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Abstract

Background and Aim: Our previous study of H. pylori-induced apoptosis showed the
involvement of Bcl-2 family proteins and cytochrome crelease from mitochondria. Here, we
examine the release of other factors from mitochondria, such as apoptosis inducing factor (AIF),
and upstream events involving caspase-8 and Bid.

Methods: Human gastric adenocarcinoma (AGS) cells were incubated with a cagA-positive H.
pyloristrain for 0, 3, 6 and 24 h and either total protein or cytoplasmic, nuclear and mitochondrial
membrane fractions were collected.

Results: Proteins were immunoblotted for AIF, Bid, poly adenosine ribose polymerase (PARP),
caspase-8 and p-catenin. H. pyloriactivated caspase-8, caused PARP cleavage, and attenuated
mitochondrial membrane potential. A time-dependent decrease in B-catenin protein expression
was detected in cytoplasmic and nuclear extracts, coupled with a decrease in p-actin. An increase
in the cytoplasmic pool of AIF was seen as early as 3 h after H. pyloriexposure, and a
concomitant increase was seen in nuclear AIF levels up to 6 h. A band corresponding to full-length
Bid was seen in both the cytoplasmic and nuclear fractions of controls, but not after H. pylori
exposure. Active AlF staining was markedly increased in gastric mucosa from infected persons,
compared to uninfected controls.

Conclusion: H. pylori might trigger apoptosis in AGS cells via interaction with death receptors
in the plasma membrane, leading to the cleavage of procaspase-8, release of cytochrome cand AlF
from mitochondria, and activation of subsequent downstream apoptotic events, as reported
previously for chlorophyllin (1). This is consistent with AlF activation that was found in the
gastric mucosa of humans infected with H. py/ori. Hence, the balance between apoptosis and
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proliferation in these cells may be altered in response to injury caused by H. pyloriinfection,
leading to an increased risk of cancer.
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INTRODUCTION

Each year, approximately 24,000 new cases of gastric cancer are diagnosed in the United
States, and there are about 700,000 new cases worldwide. There will be an estimated 12,400
deaths from this type of cancer in 2008 in the United States. Several studies have provided
evidence that Helicobacter pyloriis a major risk factor for gastric carcinogenesis. H. pylori
has been shown to induce apoptosis in gastric epithelial cells /n vitroand in vivo (1-6).

Many H. pylori strains contain a group of genes known as the cag pathogenicity island (PAI)
(7). Early reports indicated that persons infected with strains possessing the PAI (cag-
positive strains) display less apoptosis and more mucosal inflammation and cell injury than
persons infected with cag-negative strains (8, 9). Other studies, however, showed more
apoptosis (as well as more mucosal inflammation and cell injury) in persons infected with
cag-positive strains (1, 3, 10-14). This discrepancy may be explained by differences
between the patient populations studied, including the ethnicities of the study population. /n
vitro studies have demonstrated that H. py/ori can induce apoptosis in different gastric
epithelial cell lines (1, 3, 12-14). /n vitro induction of apoptosis has also been reported to be
dependent on the presence of the PAI (15). Differences in the amount of apoptosis induced
by H. pylori may be dependent on several factors, including cell type, H. py/oristrain, and
cell culture conditions. H. pylori~induced apoptosis is associated with an increase in Bak
expression both in gastric biopsies from patients colonized by H. pyloriand in vitro (3).
Konturek et al. reported induction of apoptosis with evidence of bax upregulation and bcl2
down-regulation in duodenal ulcer patients with H. py/oriinfection (13). The induction of
apoptosis by H. pylori may be important in the development of peptic ulcer disease and in
gastric carcinogenesis. However, the molecular processes controlling and executing H.
pylori-induced apoptosis are still poorly understood.

Apoptosis is defined as an active physiological process of cellular self-destruction, with
specific morphological and biochemical changes (16). Caspases are proenzymes of the
aspartate-specific cysteine protease family that play an important role in apoptosis (14, 17—
19). Execution of apoptosis in eukaryotic cells is usually dependent on the activation of
caspases, which fall into three subfamilies: the CPP32 subfamily (caspase-3, -6, -8, -9, and
-10), the ICH-1/Nedd?2 (caspase-2) subfamily, and the ICE3 subfamily (caspase-1,-4, and
=5). Although members of ICE-like and CPP32-like subfamilies have different subunit
specificity, all caspases are cleaved at specific Asp residues. On the basis of that observation,
a model of hierarchical activation of caspases has been proposed (20). They are all expressed
as proenzymes (30-50 kDa) that contain three domains: an NH»-terminal domain, a large
subunit (~20 kDa), and a small subunit (~10 kDa). In the above-proposed model, caspase-8
has been termed an initiator protease, which activates executioner proteases such as
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caspase-3 or caspase-6. Once an executioner caspase is activated by upstream signals, it can
activate other downstream factors, including PARP (poly adenosine-diphosphate-ribose
polymerase) and DFF45 (DNA fragmentation factor 45). Cleavage of PARP, catalyzed by
caspase-3 and other death substrates, is required for apoptosis to proceed in various cell lines
(21-23). The hierarchical activation of these caspases ultimately results in the cleavage of
key nuclear, cytoplasmic, and membrane-associated proteins, as well as the activation of
DNases in many cases, leading to the morphological and biochemical changes characteristic
of apoptotic cell death (24, 25).

