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Abstract
BACKGROUND & AIMS—Helicobacter pylori-induced gastric epithelial cell (GEC) apoptosis is
a complex process that includes activation of the tumor suppressor p53. p53-mediated apoptosis
involves p53 activation, bax transcription and cytochrome c release from mitochondria. Apurinic/
apyrimidinic endonuclease-1 (APE-1) regulates transcriptional activity of p53: H. pylori induce
APE-1 expression in human GEC. H. pylori infection increases intracellular calcium ion
concentration [Ca2+]i of GEC, which iinduces APE-1 acetylation. We investigated the effects of H.
pylori infection and APE-1 acetylation on GEC apoptosis.

METHODS—AGS cells (wild-type or with suppressed APE-1), KATO III cells and cells isolated
from gastric biopsies were infected with H. pylori. Effects were examined by immunoblotting, real
time RT-PCR, immunoprecipitation, immunofluorescence microscopy, chromatin
immunoprecipitation, mobility shift, DNA-binding and luciferase assays.

RESULTS—H. pylori infection increased [Ca2+]i and acetylation of APE-1 in GEC, but the
acetylation status of APE-1 did not affect the transcriptional activity of p53. In GEC, expression of
a form of APE-1 that could not be acetylated increased total and mitochondrial levels of Bax, and
induced release of cytochrome c and fragmentation of DNA; expression of wild-type APE-1 reduced
these apoptotic events. We identified a negative calcium response element (nCaRE) in the human
bax promoter and found that poly (ADP-ribose) polymerase-1 (PARP-1) recruited the acetylated
APE-1/histone deacetylase-1 (HDAC-1) repressor complex to bax nCaRE.

CONCLUSIONS—H. pylori-mediated acetylation of APE-1 suppresses Bax expression; this
prevents p53-mediated apoptosis when H. pylori infect GEC.

Half of the world’s population is infected with Helicobacter pylori1 leading to gastritis,
duodenal and gastric ulcer, and gastric cancer.2 Severity of disease is associated with the
cag (cytotoxin associated gene) pathogenicity island (PAI).3 Interplay between bacterial
factors and host signal transduction pathways determine host cell apoptotic or antiapoptotic
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events.4, 5 H. pylori-mediated apoptosis involves activation of MHC class II,6 p53,7 Fas/FasL
system,8 and TNF-related apoptosis inducing ligand (TRAIL).9 H. pylori enhance Bax
expression10 and mitochondrial translocation leading to GEC death.11 Antiapoptotic
mechanisms induced in H. pylori-infected epithelium may ensure persistence of infection.12

We demonstrated earlier that H. pylori infection and reactive oxygen species augment apurinic/
apyrimidinic endonuclease-1 (APE-1) expression in human GEC13 and that it modulates
bacterial pathogenesis by controlling chemokine expression in GEC.14 APE-1 is a ubiquitous,
multifunctional protein induced in oxidative stress 15, 16 and is involved in base excision
repair.17 In addition, APE-1, also named redox factor-1 (Ref-1), reductively activates several
transcription factors18, 19 including cell proliferation and apoptosis regulators such as
p53.20 p53 is a major transcriptional activator of the proapoptotic genes e.g. bax, PUMA,
Noxa and a repressor of antiapoptotic genes such as bcl2.21

Another relatively unexplored role of APE-1 is Ca2+-dependent repression of genes containing
negative calcium response elements (nCaREs) in their promoters22, 23. PTH, renin, and
APE-1 itself are the only known genes regulated by APE-1-nCaRE interaction. Acetylation on
K6/K7 increases affinity of APE-1 for PTH nCaRE and augments binding of HDAC-1 to the
nCaRE complex repressing PTH transcription. 24 Complementation experiments show that
microinjection of K6R/K7R mutant does not replace the role of wild type APE-1 in preventing
of apoptosis.25 Thus, acetylation plays a major role in regulating APE-1 function.

