cocktail followed by 20 min incubation on
ice and ﬁnally centrifuged at 15,000 3 g for 5 min. Mitochondrial
lysate was collected and boiled with an equal volume of 23
Laemmli buffer (HiMedia, Mumbai, Maharastra, India).
Immunoprecipitation, Western blotting, and antibodies
Whole-cell lysates were prepared from GECs after treatments and
were separated by SDS-PAGE followed by Western blotting. Blots
were probed with antibodies to phosphoserine and phosphotyrosine (Sigma-Aldrich), CagA (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), caspase-3 (Sigma-Aldrich), Noxa, Hif1a, Mcl1,
and Cdk5 (all from Abcam, Cambridge, MA, USA), p53 (Calbiochem), phospho-JNK, JNK, phospho-ERK, ERK, phospho-p38,
p38, cytochrome c, phospho-p53 (Ser15) Cdk5, and Bax (all from
Cell Signaling Technology, Danvers, MA, USA). a-Tubulin
(Abcam) and histone deacetylase 1 and Cox IV (both from Cell
Signaling Technology) antibodies were used for normalization
of protein loading. Noxa was immunoprecipitated to analyze
interaction between Noxa and JNK. Mcl1 was immunoprecipitated from mitochondrial fraction to assess its interaction with
Bax and Noxa. Proteins were detected by using the Thermo
Scientiﬁc SuperSignal West Femto Chemiluminescent Substrate
kit (Thermo Fisher Scientiﬁc, Kalamazoo, MI, USA). Western
blot images were taken with ChemiDoc XRS (Bio-Rad Laboratories, Hercules, CA, USA) equipped with Quantity One 1-D
Analysis software version 4.6.9 (Bio-Rad Laboratories).
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assay was performed
using the QuikChIP Kit (Imgenex, San Diego, CA, USA) as
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described before (13). Following treatments, chromatin was
sonicated into fragments with an average length of 0.5–3 kb. After
centrifugation at 12,000 3 g for 10 min, supernatants were diluted
in dilution buffer, and immunoprecipitation was performed using Hif1a antibody (Novus Biologicals, Littleton, CO, USA).
ChIP DNA was detected by PCR with the primers 59-GACGGGGTTTCACCATATTGGCAAG-39 (forward primer) and 59-TGAGAGCCGCTTCATGCTAAGGACTT-39 (reverse primer) targeting a 346 bp region from the noxa promoter containing the HRE
region. Speciﬁcity of the reaction was assessed by using a pair of
negative control primers (59-GCACGTTTCATCAATTTGAAGAAAGACTGC-39 and 59-AACAGCAACAACAACA ATGCACTGAACTGT-39) from the 59-upstream region of noxa promoter.
After reversing the DNA-protein cross-links in the immunocomplexes, the noxa promoter sequence in the oligonucleotide containing the HRE region (91 bp) was quantitated by real-time PCR
using the DNA Engine Opticon continuous ﬂuorescence detector (Bio-Rad Laboratories). Preoptimized FAM-labeled
primer-probe sets for noxa and 18S rRNA (Applied Biosystems,
Foster City, CA, USA) were used for the study.
In vitro binding assay
Nuclear extracts were prepared from treated cells using the Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher Scientiﬁc,
Rockford, IL, USA). Streptavidin-coated superparamagnetic
beads (Dynabeads M-280 Streptavidin, Dynal; Invitrogen) were
used to capture 59-biotinylated double-stranded noxa HRE oligonucleotide, and binding assays were performed as described
previously (13). The noxa HRE WT oligos were 59-TGGGA TTACAGGCGTGAGCCACCGCGT-39 and 59-ACGCGGTGGCTCACGCCTGTAATCCCA-39, whereas mut primers were 59TGGGATTACAGGGCACAGCCACCGCGT-39 and 59-ACGCGGTGGCTGTGCCCTGTAATCCCA-39. These primers were biotinylated at the 59 end. Bound proteins were dissociated by boiling
in 13 Laemmli sample buffer and analyzed by Western blotting.