The apoptotic process often involves the mitochondria. When the mitochondrial outer
membrane is permeabilized and/or ruptured (22, 23, 26), pro-apoptotic proteins normally
confined to the intermembrane space are released into the cytosol (27). The release of
protein from mitochondria triggers catabolic reactions that result in cell death. For example,
the release of cytochrome ¢ from the mitochondrion to the cytosol activates the caspase-3/9
complex (28). Activation of downstream caspases is preceded by a loss of mitochondrial
membrane potential and release of cytochrome ¢ (29). In addition, cytochrome cand other
proteins are released from the mitochondria into the cytosol (3, 30-32). Upon entering the
cytosol, cytochrome ¢ promotes the assembly of a multiprotein complex that induces
proteolytic processing and activation of cell death by caspase.

We previously investigated the mechanisms of apoptosis and showed that gastric epithelial
cells exposed to H. pylori underwent growth arrest and apoptosis after 24 h, with evidence
for the formation of a sub-G1 peak in the attached cell population and nuclear condensation
(1, 33). In the present study, we continued investigating the mechanisms by which H. pylori
induces gastric cell injury in human gastric cancer cells, identifying a pathway of cell death
involving the release of apoptosis inducing factor (AIF) from mitochondria. Human gastric
cancer cells were treated with AH. pylori. There was a time-dependent attenuation of
mitochondrial membrane potential (Aym) with activation of the caspase-8 pathway. In
addition, AIF was released from mitochondria into the cytosol and leaking in to the nucleus,
leading to cleavage of nuclear lamins. Upstream mediators of this apoptosis pathway were
identified as caspase-8/caspase-6 and tBid acting in conjunction with other pro-apoptotic
members of the Bcl-2 family, such as Bak or Bax (3, 33, 34). These findings suggested that
H. pyloritriggers apoptosis via interaction with so-called death receptors in the plasma
membrane of cancer cells, leading to cleavage of procaspase-8, release of AIF from
mitochondria, and activation of subsequent downstream events leading to the destruction of
nuclear lamins.

MATERIALS AND METHODS

Gastric cell culture

A gastric adenocarcinoma cell line (AGS) purchased from the American Type Culture
Collection (Manassas, VVA) was used for these experiments. AGS cells were cultured in
DMEM medium supplemented with 10% fetal bovine serum without antibiotics in 5% CO
at 37°C in a humidified water-jacketed CO, incubator.
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Transient transfection of AGS with Bcl-2 (pcDNA3-Bcl2) was performed using Fugene 6
(Roche) as per the manufacturer’s protocol. Cells were incubated overnight, washed, and
infected with H. pylori as described below.

H. pylori culture

A cag-positive H. pyloristrain (J117), a gift from Dr. Timothy Cover (35), was cultured on
trypticase soy agar with 5% sheep’s blood (Curtin Matheson, Jessup, MD) with Skirrow’s
selective antibiotic supplement (Prolab Inc., Scarborough, Canada) at 37°C in a CO,/O,
water-jacketed incubator (Forma Scientific, Marietta, OH) under microaerophilic conditions
(10% CO,, 7.5% O,, 82.5% Ny). Cultures were maintained for 3 days prior to passage and
bacteria were used between passage 5 and 15 for these experiments to ensure consistency in
their adherence to AGS cells (36). The adherence was visualized using microscopy.

Subcellular fractionation and immunoblot analysis

Cytoplasmic, nuclear and mitochondrial membrane fractions of AGS cells were prepared
according to our previous study (33, 37). Briefly, AGS cells were overlaid with culture
medium containing H. pylori (strains J117, cagA+) for 24 hours. PBS-washed cells were
resuspended in extraction buffer [10 mM Tris-HCI (pH 7.6), 10 mM KCI, and 5 mM MgCI2]
with protease inhibitors (0.2 mM PMSF, 10 pg/ml pepstatin A, and 10 pg/ml leupeptin) and
incubated on ice for 10 min. Cells were lysed on ice with digitonin (Sigma-Aldrich), nuclei
were removed by centrifugation, and nuclear proteins were extracted with
radioimmunoprecipitation (RIA) lysis buffer [10 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1%
NP40, 0.1% SDS, 0.5% sodium deoxycholate, and 1 mM DTT] supplemented with protease
inhibitor cocktail (each tablet was dissolved and used according to the manufacturer
recommendations (Roche)). For whole-cell extractions, samples were washed with 1 ml of
PBS, and ice-cold RIA lysis buffer (2 ml) was added to the cell monolayer followed by
gentle scraping on ice. Cell lysates were transferred to a microcentrifuge tube containing the
mixture of protease inhibitor cocktail according to the manufacturer recommendations
(Roche). Samples were left on ice for 30 min and centrifuged at 15,000 RPM for 15 min.
Supernatants were taken for protein quantification, determined as described by Peterson
(27). Protein (100 pg) was mixed with 60 pl of gel sample buffer [0.125 M Tris-HCI (pH
6.8; Sigma), 20% (v/v) glycerol, 2% (w/v) SDS, 10% (v/v) p-mercaptoethanol, and 0.25%
(w/v) bromophenol blue], and the tubes were placed in a hot plate at 95°C for 5 min. For
SDS-PAGE, the stacking gel was 4.5%, and resolving gels were made up at 10%, 12.5%, or
15% as required. Gels were run in a buffer solution containing 192 mM glycine (Sigma), 25
mM Tris (Sigma), and 1% SDS and then electroblotted onto Immobilon polyvinylidine
difluoride membrane (Millipore, Bedford, MA) in a transfer buffer of 192 mM glycine
(Sigma), 10 mM Tris (Sigma), and 20% (v/v) methanol (Fisher).