As APE-1 activates p53 but forced overexpression of APE-1 prevents apoptosis,26 we
examined this “paradoxical role” of APE-1 in H. pylori-mediated GEC apoptosis. We found
induction of p53–mediated apoptotic events in H. pylori-infected GEC that were augmented
when APE-1 was suppressed. H. pylori infection enhanced APE-1 acetylation in cultured
human GEC and in primary cells isolated from gastric biopsies. We report that the human
bax promoter contains an nCaRE and demonstrate that PARP-1 recruits the ac-APE1-HDAC-1
repressor complex to the nCaRE. In spite of the overall induction of bax transactivation in H.
pylori infected gastric epithelium ac-APE-1 had a suppressive effect on bax transcription. We
conclude that ac-APE-1 functions as a critical molecule in H. pylori infection-induced
alterations of GEC homeostasis via regulation of bax.

Materials and Methods
Plasmids

pcDNA-APE-1-Flag, pcDNA-K6R/K7R-APE-1-Flag, pCMV-p300, pCMV-ΔHAT plasmids
were used. pcDNA3-Flag-p53, pcDNA3-Flag-ΔNp73 and PG13 reporter plasmid (contains 13
tandem repeats of p53 binding site) were kindly provided by Dr. Alex Zaika, Department of
Surgery, Vanderbilt University Medical Center, Nashville, TN, USA. Human bax promoter
(−972 to +12) with either WT/mutated nCaRE-B element was cloned in pGL2 basic (Promega).

Cell Culture and Bacterial Strains
AGS cells were grown in Ham’s F/12 (Hyclone) containing 10% FBS (Hyclone). p53-deficient
gastric cancer-derived KATO III cells were maintained in RPMI 1640 media (Hyclone)
supplemented with 10% heat-inactivated FBS. H. pylori 26695, a cag PAI(+) strain (ATCC),
and its isogenic mutant, cag PAI(−) strain 8-1, were maintained on blood agar plates (Becton
Dickinson). The bacteria were cultured overnight at 37°C in Brucella broth (GIBCO-BRL)
with 10% FBS under microaerophilic conditions before infection.
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Human Gastric Epithelial Cell Isolation from Mucosal Biopsy Specimens
Gastric biopsies from the antral gastric mucosa were collected from adult patients undergoing
esophagogastroduodenoscopy, according to a University of Virginia Institutional Review
Board approved protocol. Epithelial cells were isolated 6, 13, 27 and resuspended in RPMI
1640 containing 10% FBS. 5 × 105 cells were plated in 12 well plates, allowed to adhere for
5 h and then infected with H. pylori 26695 or 8-1 at MOI 300 for 3 h.

Stable APE-1 Knockdown in AGS
APE-1 was stably knocked down using shRNA in AGS cells. We derived stable cell expressing
empty pSIRENRetro-Q vector (pSIREN cells) and three other cell lines expressing
recombinant pSIRENRetro-Q with APE-1 shRNA (shRNA cells).

Real-Time RT-PCR to Assess APE-1 Suppression
shRNA-mediated stable suppression was analyzed by real-time RT-PCR.

Treatment of Cells
Normal (WT), pSIREN-RetroQ empty vector- or APE-1 shRNA-expressing AGS cells
(pSIREN and shRNA cells respectively), freshly isolated GECs or KATO III cells were
infected. As described in earlier studies13 multiplicity of infection (MOI) 300 for 3 h was the
optimum dose to induce APE-1. We performed an initial dose-response study, which confirmed
that MOI 300 was optimum to induce acetylation of APE-1. When required, cells were
preincubated with BAPTA-AM (2 or 5 μM) or 100 ng/ml Trichostatin A (both from Sigma)
for 1 h followed by coincubation with H. pylori.

Transient Transfections
Cells were transiently transfected with various plasmids including luciferase constructs and
PARP-1 siRNA.

Western Blotting and Immunoprecipitation
Protein expression of APE-1, p53, phospho Ser-15 p53, PARP-1, HDACs, poly ADP ribose,
cytochrome c, Bcl2 or Bax was assessed by western blot. Co-immunoprecipitation experiments
were performed to analyze components that bind to p300 and APE-1.