Noxa S13A plasmid constructs or empty vector followed by infection with H. pylori for 10 h. A total of 20 ml cell suspension was
mixed with 180 ml trypan blue (Invitrogen), and cell counting
was done using a Neubauer hemocytometer (Camlab Ltd.,
Cambridge, United Kingdom).
Confocal microscopy
Noxa WT and S13A mutant or empty vector constructs were
transfected in pDsRed2 (Clontech, Mountain View, CA, USA)expressing AGS stable cells. Cells were ﬁxed with 4% paraformaldehyde at 37°C for 15 min followed by DAPI (dilactate;
Invitrogen) treatment for 20 min. Mitochondrial integrity was
assessed by a laser-scanning confocal microscope (LSM 780; Carl
Zeiss, Jena, Germany) with argon laser 488 excitation and a 633/
1.4 NA oil objective (Carl Zeiss). The microscope was equipped
with an LSM-TPMT camera system and ZEN 2010 software (both
from Carl Zeiss). Images were analyzed using LSM software (Carl
Zeiss). All images were acquired at room temperature and digitally processed for presentation using Adobe Photoshop CS4
(Adobe Systems Incorporated, San Jose, CA, USA). Mitochondrial fragmentation (measured by length, circularity, and
roundness) was quantiﬁed by ImageJ software (NIH, Bethesda,
MD, USA). Roundness [4 3 (surface area)/(p 3 major axis2)]
and circularity [4p 3 (surface area/perimeter2)] are indices of
sphericity, with values of 1 indicating perfect spheroids.
Statistics
Values are given as the mean SE. Student’s t test was performed for
comparisons of 2 groups. Statistical signiﬁcance was determined
at P , 0.05. 2-way ANOVA was performed to compare various
transfection groups. Tukey test was applied for post hoc
comparisons.

Immunohistochemistry

RESULTS
Immunohistochemistry (IHC) staining was performed for Hif1a,
Mcl1, and Noxa proteins. Parafﬁn-embedded infected or uninfected biopsy samples were collected following a UVA institutional review board-approved protocol. Surgical sections of
gastric adenocarcinomas were obtained from the UVA Biorepository and Tissue Research Facility. Sections were stained as
previously reported (13). Dilutions of primary antibodies were as
follows: Hif1a (Novus Biologicals), Mcl1 (BD Biosciences,
Franklin Lakes, NJ, USA), and Noxa (ProSci, Poway, CA, USA).
Digital images were captured using the Aperio ScanScope XT
Slide Scanner (Aperio Technologies, Vista, CA, USA).
Flow cytometry
AGS cells were either infected with H. pylori for 10 h or left uninfected. Cells were harvested and washed twice with chilled PBS.
Cells were then stained with Annexin V PE/7-AAD dyes (BD
Biosciences) as per manufacturer’s instruction. In a separate set
of experiments, AGS cells were transfected with either Noxa WT
or Noxa S13A plasmid constructs or empty vector followed by
infection with H. pylori for 10 h. Cells were stained with Annexin V
PE/7-AAD dyes. A total of 10,000 cells were acquired by the
FACSCalibur Flow Cytometer (BD Biosciences) and analyzed by
CellQuest Pro software (BD Biosciences).
Cell viability assay using trypan blue
AGS cells were kept uninfected or infected with H. pylori for 10 h.
In another set, AGS cells were transfected with either Noxa WT or
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H. pylori infection induces Noxa but does not degrade
Mcl1 in the human GECs
The present study aimed to assess the effect of H. pylori
infection on Noxa expression because the Mcl1/Noxa
axis plays a crucial role in regulating the life span of
a cell. For this, AGS cells were infected with a cag PAI(+)
H. pylori strain 26695 at an MOI of 200 for various time
periods. Representative Western blot results (n = 3)
showed that H. pylori time-dependently increased both
Mcl1 and Noxa expression (Fig. 1A), reaching a maximal level at 5 h postinfection (p.i.). We observed that
strain 26695 at an MOI of 200 and 300 equally induced
Hif1a (data not shown), but lower MOIs had no signiﬁcant effect on Hif1a expression (2). Accordingly, all
future experiments were performed with the 26695
strain at an MOI of 200 for 5 h unless stated otherwise.
We also performed IHC analyses on human gastric biopsy samples obtained from uninfected (n = 5) and
infected (n = 5) subjects. Both Noxa and Mcl1 were
signiﬁcantly increased in H. pylori–infected samples
(Fig. 1B), which corroborated our observations in cultured AGS cells. Noxa and Mcl1 are induced in various
cancers (16, 17). We also observed induced expression
of both Noxa and Mcl1 in surgically resected human
gastric adenocarcinoma samples as compared to
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Figure 1. H. pylori–induced Noxa and Mcl1 expression in GECs. A) A representative Western blot (n = 3) of whole-cell lysates
prepared from uninfected and infected (3, 5, 8, and 12 h with an MOI of 200) AGS cells showed time-dependent induced
expression of Noxa and Mcl1. a-Tubulin was used as a loading control. B) Immunohistochemical staining of biopsy samples from
uninfected and H. pylori-infected patients showing expression of Noxa as well as Mcl1 in the epithelium as well as lamina propria
(open arrows indicate epithelial cell lining in the gastric mucosa). Quantiﬁcation is shown of Mcl1+ and Noxa+ cells in the
infected and uninfected gastric mucosa (n = 5). Graph shows the mean 6 SEM. *P , 0.05, Student’s t test. Original magniﬁcation,
350. Scale bars, 100 mm. C) Expression of Hif1a, Mcl1, and Noxa was analyzed by immunoblotting cell lysates prepared from
uninfected or H. pylori–infected (an MOI of 200; 5 h) MKN-45, NCI-N87, KATO III, and AGS cells. a-Tubulin was kept as a
loading control. D) Western blot analysis of epithelial cells isolated from 3 sets of uninfected human gastric biopsy samples and
separately infected with either an MOI of 200 of cag PAI(2) 8-1 strain or (+) 26695 strain for 5 h. IM, intestinal metaplasia.