Cells were lysed in chilled RIA lysis buffer (10 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1%
NP40, 0.1% SDS, 0.5% sodium deoxycholate, and 1 mM DTT, Roche). Protein was
measured in whole-cell lysates or in cytoplasmic, nuclear and mitochondrial membrane
fractions, then lysates or fractions were boiled for 5 minutes in equal volumes of 2x
Laemmli buffer and 100 pg protein was electrophoresed on 10% SDS-PAGE. Proteins were
electrotransferred onto polyvinylidine (Immobilon-P, Millipore, Bedford, MA) membranes
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blocked with 10% non-fat dry milk in TBS at 37°C, and incubated for 4 h at room temp or
overnight at 4°C in TBS containing one of the following antibodies: (a) p-actin mouse
monoclonal (Sigma) 1:4,000 dilution; (b) PARP rabbit polyclonal (Santa Cruz Biotech.,
Santa Cruz, CA) 1:250 dilution; (c) AIF goat polyclonal clone D-20 (sc-9416; Santa Cruz
Biotechnology), 1:400 dilution; (d) Bid rabbit polyclonal (#2002; Cell Signalling), 1:500
dilution; (¢) PARP mouse monoclonal (sc-8007; Santa Cruz Biotechnology), 1:500 dilution;
() caspase 6 rabbit polyclonal (#9762; Cell Signaling), 1:500 dilution; (g) caspase 8 mouse
monoclonal (#9746; Cell Signalling), 1:500 dilution; (h) lamin B goat polyclonal (Santa
Cruz), 1:100 dilution in TBS (Tris buffered saline) containing 1% bovine serum album); or
(i) p-catenin mouse monoclonal (Transduction Lab), 1:400 dilution. After washing in TBS-T
(TBS containing 0.5% Tween-20), the membranes were incubated with horseradish
peroxidase (HRP)-conjugated appropriate antibodies (sheep anti-mouse or sheep anti-rabbit,
or donkey anti-goat antibodies 1:3,000) for 2 h. The antigen-antibody complexes were
detected by chemiluminescence (ECL-Plus New England Nuclear). Equal protein loading
was confirmed by Ponceau-S staining.

Mitochondrial membrane potential assay

To measure the mitochondrial membrane potential (Aym), we resuspended AGS cells (1 x
108 cells/ml) in 10 pg/ml solution of the cationic, lipophilic dye, tetramethyl-rhodamine
ethyl ester (TMRE) (Molecular Probes), and DMSO-working concentrations were made in
water at 1 mg/ml. For estimation of Aym, cells were incubated with 100 nM TMRE for 15
minutes at room temperature in PBS. Cells were maintained in a stable concentration of the
dye throughout the time of measurement. After incubation, cells were immediately analyzed
by flow cytometry. Dead cells were excluded by forward and side scatter gating. Data were
accumulated by analyzing an average population of 20,000 cells. TMRE fluorescence was
detectable in the PI channel (red fluorescence, emission at 590 nm).

Caspase assay

Gastric cells were overlaid with culture medium with or without H. py/ori and incubated for
up to 48 h. At various time points during this 48-h period, soluble gastric cell protein was
extracted and treated or not treated with 1 mM caspase-8 inhibitor. Caspase-8 activities were
assayed by release of IETD containing synthetic peptides, according to the manufacturer’s
protocol (Clontech) using a Cytofluor instrument (Applied Biosystems, Foster City, CA), per
the manufacturer’s instructions. Typically, 1 x 108 cells (exposed or unexposed to H. pylori)
were lysed with 50 pl of lysis buffer, IETD (1 mM) used as caspase-8 substrate, and the
samples were read at 400 nm excitation/505 nm emission using the Cytofluor. Caspase-8
inhibitor IETD-fmk standard reactions was used (Clontech).