Indirect Immunofluorescence Microscopy
Bax was detected in cells using immunofluorescence microscopy.

Chromatin Immunoprecipitation (ChlP) Analysis
ChIP assay was performed using a commercial kit from Imgenex.

Electrophoretic Mobility Shift Assay (EMSA)
Nuclear extracts were prepared from treated cells and EMSA was performed to analyze bax-
nCaRE-bound components.

Affinity Purification of nCaRE-Bound Proteins
Streptavidin-coated superparamagnetic beads (Dynal, AS) coated with biotinylated bax nCaRE
oligonucleotide were incubated with nuclear extracts prepared from H. pylori 26695-infected
or uninfected AGS cells and analyzed.
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Cell Death Detection ELISA
DNA fragmentation was checked using a commercially available kit (Cell Death Detection
ELISAPLUS, Roche Molecular Biochemicals).

Detailed methods for APE-1 knockdown, real time RT-PCR, transfection, western blotting,
immunofluorescence microscopy, EMSA and affinity purification are described in
Supplementary Methods Online at www.gastrojournal.org.

RESULTS
p53-Mediated Apoptosis by H. pylori is Enhanced by Downregulation of APE-1 in AGS cells

We established stable APE-1-suppressed AGS cells to better delineate the effect of altering
APE-1. We used empty vector (pSIREN), APE-1 shRNA-expressing (shRNA) cells and
nontransfected AGS (WT). Figure 1A and Supplementary Figure 1 show shRNA-mediated
APE-1 suppression. We previously confirmed that H. pylori cag PAI(+) strain 26695 infection
at MOI 300, for 3 h optimally induced APE-1 in GEC.13 This dose also induced p53
phosphorylation in AGS. Western blot of whole cell lysates showed induction of PO4-Ser-15
p53 although total p53 was unchanged by H. pylori 26695 infection (Figure 1B). Similar results
were observed with the cag PAI (−) H. pylori strain 8-1 (data not shown). Unless mentioned
otherwise, H. pylori strain 26695 was used for all further experiments.

To determine the effect of p53 and APE-1 in H. pylori-infected GEC apoptosis we
overexpessed empty vector, WT p53 and ΔNp73 (blocks apoptotic effects of p53) in pSIREN
and shRNA cells, followed by H. pylori infection for 6 h at MOI of 300. Western blot of whole
cell lysates (Figure 1C) showed that H. pylori augmented Ser-15 phosphorylation of
constitutive and overexpressed p53 to the same extent in pSIREN and shRNA cells but this
was blocked by ΔNp73. p53 overexpression enhanced Bax expression in shRNA to a greater
extent than in pSIREN cells. Bcl2, another p53 target, was induced in pSIREN and shRNA
cells by H. pylori with some downregulation by p53 overexpression (Figure 1C and
Supplementary Figure 2).

K6R/K7R Nonacetylable Mutant of APE-1 Induces Bax Expression
To determine the effect of APE-1 acetylation on Bax expression in H. pylori-infected GEC,
we overexpressed APE-1 or K6R/K7R in shRNA cells and compared the subcellular
localization and amount of Bax using immunofluorescence microscopy (Figure 1D). H.
pylori at MOI 300 for 6 h induced cytosolic Bax in all groups. Although Bax levels in empty
vector and APE-1-transfected cells were similar with mainly nuclear Bax and a sparse amount
in the cytosol, K6R/K7R significantly increased cytosolic Bax with some translocated to
mitochondria. H. pylori further increased Bax translocation to mitochondria in K6R/K7R
transfected cells.

H. pylori Enhance APE-1 Acetylation in GEC
WT, pSIREN and shRNA cells were infected for 3 h at MOI 100, 150, 300 of H. pylori 26695.
Western blot of whole cell lysates and densitometric analysis confirmed dose-dependent
increases of APE-1 expression with maximal acetylation induced by MOI 300 (Figure 2A).
cag PAI(−) 8-1 showed similar response as strain 26695 (data not shown). Supplementary
Figure 5 shows similar induction of ac-APE-1, PO4-p53 and Bax in MKN-45, NCI-N87 and
Kato III cells.