nonneoplastic gastric tissue sections (Supplemental
Fig. S1). Other gastric cancer cell lines, MKN-45, NCIN87, and Kato III, were assessed along with AGS cells for
their ability to express Mcl1 and Noxa. Western blot
results revealed that expression of Noxa and Mcl1 and
their transcriptional activator Hif1a was induced in all
of these GECs (Fig. 1C). Hif1a, Noxa, and Mcl1 were
equally induced by cag PAI(+) and cag PAI(2) H. pylori
strains (26695 and 8-1, respectively) in native GECs
isolated from uninfected human gastric biopsy samples
(Fig. 1D).
Hif1a and its coactivator p300 bind to the noxa
promoter in H. pylori–infected GECs
Enrichment of the noxa promoter HRE (mean 6 SEM, n = 3)
by ChIP assay with Hif1a revealed Hif1a binding to the
noxa promoter (Fig. 2A). In vivo binding of Hif1a to the
noxa HRE was analyzed by ChIP assay using Hif1a antibody.
The PCR product of DNA in the Hif1a immunocomplex
corresponding to the human noxa promoter ﬂanking the
HRE sequence demonstrated speciﬁc binding of Hif1a
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that was not present in the PCR product corresponding to
the 59 far upstream region (Fig. 2B). Streptavidin-covered
magnetic beads were coated with noxa HRE-speciﬁc oligos
as well as HRE-mut oligo, and nuclear extracts from uninfected and infected cells were incubated with beads.
Hif1a and p300 binding to the noxa HRE (Fig. 2C) was
observed only in H. pylori–infected cells. Coincubation of
AGS cells with 150 nM Echinomycin (an inhibitor of DNAbinding activity of Hif1 and a peptide antibiotic) at the
time of H. pylori infection abrogated Noxa expression
induced by H. pylori (Fig. 2D), further indicating the
importance of Hif1 in inducing Noxa expression in
H. pylori–infected GECs. Because the human Noxa promoter has a p53-binding site, we assessed the expression
of p53 and phospho-(Ser15) p53 in H. pylori–infected AGS
cells. Infection for 3, 6, and 10 h with an MOI of 200 of H.
pylori had no effect on p53 and phospho-p53 expression
(data not shown). Comparison of Hif1a shRNA stably
expressing cell lines with scrambled shRNA and empty
vector-expressed cells after H. pylori infection and Western
blot analysis further conﬁrmed the importance of Hif1a in
Noxa expression in H. pylori–infected GECs (Fig. 2E).
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Figure 2. Hif1a and its coactivator p300 interacted with the promoter region of noxa and enhanced Noxa expression after
H. pylori infection. A) Enrichment of the noxa promoter HRE by ChIP with Hif1a antibody relative to input DNA measured by realtime PCR (mean 6 SEM, n = 3). *P , 0.05. B) ChIP analysis of Hif1a immunocomplex for the noxa promoter HRE. Speciﬁcity of
Hif1a binding to the noxa HRE was conﬁrmed by comparing the 59 far upstream region (nonspeciﬁc [sp.] primer) with the HREﬂanking region of the noxa promoter. C) Western blotting (n = 3) showed binding of Hif1a and its transcriptional coactivator p300
to the noxa promoter HRE (coated on streptavidin beads) after infection with an MOI of 200 of H. pylori for 5 h. D) Hif1a-induced
Noxa expression was validated by pretreating AGS cells with 150 nM Echinomycin prior to infection with an MOI of 200 of H. pylori
for 5 h. a-Tubulin was the loading control. E) Western blotting (n = 3) showed expression of Noxa and Hif1a in the negative control
shRNA, scrambled negative control shRNA, and Hif1a-shRNA stably expressing AGS cells. IP, immunoprecipitation; vec, vector.