Trypan blue staining

For the exclusion dye experiment, H. pylori-infected and-uninfected AGS cells were
exposed to trypan blue (10% v/v) for 5 min. The number of viable cells was determined by
light microscopy (40-100x magnification) by counting those cells that excluded the dye.
Cells were counted in a randomized manner using a hemocytometer.
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Human gastric tissue

Archival formalin-fixed, paraffin-embedded gastric biopsies obtained from patients
undergoing upper gastrointestinal endoscopy at Howard University Hospital and Tehran
University hospital after IRB approval was obtained for the human subjects. They were
sectioned onto glass slides for immunohistochemical staining for these experiments. Silver
or Giemsa staining was used to confirm the previous diagnosis of gastric tissue infection
with H. pylori. Gastric tissue from persons not infected with H. pyloriwas used as a control.

Silver staining

Silver staining was performed on tissue sections to detect H. py/ori. Sections were de-waxed
in xylene, rehydrated through graded alcohols, and placed in PBS. Sections were
impregnated with 1% silver nitrate in PBS at 55 °C for 1 h. Slides were then placed in 0.15%
hydroquinone 5% gelatin at 55 °C for approximately 3 min to develop. Afterward, slides
were rinsed for 5 min in warm tap water, lightly counterstained with Harris hematoxylin,
dehydrated through graded alcohols, cleared in xylene, and mounted with a cover glass
using permount (Biomeda, Foster City, CA).

Immunohistochemistry and fluorescent microscopy

AIF was detected in tissue sections using goat polyclonal 1gG antibodies raised against
epitope near the N-terminus of AIF of human origin (sc-9417; Santa Cruz, 1:100) using
LSAB+ kit (DAKO, Carpenteria, CA). Slides containing the gastric tissue (infected and
uninfected with H. pylori) were washed with PBS and fixed with 3.7% formaldehyde, 0.05%
gluteraldehyde, and 0.5% Triton X100. Tissues were blocked for 10 min in 10% donkey
serum in PBS and then incubated with AIF antibody in 5% donkey serum in PBS for 1 h.
Tissues were washed twice with PBS and incubated for 30 min with the FITC-conjugated
donkey anti goat antibody, and washed again. The cells were then stained for 5 min with
DAPI (Invitrogen) and cover slips were mounted with Prolong Gold anti-fade coverslip
media (Invitrogen). Slides were analyzed with Olympus 1X-70 fluorescent microscope.
Sections or cultured cells were examined with a fluorescence microscope (Olympus AX70,
Olympus America) equipped with appropriate filters to observe the DAPI and FITC signals.
Colocalization of apoptotic cells with nucleus was identified by merged images.

For bright-field microscopy with 3,3’ -diaminobenzidine tetrahydrochloride (DAB), separate
series of sections were used, quenched with 0.5% H,0, for 30 min, rinsed in PBS
containing 0.3% Triton-X, and then transferred for 30 min to a PBS—Triton-X solution
containing 5% donkey serum albumin to block nonspecific binding sites. After a second 30-
min wash, the sections were incubated overnight at room temperature with goat anti-AlF
polyclonal antibodies for 1 h. The cells/sections were then rinsed, incubated with
biotinylated secondary antibody for 2 h at room temperature, washed and exposed for 30
min to ABC Elite reagent (ABC kit; Vector Laboratories, Burlingame, CA) and washed with
PBS Triton-X. A solution of 0.01% H»0,, 0.003% NICl,, and 0.02% DAB in PBS was used
as the substrate for the peroxidase.

AIF expression were determined by immunohistochemical staining using goat polyclonal
IgG antibodies raised against an epitope near the N-terminus of human AlF (sc-9417; Santa
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Cruz, 1:100) using an LSAB+ kit (DAKO, Carpenteria, CA). Antigen retrieval was carried
out by heating sections in proteinase K for 15 min in a microwave oven. Endogenous
peroxidase activity was quenched by incubation in 3% H»O, in methanol for 5 min. Sections
were then incubated for 1 hr at room temperature with antibody provided in the Kit.
Immunohistochemical results were evaluated for intensity of staining of cytoplasmic
components, and intensity of overall staining for each section. Antibody was left out as an
appropriate negative control. The intensity of staining was graded as 0 (negative), 1 (weak),
2 (moderate), 3 (strong), 4 (very strong), and we estimated the percentage of cells that were
stained in each section.

For analysis of paired observations before and after H. py/oriexposure, we used a paired t-
test for normally distributed data. Each experiment was repeated three times.