Bhattaracharyya et al. Page 4

Gastroenterology. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



H. pylori Induce APE-1 Acetylation in GEC Isolated from Human Gastric Biopsy Specimens
To determine the effect of H. pylori infection in native gastric epithelium, we isolated epithelial
cells from H. pylori-infected and uninfected human gastric biopsy samples. Representative
western blots show constitutive APE-1 expression in uninfected GEC and short term in vitro
infection with H. pylori increased the levels of both total and acetylated-APE-1 (Figure 2B)
but APE-1 expression and acetylation were cag PAI-independent events (Figure 2C).
Expression of ac-APE-1 in cells from three naturally H. pylori–infected subjects was 8-fold
higher (P<0.05) than those from uninfected individuals (n=4) (Figure 2D)

Intracellular Calcium Ion Concentration [Ca2+]i Mediates p300-Driven Acetylation of APE-1
in H. pylori-Infected GEC

shRNA cells were transfected with empty vector or APE-1 plasmid and infected with H.
pylori for 3 h at a MOI 300. Infection enhanced APE-1 protein in both empty vector and APE-1-
transfected cells (Figure 3A and Supplementary Figure 3). Acetylation was detected in APE-1-
overexpressed cells, which was further enhanced by H. pylori. Live H. pylori have been shown
to cause transient increase in [Ca2+]i in human gastric epithelial mucous cells.28 Pretreatment
of cells with Ca2+

i-chelator BAPTA-AM for 1 h, followed by exposure to media or H. pylori
in APE-1 expressed shRNA cells decreased ac-APE-1 suggesting a role of Ca2+

i in APE-1
acetylation. Ca2+

i-chelation had no effect on total APE-1 level.

The transcriptional coactivators p300/CBP regulate transcription factors via acetylation. We
examined whether p300 is involved in H. pylori-induced acetylation of APE-1 in AGS.
Immunoprecipitation of whole cell lysates with p300 antibody followed by western blot with
Lys 6 ac-APE-1 (Figure 3B) or acetyl lysine antibody (Figure 3C) showed an increased level
of ac-APE-1 in H. pylori-infected cells, which was inhibited by BAPTA-AM. Reprobing with
APE-1 antibody confirmed that Ca2+

i mediated the interaction of APE-1 with p300 as BAPTA-
AM reduced the amount of APE-1 immunoprecipitated by p300 antibody (Figure 3B, Figure
3C). These experiments also demonstrated that APE-1 acetylation is a cag PAI-independent
event. APE-1-p300 interaction after H. pylori infection was further demonstrated by
immunoprecipitation of whole cell lysates with APE-1 antibody followed by western blot with
p300 antibody (Figure 3D). Reprobing with ac-lys antibody established that H. pylori infection
resulted in an interaction of p300 with APE-1, possibly leading to enhanced acetylation of
APE-1. Trichostatin A (TSA), an inhibitor of HDACs, induced more acetylation than H.
pylori (Figure 3E) indicating that the steady level of ac-APE-1 is regulated by both p300 and
HDACs after infection. TSA had no effect on total APE-1 levels. To assess HAT activity of
p300 in APE-1 acetylation, we cotransfected shRNA cells with empty vector or APE-1
plasmids along with either p300 or p300 HAT domain-deleted mutant (ΔHAT). APE-1
acetylation occurred only when WT p300 and APE-1 were both overexpressed in shRNA cells
and H. pylori further enhanced APE-1 acetylation (Figure 3F). H. pylori-mediated APE-1
acetylation was specific for Lys 6/7 residues since p300 failed to acetylate K6R/K7R even after
H. pylori challenge (Figure 3 F).