Noxa is phosphorylated by JNK at Ser13 in
H. pylori–infected GECs
Because the Mcl1 level was maintained in H. pylori–infected
GECs despite sustained expression of Noxa (Fig. 1A), we
wanted to assess the phosphorylation status of Noxa in
infected AGS cells. Western blot (n = 3) analysis clearly
indicated that Noxa was maximally phosphorylated at Ser
residues at 5 h of H. pylori infection (Fig. 3A). We also found
that Noxa phosphorylation by H. pylori was a cag PAIindependent event (Supplemental Fig. S2C). The cag PAI
encodes proteins for a type IV secretion system (T4SS) that
injects virulence factors into the infected host cell cytoplasm. H. pylori CagA protein is one such factor that is
directly injected into the infected GECs, and upon phosphorylation, it enhances cell motility. To assess the cag PAI
status of strains 26695 and 8-1, we infected AGS cells with an
MOI of 200 of respective strains for 5 h. Western blotting of
whole-cell lysates clearly showed CagA expression and its
phosphorylation in 26695-infected cells, but not in cells
infected with strain 8-1 (Supplemental Fig. S2D). GPS2.1
software (18) was used to predict potential phosphorylation sites of Noxa (Supplemental Fig. S2A) and to predict
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kinases involved in its phosphorylation. Only Cdk5 and
JNK appeared to have signiﬁcant potential to phosphorylate at Ser13; p38 MAPK and ERKs phosphorylated with
a much less predicted effect. However, we did not observe
any expression of Cdk5 in GECs, which corroborated
ﬁndings of other studies showing that the human stomach
does not express Cdk5 (19, 20).
MAPKs have broad-tissue distributions except for JNK 3,
which is expressed only in neurons, cardiac muscles, and
testis. Phosphorylation of ERK1/ERK2, p38, and JNK
occurs as early as 30 min after H. pylori infection and
remains up-regulated until 24 h (21). We also found activation of these 3 MAPKs in infected GECs at 5 h of infection
with an MOI of 200 (Fig. 3B and Supplemental Fig. S2E).
MEK1 inhibitor PD98059 (25 mM, 1 h pretreatment prior
to infection) or p38 MAPK inhibitor SB203580 (25 mM, 1 h
pretreatment prior to infection) partly suppressed total
Noxa and phospho-Ser-Noxa (P-S-Noxa) expression. This
result corroborated ﬁndings of other studies showing that
inhibition of ERK and p38 MAPK causes suppression of
Noxa expression (22). In contrast, JNK inhibitor II or
SP600125 (25 mM, 1 h pretreatment) inhibited only P-SNoxa formation in the infected GECs without suppressing
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Figure 3. JNK induced Noxa phosphorylation at Ser13 residue in H. pylori–infected GECs. A) Western blot analysis of whole-cell
lysates prepared from AGS cells infected with an MOI of 200 of H. pylori for 3, 5, and 8 h showed a time-dependent expression of
P-S-Noxa. Densitometric analysis of Noxa and P-Noxa bands shown in (A) is represented as normalized Noxa and P-Noxa (mean 6
SEM, n = 3). Bar graphs are normalized as fold increase over uninfected controls. B) Immunoblot analysis of whole-cell lysates
derived from AGS cells infected with an MOI of 200 of H. pylori for 5 h showing the expression status of P-JNK and total JNK.
Pretreatment with 25 mM JNK inhibitor II [SP600125 (SP)], 25 mM p38 MAPK inhibitor [SB203580 (SB)], and MEK 1/2 inhibitor
[PD98039 (PD)] was done as indicated. C) Western blot analysis of P-S-Noxa and total Noxa after cotransfecting JNK1 or JNK2
constructs along with empty vector, WT, or S13A mut constructs of Noxa followed by infection with an MOI of 200 of H. pylori for
5 h. a-Tubulin was used as the loading control.