Mitochondrial depolarization is caused by H. pylori infection and is blocked by Bcl-2

Previously, we performed TUNEL assays using flow cytometry and documented apoptosis
induction in gastric cells exposed to H. pylori (Fig.1A). AGS cells were exposed to H. pylori
for 24 hours and analyzed by trypan blue exclusion dye to count the dead cells. Exposure of
gastric cells to H. pylorifor 24 hours significantly increased the number of dead cells from
2% to 63% (P < 0.05) by trypan blue assay (figure 1A). Incubation of cells with H. pylori
provokes profound damage to mitochondria. To further assess the death pathway targeting
mitochondria, we measured mitochondrial membrane depolarization as a marker of
mitochondrial dysfunction, using the fluorescent dye TMRE (33). Flow cytometry studies
revealed a decrease in Aym after H. pyloritreatment, using TMRE as a marker of
mitochondrial membrane integrity (figure 1B). Mitochondria begin to depolarize within 3
hours of incubation with H. pylori, as measured by loss of fluorescence compared to
untreated control. Loss of the mitochondrial membrane potential (Aym) inhibited by forced
Bcl-2 expression in gastric cells treated with H. pylori. These findings predicted that
apoptosis-inducing factors might be released from mitochondria, such as AlF, and that
Bcl-2-family proteins might be involved upstream.

H. pylori induces the activation of caspase-8 with cleavage of nuclear lamin

Because the mechanism of apoptosis induced by H. pyloriin AGS cells apparently involved
the cytochrome ¢c—caspase-9—caspase-3—PARP pathway (33, 34), additional caspases
were examined, including those implicated in membrane “death receptor” pathways. H.
pyloriinduced cell death (Fig. 1) and produced the active, cleaved form of caspase-8 (Fig.
2A), at a bacteria:cell concentration of 100:1. Lamin B, a major target of caspase-8, was
cleaved by H. pylori, and cleaved lamin products of 45 and 40 kDa were detected in AGS
cells treated with H. pylori for 24 hours. Accordingly, these cleaved lamin products were
also found in cells treated with staurosporine (as a positive control), and full-length lamin B
was seen in nuclear fractions of untreated AGS cells (as a negative control; Fig. 2B). There
was extensive accumulation of lamin B cleavage products (Fig. 2B), consistent with our
previous results obtained in AGS cells exposed to H. py/lorithat resulted in DNA laddering
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(38) under the same conditions used here. In addition, PARP cleavage was observed in cells
treated with H. pylori (Fig. 2C). These results clearly establish that H. py/ori-induced
apoptosis in AGS cells involves the mitochondria.

H. pylori causes attenuation of the mitochondrial membrane potential (Aym) and release
and Translocation of AlIF

To clarify the mechanism(s) of apoptosis by H. pylori, we focused initial experiments on the
cytochrome c/caspase-8 pathway and downstream targets that might account for this
phenomenon. Membrane potential was lost for up to 3 hours in a time-dependent manner in
AGS cells overlaid with culture medium containing H. py/ori (strains J117, cagA+) (data not
shown). In a parallel study, the translocation of AIF from mitochondria to the cytoplasm and
nucleus was observed (Fig 3) up to 24 hours. Release of AIF into the cytoplasmic fraction
peaked within 3 hours, and translocation of AIF to the nucleus peaked at 6 hours. These
increases occurred despite an apparent loss of B-actin (Fig 3). We previously examined
likely candidates that might be released from mitochondria. Cytochrome ¢ was released
from mitochondria and was detected in the cytosol in AGS cells treated with H pylori (33,
39). Interestingly, AIF, which is normally localized within the mitochondria, was elevated in
both the cytosol and nucleus in AGS cells treated with H. pylori (Fig. 3). The release of AIF
from mitochondria was consistent with our previously detectable cytochrome cin the
cytosolic fraction (37). This result was expected and suggested a detailed study of caspases
normally regulated by cytochrome ¢/Apaf-1 as well as those activated via alternative
mechanisms.

H. pylori cleaves p-catenin in a time-dependent manner and induces cleavage of Bid

AGS cells were overlaid with culture medium containing H. py/ori (strains J117, cagA+) for
3, 6, and 24 hours. A time-dependent decrease in B-catenin protein expression was detected
in cytoplasmic and nuclear extracts, as seen for p-actin, suggesting concentration-dependent
protein cleavage with induction of apoptosis (Fig. 3). AGS cells were overlaid with culture
medium containing H. pylori (strains J117, cagA+) for 3, 6, and 24 hours. A band
corresponding to full-length Bid was seen both in the cytoplasmic and nuclear fractions of
controls (Fig. 3), but not in cells treated with H. py/ori.

H. pylori causes release and translocation of AlF

Immunohistochemical and immnuoflorescent staining of AlF in gastric tissue infected with
H. pylorirevealed the translocation and accumulation of AIF (Fig. 4 and 5).
Immunohistochemistry showed the staining of AlF in the apoptotic cells. Bright field and
fluorescent images of gastric tissue infected with H. py/ori (fig. 4B, C, D) is shown in
comparison to control tissue (fig. 4A). We also merged the DAPI with the FITC staining,
showing the accumulation of AIF (fig. 5). DAPI penetration is evidenced by nuclei staining
(fig. 5A). Analysis of 44 gastric adenocarinoma patients in tissue microarray showed a
strong or very strong staining for AlF antibody in 28 (63%) of cases (Fig. 6C). In parallel
experiment silver staining of the H. pylori positive tissue indicated the presence of the
bacteria (6A) and in uninfected patients lack of brown color indicates absence of cytoplamic
staining for AIF (Fig. 6B). Negative staining was detected in 9 (20%) of these cases. The
remaining were stained weakly (11%) or moderately (7%).
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CONCLUSIONS

In AGS cells, H. pyloriis known to be involved in the ability to induce programmed cell
death (33). Here we have shown that H. py/ori might trigger apoptosis in AGS cells via
interaction with death receptors in the plasma membrane, leading to the cleavage of
procaspase-8, lamin B, and Bid, the release of cytochrome cand AIF from mitochondria,
and activation of subsequent downstream apoptotic events, as reported previously for
chlorophyllin (37).