H. pylori Induce Formation of a Multiprotein Repressor Complexat bax nCaRE
Our promoter analysis identified an nCaRE-B like sequence in the human bax promoter (−626
to −612 from the translation initiation site). Underlined regions indicate the nCaRE region
(Figure 4A). In vivo binding of APE-1 to the bax nCaRE was analyzed by ChIP assay using
APE-1 antibody. The PCR product of DNA in the APE-1 immunocomplex corresponding to
the human bax promoter flanking the nCaRE sequence demonstrated specific binding of APE-1
which was not present in the PCR product corresponding to the 5′ far upstream region (Figure
4 B). Supplementary Figure 4 represents real-time PCR of the immunoprecipitated bax nCaRE
region. Ca2+

i-dependent binding was confirmed by a BAPTA-AM mediated decrease in the
amount of immunoprecipitate. Furthermore, increased complex formation after TSA treatment
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indicates enhanced promoter binding of APE-1 after acetylation. EMSA showed a substantial
increase in the complex formation after H. pylori infection (Figure 4C). As shown, two major
nCaRE oligo-protein complexes were formed. Competition with unlabeled nCaRE oligo
diminished both upper and lower bands. The specificity of binding was further confirmed by
using nCaRE-mutant oligo (Lane 4), unlabeled WT competitor oligo (Lane 5) and nCaRE-
mutated oligo (Lane 6). Preincubation of the nuclear extract with APE-1 antibody (Lane 7)
significantly reduced the amount of the complexes suggesting APE-1 as a component of the
complexes. A greater level of complex was observed with pSIREN cell nuclear lysate compared
to shRNA cells (Lanes 8-11) emphasizing APE-1′s interaction with the bax nCaRE. Individual
overexpression of APE-1 and of p300 in shRNA cells increased the H. pylori-induced binding
of nuclear proteins to the nCaRE oligo and their combined overexpression further increased
complex formation (data not shown).

In contrast, K6R/K7R did not induce complex formation even in the presence of p300
indicating the requirement of APE-1 acetylation for its binding to the nCaRE (Figure 4C, lanes
12–15). Streptavidin-coated magnetic beads were used to further analyze bax nCaRE oligo-
bound complex. Analysis of bead-bound proteins by western blot (Figure 4D) confirmed the
presence of p300, APE-1, HDAC-1 and PARP-1. The presence of PARP-1 was reconfirmed
by mass spectrometry. nCaRE-bound HDAC-1 and PARP-1 levels were increased by H.
pylori. We found that HDAC-1 overexpression followed by H. pylori infection stimulated
formation of the upper EMSA band to a much larger extent suggesting that the larger complex
contained HDAC-1 (Figure 4E, lanes 1–4). PARP-1 suppression by siRNA reduced level of
complex implicating PARP-1 as an nCaRE-bound component (Figure 4E, lanes 5–8).

Immunoprecipitation of whole cell lysates with PARP-1 antibody followed by western blotting
analysis demonstrated that H. pylori enhanced interaction of PARP-1 with HDAC-1, p300 and
APE-1 or ac-APE-1 in AGS (Figure 5A). Figure 5B shows that H. pylori-induced binding was
abrogated by PARP-1-suppression even after infection indicating that PARP-1 is crucial for
recruitment of the protein complex to the nCaRE. None of these proteins were bound to the
mutated nCaRE oligo. As neither APE-1 nor p300 can directly bind to nCaRE,24 we sought
to determine if PARP-1 directly binds to nCaRE oligo. Incubation of recombinant human
PARP-1 with WT and mutated biotinylated nCaRE oligo-coated streptavidin beads showed
direct binding of PARP-1 with only WT oligo indicating that PARP-1 had specific binding
affinity for WT bax nCaRE even in the absence of other components of the multiprotein
complex (Figure 5C). These observations led us to postulate that PARP-1 recruits the protein
complex to the nCaRE. H. pylori-induced acetylation of APE-1 by p300 recruits HDAC-1 to
the complex thereby repressing bax transcription.