total Noxa, indicating that Noxa expression was not regulated by the JNK pathway, whereas Noxa phosphorylation
was regulated by the JNK pathway in the H. pylori–infected
gastric epithelium. Because JNK is known to induce Mcl1
phosphorylation, stabilization, and antiapoptotic function
(23), JNK inhibition should reduce the Mcl1 protein level
in H. pylori–infected AGS cells. Because Noxa expression
has been reported to cause activation of JNK and p38 (24),
we wanted to identify the effect of WT Noxa and a Ser13
nonphosphorylatable mut (S13A) on H. pylori–mediated
activation of MAPKs. For this, transfected cells were either
infected with H. pylori or left uninfected. A representative
Western blot (n = 3) indicated that WT and S13A Noxa
constructs highly induced H. pylori–mediated JNK phosphorylation and slightly induced p38 phosphorylation but
had no effect on ERK1/ERK2 phosphorylation (Supplemental Fig. S3A).
To determine whether Noxa binds to phospho-JNK (P-JNK)
in H. pylori–infected GECs, we immunoprecipitated wholecell extracts with Noxa antibody and probed for P-JNK and
total Noxa. A representative result (Supplemental Fig.
S3B) showed that interaction of P-JNK with Noxa was induced by H. pylori. The interaction of P-JNK with Noxa was
equally enhanced by ectopic expression of WT or S13A
Noxa construct, indicating that Noxa mutation did not
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impair its interaction with P-JNK. To further establish the
role of JNK in Noxa phosphorylation, we cotransfected
AGS cells with either empty vector along with WT or S13A
Noxa constructs, or WT Noxa along with JNK1 or JNK2
constructs or S13A Noxa with JNK1 or JNK2 constructs and
infected with H. pylori for 5 h or left uninfected. JNK1/
JNK2 overexpression resulted in enhanced phosphorylation of WT Noxa but not of S13A mut in the infected GECs
(Fig. 3C, compare lanes 2, 4, and 6 with lanes 8, 10, and 12,
respectively). Together, Fig. 3C and Supplemental Fig. S3B
showed that Noxa mutation did not change its interaction
with P-JNK, but JNK-mediated Noxa phosphorylation
could not take place in Noxa S13A-expressing cells. These
results established the importance of Ser13 residue in JNKmediated phosphorylation of Noxa. We also found that cag
PAI(+) and cag PAI(2) strains equally induced JNK phosphorylation (Supplemental Fig. S2B).
Blocking Noxa phosphorylation induces Mcl1
degradation and mitochondrial apoptosis events
To examine the effect of Noxa phosphorylation on the
Mcl1 level, AGS cells were transiently transfected with
control vector, WT Noxa, and S13A Noxa constructs
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followed by infection with H. pylori and Western blotting of
whole-cell lysates (n = 4). H. pylori–mediated induction of
Mcl1 expression was signiﬁcantly blocked in S13A muttransfected cells (Fig. 4A). These data indicated that although WT Noxa enhanced H. pylori infection-mediated
Mcl1 expression, the nonphosphorylatable S13A mut
Noxa was unable to do so.
Reduced Mcl1 level is associated with mitochondrial
apoptotic events (25). We assessed the effect of JNK inhibition on Mcl1-Noxa interaction. Mitochondrial lysates
were prepared from vehicle (DMSO)-treated, 5 h
H. pylori–infected, or JNK inhibitor II pretreated and infected AGS cells followed by immunoprecipitation with Mcl1.
We observed Mcl1-Noxa interaction exclusively in JNK
inhibitor-treated and -infected mitochondria, but not in
infected cells without the inhibitor (Fig. 4B). Furthermore,
this experiment showed that although Bax was bound with
Mcl1 in H. pylori–infected AGS cells, JNK inhibitor II pretreatment completely abrogated Mcl1-Bax interaction.
Cytochrome c release is the hallmark of the intrinsic
apoptotic pathway, and Noxa displaces apoptotic effectors
such as Bak and Bax from Mcl1 so that these effectors can
undergo oligomerization resulting in cytochrome c release
(26). To identify the effect of Noxa phosphorylation on
cytochrome c release in H. pylori–infected GECs, AGS cells

were transfected with WT Noxa, S13A Noxa, or the empty
vector. Cytosolic and mitochondrial fractions were Western blotted. H. pylori–induced cytochrome c release in all
transfected groups, but S13A-expressing H. pylori–infected
cells showed substantially higher cytochrome c release (n = 3)
(Fig. 4C). This result suggests that the apoptotic potential
of Noxa is reduced by its phosphorylation. Because the
release of cytochrome c into the cytosol leads to the activation of caspase-3 in apoptotic cells, we sought to understand the effect of Noxa and P-S-Noxa on caspase-3
activation in H. pylori–infected GECs. For this, AGS cells
were transfected with the aforementioned constructs or
transfected with empty vector followed by infection with
H. pylori for 10 h or left uninfected. Western blot of cytosolic
lysates (n = 3) showed that H. pylori maximally cleaved
caspase-3 in S13A mut-expressing cells compared to the
infected counterparts from empty vector and WT Noxatransfected groups (Fig. 4D).
AGS cells are very small, and their mitochondrial network is easily destroyed with mitochondrial stress (27).
Confocal microscopy was performed to assess whether the
cell death caused by H. pylori was linked with mitochondrial
morphology changes. pDsRed2 stably expressing AGS cells
were transiently transfected with empty vector or Noxa WT
or S13A mut followed by infection with H. pylori for 8 h.