Apoptosis is defined as an active physiological process of cellular self-destruction, with
specific morphology and biochemical changes (16). Apoptosis and proliferation are tightly
regulated processes within cells. Among apoptosis-related genes, p53, Bax, and Fas are of
particular importance. The involvement of the Fas pathway has been shown along with
involvement of Bcl-2 proteins in H. pyloriinduced apoptosis(13, 40-42). Cleavage of
caspase-3 and -8, and release of cytochrome ¢, have been shown to occur in H. pylori-
induced apoptosis (36, 43, 44). Cytochrome c release from the mitochondria may contribute
to the activation of caspases. Upon entering the cytosol, cytochrome ¢ promotes the
assembly of a multi-protein complex that induces proteolytic processing and activation of
cell death by caspases (32, 45). Once activated by cytochrome ¢, caspase-3 triggers
activation of various important cellular substrates leading to apoptosis (18, 46, 47).

The release of cytochrome cin response to H. pyloriis an early event in gastric epithelial
cells. H. pylorican cause stress signaling to transduce the mitochondria and cause the
release of cytochrome ¢ (48, 49). Activation of Bax and its translocation to the mitochondria
followed by membrane depolarization, mitochondrial fragmentation and cytochrome ¢
release are associated with H. py/lori-induced apoptosis, which is consistent with various
studies demonstrating decreased levels of Bcl-2 and increased levels of Bak in AGS cells
exposed to H. pylori (3). When cytochrome cis released, it binds together with dATP and
apoptosis activating factor-1 to procaspase-9, resulting in the activation of downstream
caspases (50).

While qualitative differences occur between cag-positive and cag-negative H. pyloristrains,
most studies show no significant difference in the ability of these strains to induce apoptosis
or to stimulate pro-apoptotic factors. Therefore, our experiments used only a cag-positive
strain. In prior experiments, we have shown that H. py/ori-induced apoptosis is associated
with accumulation of p53 protein and a decrease in Bcl-2 (1). In addition, we demonstrated
(36) that H. pylori-induced apoptosis activated caspase-8 and caspase-3, which in turn
degrade PARP and DFF-45, consistent with the data reported here.

Several lines of /n vitro evidence suggest that the induction of caspase-8, -9, and =3 may
play a role in the etiology of H. pylori-associated ulcer disease and may be involved in early
processes of gastric carcinoma (48, 51). After H. pyloriinfection, cytochrome crelease from
the mitochondria activates caspase-8, -9, and -3, as confirmed by cleavage of PARP (48,
51). Different H. pylori cytotoxic factors, including vacA, LPS and/or the PAI, may be
important in Bax translocation and the induction of cytochrome ¢ from mitochondria, which
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induces oligomerization of Apaf-1, allowing activation of procaspase-9 to promote apoptosis
(50).

Here, we demonstrated not only the forced expression of Bcl-2 blocks cell death but also
indicates the significant mitochondrial involvement in H. pylori-induced apoptosis. We
previously showed that during apoptosis induced by H. py/oriinfection, the mitochondrial
morphology in respective cell types switches from a reticulo-tubular to a punctiform
mitochondrial phenotype, compatible with organelle fragmentation (33).