Figure 4. Mcl1 degradation, cytochrome c release, and cleaved caspase-3 formation were enhanced in S13A Noxa-expressing
H. pylori–infected GECs. A) AGS cells were transfected with either empty vector, Noxa WT or Noxa S13A construct followed by
infection for 5 h with an MOI of 200 of H. pylori, and Mcl1 status was analyzed by immunoblotting of whole-cell lysates. Data were
analyzed by 2-way ANOVA with Tukey’s post hoc test (n = 4). Error bars, SEM. ****P , 0.0001. B) Immunoprecipitation experiment
assessing Mcl1-Noxa interaction and Mcl1-Bax interaction in the mitochondrial fraction of infected AGS cells. Mitochondrial
extracts were immunoprecipitated with Mcl1 antibody after various treatments as indicated. A nonspeciﬁc band was used to
estimate protein loading. C) Western blot showing phosphorylation status of Noxa and cytochrome (Cyt) c in the cytosol in 9 h
H. pylori–infected AGS cells expressing either empty vector or Noxa WT or Noxa S13A. Corresponding mitochondrial fraction
assessed cytochrome c retention status 9 h p.i. Cox IV was used as a loading control for mitochondrial fraction. D) Immunoblot of
whole-cell lysates showing the status of cleaved caspase-3 in Noxa WT and S13A Noxa-transfected AGS cells infected with an MOI
of 200 of H. pylori for 10 h. a-Tubulin was used as a loading control.
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Mitochondrial phenotype was then assessed by confocal
microscopy. The reticulotubular network of healthy
mitochondria found in empty vector-transfected cells
was partially disintegrated and appeared smaller in
H. pylori–infected cells (Fig. 5A). Mitochondria lose their
membrane potential and undergo fragmentation (form
round and small spheroidal or punctate structures) before releasing cytochrome c. We found signiﬁcantly
greater roundness and circularity in the mitochondria
from the infected S13A-expressing cells as compared
to the mitochondria from pcDNA3.1+ and WT Noxaexpressing cells (Fig. 5B).
Noxa dephosphorylation enhances apoptosis in
H. pylori–infected GECs
To determine the extent of cell death by H. pylori, AGS
cells were infected with an MOI of 200 for 10 h. We
stained cells with Annexin V PE to detect apoptotic cells,

and 7-AAD was used to detect necrotic population. Flow
cytometric analysis revealed that H. pylori signiﬁcantly
induced apoptotic cell death (Fig. 6A and Supplemental
Fig. S4A). To assess the role of Noxa WT and S13A mut
transfections on apoptosis, AGS cells were transiently
transfected with empty vector, WT Noxa, or S13A Noxa
followed by infection with an MOI of 200 of H. pylori for
10 h. Flow cytometric analysis showed that S13Atransfected and H. pylori–infected cells signiﬁcantly induced apoptosis compared with their counterparts from
empty vector-transfected and Noxa WT-transfected
groups (Fig. 6B and Supplemental Fig. S4B). Cell mortality was also calculated with trypan blue assay (data not
shown).
Overall, our data conﬁrmed that although H. pylori–
mediated induction of Noxa-induced apoptosis, impairment of Noxa phosphorylation enhanced the apoptotic
potential of Noxa in H. pylori–infected GECs. The effect
of Noxa phosphorylation status on H. pylori–mediated
GEC apoptosis is graphically summarized in Fig. 7.

Figure 5. Non–P-Noxa increases
H. pylori–induced mitochondrial
fragmentation. A) Mitochondrial morphology was examined
by confocal microscopy after
transfecting
empty
vector
(pcDNA3.1+), Noxa WT, and
Noxa S13A constructs in pDsRed2
stably expressing AGS cells followed by infection with H. pylori
for 8 h, with an MOI of 200. Scale
bars, 5 mm. B) Mitochondrial
length, roundness, and circularity
information was collected from 4
cells (from 4 independent experiments), and 5 mitochondria were
measured from each cell for
statistical analysis. Circular mitochondrial appearance indicative of
mitochondrial stress was more
apparent in infected Noxa S13Atransfected cells when compared
with the pcDNA3.1+or Noxa WT
construct-expressing infected cells.
Data were analyzed by 2-way
ANOVA with Tukey’s post hoc
test. Error bars, SEM. *P , 0.05;
**P , 0.01; ****P , 0.0001.
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H. pylori–infected gastric epithelium (30, 31), is responsible
for Noxa phosphorylation. This also indicates that
H. pylori can mold host apoptotic effectors toward
antiapoptosis.
H. pylori infection induces gastric epithelial ROS
generation and apoptosis (32). The indirect activation
model of apoptosis suggests that the interaction of BH3only proteins with their antiapoptotic partners induces
conformational changes in the multi-BH domaincontaining proteins Bax and Bak. This leads to autooligomerization of these “apoptosis effectors” in the
outer membrane of the mitochondria, resulting in the
release of cytochrome c (33). BH3-only proteins show
selectivity in binding with antiapoptotic members of
the Bcl2 family. As a “sensitizer,” BH3-only protein
Noxa was earlier thought to have a weak proapoptotic
function. However, Lowman et al. (11) showed that
S13A Noxa-expressing leukemia cells die from glucose
stress. These investigators were unable to generate
stable S13A-expressing Jurkat cells. We also failed in
our attempt to generate GECs with Noxa S13A mutation, which strengthened our belief that Noxa phosphorylation by H. pylori has some essential protective
functions against apoptosis. Previously, induction of
Noxa was reported to be essential but not sufﬁcient for
apoptosis (34). Thus, we surmise that Noxa phosphorylation could be one of the explanations of these
ﬁndings.