In the present study, H. pylori caused a reduction in the attached cell yield (Fig. 1) and
marked changes in several of the molecular markers examined, including activation of
caspase-8 (Fig.2A), cleavage of lamin B (Fig. 2B), increased cytosolic and nuclear AlF
levels (Fig. 3), and inhibition of B-catenin and cleavage of BID (Fig. 3). Thus, many of the
molecular and biochemical changes were induced in AGS cells treated with H. pylori.
Importantly, several of the key molecular markers of apoptosis altered by H. py/ori in vivo or
in vitro, consistent with corresponding changes in cell growth characteristics and apoptosis
(33, 36). The present study has shown that in AGS cells treated with H. py/ori, there was a
marked increase in the proportion of floating cells, and that these cells exhibited
morphological hallmarks of apoptosis, including nuclear condensation and formation of a
sub-G1 peak during FACS analysis (1, 33, 36, 37). H. pylori produced changes in the
mitochondrial membrane potential (Aywm) and release of AlF in treated AGS cells, and
cytochrome ¢ was detected in the cytosolic fraction (Fig. 3) and upstream players such as
caspase-8, caspase-3, and PARP were affected (Fig. 2). Bacteria other than H. py/ori may
have the ability to activate host apoptotic processes in response to infection and
inflammation. Bax translocation has also been demonstrated in Chlamydia psittaci-infected
cells where it was found to be independent of caspase activation (52). It is not clear whether
the activation of the caspase pathway is generally beneficial to the host or the pathogen.
Some pathogens including Chlamydia trachomattis and Rickettsia rickettsii do not induce
apoptosis, which may allow these organisms to grow and persist intercellularly (52, 53).
Streptococcus pyogenes causes mitochondrial dysfunction that leads to the release of
cytochrome ¢ from the mitochondria via Bax translocation (54). Basu et al. showed that
tumor necrosis factor a-induced cell death in HeLa cells was augmented by rottlerin through
a cytochrome c-independent pathway, and this involved release of mitochondrial AlF into
the cytosol (55). In addition, rottlerin enhanced the activation of caspase-8 and cleavage of
Bid (55), as found in the present studies with H. py/fori (Figs. 2 and 3). Thus, it is possible
that the major route for H. py/lori-induced apoptosis involves caspase-8-mediated destruction
of nuclear lamins via caspase-6, with concomitant cleavage of Bid to form tBid, the release
of AIF from mitochondria, and additional elimination of nuclear lamins (34, 56). tBid can
interact with anti-apoptotic Bcl-2 proteins and displace Bax, initiating pore formation in
mitochondria (57), which is in line with our previous study showing that Bax was markedly
induced by H. pyloritreatment translocated to mitochondria (33). BAX translocation might
explain, in part, the apparent release of cytochrome ¢ from mitochondria in response to H.
pyloritreatment. However, tBid has also been reported to induce the oligomerization of pro-
apoptotic Bak, as well as form homo-oligomers, resulting in cytochrome crelease from
mitochondria (58). The fact that tBid and BAX increased in response to H. py/oritreatment
is supporting evidence for AlF and cytochrome crelease from mitochondria. The

Helicobacter. Author manuscript; available in PMC 2020 June 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ashktorab et al. Page 11

involvement of specific Bcl-2 family members in the apoptotic mechanism and the nature of
the (Aym) transition remain to be clarified, and we are investigating the time course for tBid
formation and AlF appearance in the cytosol and nucleus. When we analyzed AlF
translocation in primary gastric cancer patients infected with H. pylori, 63% of the cases
showed strong cytoplasmic staining for AIF in the malignant epithelial cells. This further
confirmed the correlation of the AIF staining in the tumors with cell death.

Another important observation from the present study was the finding that H. py/ori
decreased the expression of B-catenin and induced lamin cleavage, which are markers of cell
cytoskeleton. In tissues undergoing continuous regeneration, such as the stomach,
homeostatic mechanisms seek to balance the birth of cells in the lower half of the crypt with
programmed cell death in the upper half of the crypt. Deregulation of this homeostatic
balance, via a relative increase in the rate of cell proliferation or a decrease in the rate of
apoptosis, provides a mechanism for tumorigenesis, and many chemopreventive agents in
the stomach act by enhancing apoptosis (59, 60). However, at later stages, it is the
differentiation status of the cancer that frequently dictates the response to chemopreventive
and chemotherapeutic agents (61-63). The present study indicates, for the first time, that
human gastric carcinoma cells exposed to H. py/ori undergo cell death through AIF release
from mitochondria. Additional work is now in progress to define the induction of death
receptors and cell signaling changes by H. pylori and determine early changes that occur
before the induction of apoptosis in mitochondria. However, the results presented here for B-
catenin and lamin suggest that the activation of caspase-8 also leads to the formation of tBid,
which, in conjunction with changes in Bak and other Bcl-2 family members, facilitates the
release of AIF from mitochondria via a (Aym) transition that may cause release of
cytochrome ¢. Subsequently, AIF enhances the cleavage of nuclear lamins and activates the
process of nuclear condensation, although the specific timing and relative contributions of
AIF versus the caspase-8/caspase-6 pathway remain to be determined. The proposed model
for H. pylori-induced cell death (Fig. 7) might provide a molecular rationale for future
management of H. pylori infection.
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Fig. 1.
H. pylori-induced cell death and loss of mitochondrial membrane potential (Aym). (A) Cell
death detected in AGS cells exposed to H. pylorifor 3, 6, and 24 hours. The cells were
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exposed to trypan blue (10% v/v) for 5 min. The number of viable cells was determined by
light microscopy (40-100X magnification) by counting those cells that excluded the dye.
Cells were counted in a randomized manner using a hemocytometer. (B). H. pylori, and
mitochondrial membrane potential loss was inhibited by forced Bcl-2 expression. AGS cells
(1 x 106 cells/ml) were resuspended in 10 pg/ml TMRE. After incubation cells were
immediately analyzed by flow cytometry. Dead cells were excluded by forward and side
scatter gating. Data were accumulated by analyzing an average population of 20,000 cells.
TMRE fluorescence was detectable in the PI channel (red fluorescence, emission at 590
nm). In parallel experiments AGS cells transfected with Bcl-2 (to inhibit apoptosis) were
stained as explained above. Loss of Aym was quantified by flow cytometry analysis of
untransfected cells versus Bcl-2 transfected gastric cells after H. py/oritreatment for
indicated time periods. Bcl-2 transfected cells exhibit a significantly reduced Aym at 3 hr
after H. pyloritreatment (p<0.05). In contrast, Bcl-2 transfected cells exhibit a much slower
decline in membrane potential. Each sample was performed in duplicates, and the figure is
representative of three assays.
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Fig. 2.
H. pylori-induced apoptosis in gastric cells involves the activation of procaspase-8 with