Figure 6. Non–P-Noxa enhances H. pylori–induced apoptosis
in AGS cells. A) AGS cells were either infected with H. pylori or
left uninfected. Cells were harvested and stained with
Annexin V PE/7-AAD dyes. Representative ﬂow cytometry
data show that H. pylori induced apoptosis in infected cells
(n = 6). Apoptotic cells are in the lower-right quadrant. B)
AGS cells were transfected with either Noxa WT or Noxa S13A
plasmid constructs or empty vector followed by infection with
H. pylori for 10 h. A representative dot plot indicates a marked
increase in H. pylori–induced apoptosis in S13A Noxa
construct-transfected cells as compared to WT and empty
vector-transfected cells (n = 6).

DISCUSSION
The chronic imbalance between host epithelial cell
death and proliferation is a major mechanism that
contributes to H. pylori–mediated gastric cancer because
it allows accumulation of mutations in host cells (28).
The BH3-only apoptotic protein Noxa binds mainly with
the antiapoptotic protein Mcl1, a complex that is
targeted for proteasomal degradation. Thus, Noxa
functions as a critical regulator of apoptosis in Mcl1expressing cells (29). Here, we report that although
Noxa is up-regulated in H. pylori–infected GECs, its apoptotic function is regulated by phosphorylation. The
stress-induced kinase JNK, which mediates apoptosis in the
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Figure 7. Regulation of apoptotic potential of Noxa in
H. pylori–infected GECs. Hif1a expressed in H. pylori infected
GECs enhances Noxa expression. H. pylori also induces Bax
translocation to mitochondria, which can bind with Mcl1 in the
mitochondria. If Noxa manages to stay as non–P-Noxa, it
translocates to the mitochondria, displaces Bax from Mcl1, and
binds with Mcl1. As a result, Mcl1 is degraded, and free Bax is
oligomerized to help in the cytochrome c release, resulting in
apoptosis. When Noxa is phosphorylated at Ser13 by JNK activated
in H. pylori–infected GECs, P-Noxa is unable to translocate to
mitochondria, resulting in impairment of apoptosis. Curved
arrow indicates translocation.
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H. pylori induces MAPKs and regulates various cellular processes, including cell cycle, proliferation, and
apoptosis (21). JNK plays a role in regulating the intrinsic apoptotic pathway because activation of JNK
increases cytochrome c release (35). Our results reveal a new phenomenon that Noxa is phosphorylated
by JNK in H. pylori–infected GECs and regulates the
apoptotic potential of Noxa. Because JNK can induce
invasiveness and motility of H. pylori–infected cells
(36), we speculate that Noxa phosphorylation by JNK
also helps in the survival of invasive gastric cancer
cells. Further studies are needed to explore this
hypothesis.
One of the main steps in the intrinsic apoptotic
pathway is Bax translocation to mitochondria. H. pylori
enhances Bax translocation to mitochondria followed
by mitochondrial fragmentation (27). Although the
Mcl1-Bak interaction is well known, a direct Mcl1-Bax
interaction is not commonly observed. However, it has
been shown that following Bax translocation to mitochondria, Mcl1 can inhibit Bax-induced cytochrome c
release (37). Although the same group reports that
direct interaction with Mcl1 is not required for Bax
inhibition in that study, there is evidence that a
Mcl1-Bax interaction exists (38). We report here that
H. pylori induces direct interaction of Mcl1 with Bax.
Our results also conﬁrm that abrogation of JNK-mediated
phosphorylation of Noxa in infected GECs results in
direct Mcl1-Noxa interaction in the H. pylori–infected
gastric epithelium. We presume that in the presence of
nonphosphorylated Noxa (P-Noxa), which has a very
high afﬁnity and priority to bind with Mcl1 (39, 40),
Bax is displaced from Mcl1, oligomerizes, and helps in
cytochrome c release. p53 is crucial in regulating cell
survival, apoptosis, as well as cell cycle and is a very
highly mutated gene in human cancers (41). Although
it is one of the main transcription factors that induce
Noxa, p53-independent mechanisms of Noxa induction also exist and are targeted to treat cancers (42,
43). Almost 40% of cases of gastric cancer have p53
mutations, and H. pylori can cause p53 mutations as well
(28, 44). A recent study suggests that p53 can even be
inhibited by H. pylori in a mutation-independent
mechanism (45). Tumor suppressor function and
transcriptional activity of p53 remain inhibited in
B cells of patients with MALT lymphoma (46). In our
study, Hif1a was highly induced and shown to be
a major inducer of Noxa in H. pylori–infected GECs.
Because Hif1a (47) and H. pylori (48) individually can
contribute to gastric cancer chemoresistance, it is
likely that P-Noxa induction by H. pylori further
increases the risk for treatment resistance in gastric
cancer. We believe that the accumulation of P-Noxa
resulting in antiapoptosis of the H. pylori–infected
GECs would contribute to accumulation of mutations,
leading to the increased probability of developing
gastric cancer. Because Noxa and P-Noxa both are induced by H. pylori, it is difﬁcult to assess a direct causeeffect relationship as the P-Noxa:Noxa ratio in gastric
cancer tissue samples has not been studied yet. Further
research is required to identify the prevalence of Noxa
Ser13 mutation and P-JNK expression pattern in
H. pylori–infected gastric biopsy samples.