cleavage of nuclear lamins and PARP. AGS cells were overlaid with culture medium
containing H. pylori (at 100 bacteria per gastric cell, strains J117, cagA+) for 24 hours. (A)
Cytoplasmic and nuclear proteins were run on SDS-PAGE and probed for anti-human
caspase-8. Presence of activated caspase-8 protein observed in AGS cells treated with .
pylori. HCT116 and AGS cells treated with NaB or Staurosporine were used as positive
controls. (B) Immunoblot showing the presence of cleaved nuclear lamin B fragments in
cells treated with H. py/loribut not in untreated AGS or in cells treated with staurosporine.
(C) Cleaved PARP protein fragments observed in total protein lysates of H. pylori-treated
cells but not in untreated controls. Results in A-C are representative of data obtained from
two or more separate experiments.
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Fig. 3.
H. pylori-induced release of AIF. Western blots of AIF expression in cytosolic and nuclear

fractions at 3, 6, 24 h after AGS treatment with H. py/ori. Translocation of AIF from
mitochondria to the cytoplasm and nucleus periphery was observed. Release of AIF into the
cytoplasmic fraction peaked within 3 h, and translocation of AlF to the nucleus peaked at 6
h. The increase in cytoplasmic AIF occurred despite an apparent loss of B-actin. A band
corresponding to full-length Bid was seen both in the cytoplasmic and nuclear fractions of
controls, but not in cells treated with H. pylori. A time-dependent decrease in p-catenin
protein expression was detected in cytoplasmic and nuclear extracts, as seen for p-actin,
suggesting concentration-dependent protein cleavage with induction of apoptosis. H. pylorr-
induced apoptosis in AGS gastric cells involves cleavage of Bid. Immunoblot showing the
presence of Bid in cells untreated cells. Cleaved Bid appeared only in the AGS cells treated
with H. pylori. Cytoplasmic and nuclear proteins were run on SDS-PAGE and probed with
anti-human Bid.
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Fig. 4.
Immunohistochemical staining of gastric tissue infected with H. py/ori. Bright field images

of gastric tissue infected with H. pylori (B-D) vs. control (A). The tissue was stained with H
& E stain, arrows show healthy (A), AIF cytoplasmic staining (B) or apoptotic cells (C, D).
Cells were immunostained with primary AlF-specific antibody, (AIF goat polyclonal, clone
D-20; sc-9416; Santa Cruz Biotechnology) and donkey anti-goat horseradish peroxidase
conjugated secondary antibody for DAB staining. Adequate antibody penetration and cell
architecture preservation is evidenced by cytoplasmic staining.
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AlF-normal gland 40X

Fig. 5.

Irr?munofluorescent analysis of AIF. (A) DAPI-staining to visualize nucleus. (B)
Immunohistochemical staining with rabbit polyclonal AIF primary antibody (sc-9417)
followed by FITC-conjugated donkey anti-goat secondary antibody. (C) Merged image for
viewing colocalization of AlF with DAPI-stained cytoplasmic and nuclear periphery
staining. Bar =50 pym.
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AlF expression in gastric cell carcinoma

Fig. 6.
Silver (A) and Immunohistochemical staining of H. pyloriand AlIF in human tissue

microarray (B, C). (A) Positive silver staining for H. pyloriis evident in all of the glands in
biopsy specimens from patients infected with H. py/ori. (B) In uninfected patients, lack of
brown color indicates absence of cytoplamic staining for AIF. (C) In patients infected with
H. pylori, 28/44 (63%) of the cases showed strong cytoplasmic staining for AIF in the
malignant epithelial cells.
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Fig. 7.
Proposed model for the mechanism of apoptosis induction by H. pyloriin AGS gastric

epithelial cells. Activation of death receptors by H. pyloriresults in the initial cleavage of
procaspase-8 to generate caspase-8. Caspase-8 represents a branch point, activating
caspase-6 in one direction and cleaving Bid in another direction. Increased levels
proapoptotic Bcl-2 family members (e.g., Bak) facilitate a change in mitochondrial
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membrane potential (Aym), leading to the release of AIF. As a consequence, nuclear lamins
are cleaved, leading to nuclear condensation and apoptosis.
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