H. PYLORI INDUCES NOXA PHOSPHORYLATION BY JNK

Given the frequency of gastric cancer metastasis and
treatment resistance, developing new targeted treatment
strategies is very important. Because phosphorylationdephosphorylation can regulate apoptotic functions of
Noxa, this is a potential target molecule for future treatment approaches in H. pylori–induced gastric cancer. Noxa
phosphorylation may also be implicated in carcinogenic
events in other types of cancer.
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Supplemental Fig.S1.Expression of Hif1α, Noxa as well as Mcl1 in human gastric surgery
samples

from

adenocarcinoma

patients

as

well

as

from

nonneoplastic

gastric

tissues.Immunohistochemical staining of human gastric adenocarcinoma surgery samples from
patients with known history of H. pylori infection (n=4) showing up-regulation of Hif1α, Noxa
as well as Mcl1. Negative (-ve) control (-Cont) contained no primary antibody.
epithelial lining and gastric mucosa.Original magnification: X20. Scale 100 µm.

indicates

Supplemental Fig. S2A. Amino
acid sequence of human Noxa.
Noxa has five residues which
can be phosphorylated (S and T,
boldfaced and in italics). But,
only S13 appears to be a potential
kinase-target as predicted by
GPS2.1 program.
Supplemental Fig. S2B. JNK
and its active form P-JNK were
equally induced by both 26695
and 8-1 strains. Western blot
analysis of whole cell lysates
prepared from AGS cells
infected with 200 MOI of H.
pylori cag PAI(+) strain (26695)
and cag PAI negative strain (81) or left uninfected for 5h
showing equal expression of
JNK and P-JNK. –tubulin was
used as a loading control.

Supplemental Fig. S2C. Noxa and P-S-Noxa induction by 26695 and 8-1 strains. Western blot
analysis of whole cell lysates prepared from AGS cells infected with 200 MOI of H. pylori cag
PAI(+) strain (26695) and cag PAI negative strain (8-1) or left uninfected for 5h showing equal
expression of Noxa and P-S-Noxa. –tubulin was used as a loading control. Bars depict P-SNoxa and Noxa expression normalized to α-tubulin (mean ± SEM, n = 4), *P<0.05 compared
with uninfected cells.
Supplemental Fig. S2D. CagA and its phosphorylated form are only induced in H. pylori 26695
infected AGS cells. Western blot analysis of whole cell lysates showed CagA expression and its
phosphorylation in 26695-infected cells but not in cells infected with strain 8-1.
Supplemental Fig. S2E. Expression status of P-ERK, P-p38, total ERK and p38 in AGS cells
infected (5 h) with 200 MOI of H. pylori. Pretreatment with 25 µM JNK inhibitor II (SP600125),
25 µM p38 MAPK inhibitor (SB203580) and MEK 1/2 inhibitor (PD98039) were done as
indicated. This data showed that JNK inhibition by SP had no effect on ERK and p38 MAPK
phosphorylation. SB partially inhibited p38 MAPK phosphorylation and PD inhibited ERK
phosphorylation.

Supplemental Fig. S3. Noxa induced JNK activation and enhanced interaction with P-JNK
following infection with H. pylori. A) Effect of overexpression of WT and non-phosphorylable
mutant (S13A) constructs of Noxa on MAP kinases was assessed by western blot analysis in
AGS cells after transfecting cells with above mentioned constructs followed by 200 MOI H.
pylori infection for 5 h.

–tubulin was used as a loading control. B) Immunoprecipitation of

whole cell lysates prepared from infected or uninfected empty vector or WT Noxa or S13A
Noxa-transfected cells with Noxa antibody showed interaction of P-JNK with Noxa.
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Supplemental Fig. S4. Nonphosphorylated Noxa enhances H. pylori-induced cell death in AGS
cells. A) Analysis of the data shown in Figure. 6A by Student’s t test clearly demonstrated
significant increase in percentage apoptotic cell death in the H. pylori-infected cells (mean ±
SEM, n=6), *P<0.05. B) The percentage of apoptotic cell death in various transfected groups
were compared with two way ANOVA with Tukey’s post hoc test. (mean±SEM, n =6),
***P<0.001, ****P<0.0001.