Ac-APE-1 Suppresses bax Transcription
Dual luciferase assays were performed with H. pylori-infected (6 h) or uninfected AGS.
Enhanced bax transactivation was observed in nCaRE-mutated AGS cells compared to WT
confirming the negative regulatory activity of nCaRE on bax transcription. (Figure 6A).
Transient transfection of WT bax luciferase construct along with either empty vector or APE-1
or K6R/K7R mutant in shRNA cells demonstrated that luciferase activity after infection in
APE-1 transfected cells was lower than empty vector or K6R/K7R mutant-transfected group
suggesting a repressor function of ac-APE-1 in bax transactivation (Figure 6B). Human/murine
bax promoters contain p53 binding sites and are regulated by the tumor suppressor p53 and its
coactivators.29, 30 APE-1 transactivates p53 and regulates p53 activation in a redox-dependent
and independent manner.20, 31 APE-1 and K6R/K7R equally enhanced p53 transcriptional
activation (Figure 6C).

To address the role of PARP-1 on bax luciferase activity, we compared PARP-1-suppressed
AGS cells with siControl™ RNA-expressed cells with and without H. pylori (Figure 6 D). Our
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results indicate that PARP-1 has a regulatory role in bax transcription. Chelation of Ca2+
i

enhanced luciferase activity thus establishing the negative regulation of bax transcription by
Ca2+

i (Figure 6E).

APE-1 Suppresses Bax Expression and Reduces Apoptosis in H. pylori Infected GEC
To further evaluate the repressor activity of APE-1 on Bax expression, we transfected p53-
deficient gastric epithelial KATO III cells with empty vector/APE-1 plasmid and infected with
H. pylori 26695 for 3, 6 or 12 h. Western blot (Figure 7A) shows that after H. pylori infection,
APE-1-overexpressing KATO III cells expressed less Bax than empty vector-transfected cells
and a longer time of infection was required for Bax expression in these cells.

The observation of nCaRE-mediated suppression of bax transcription led us to assess the effect
of APE-1 acetylation on Bax. shRNA cells were transfected with empty vector, APE-1 or K6R/
K7R plasmids and infected with H. pylori. Western blot analysis of whole cell lysates
demonstrated that H. pylori-induced Bax expression was greater in K6R/K7R-transfected
shRNA cells than in WT APE-1-overexpressed shRNA cells (Figure 7B) again confirming
negative regulation of Bax by APE-1.

Finally, we assessed DNA fragmentation using an ELISA that detects exposed histones in
empty vector, APE-1 or K6R/K7R-expressed shRNA cells ± H. pylori (12 h). Our data (Figure
7 C) confirmed that although H. pylori induced DNA-fragmentation in all transfected groups,
APE-1 overexpression counteracted while K6R/K7R enhanced that effect. A representative
western blot from a parallel experiment (Figure 7B) showed that K6R/K7R induced
cytochrome c release which was futher enhanced by H. pylori. The finding of a maximal
Bax:Bcl2 ratio in whole cell lysates from K6R/K7R-overexpressed cells further established
that blocking acetylation of APE-1 increases H. pylori-infected GEC susceptibility to apoptotic
death. Figure 8 summarizes our findings.

Discussion
H. pylori infection is a key risk factor in the development of chronic gastritis, peptic ulceration,
and gastric carcinoma. The host gastric epithelium plays an important role in H. pylori-
mediated pathogenesis and disease manifestations as imbalances between cell death and
proliferation may lead to peptic ulcer and gastric carcinogenesis.4 Our findings of Bax
induction in the H. pylori-infected GEC are in keeping with earlier studies which reported that
H. pylori induce Bax in gastric epithelium.32, 33 However, our novel observation that a
bacterial infection can induce APE-1 acetylation, which suppresses the extent of Bax
expression and apoptosis in H. pylori infected epithelium, adds a new level of complexity to
understanding the interaction of H. pylori with host cells.

In this study we have identified an nCaRE-B in the human bax promoter and show that H.
pylori-induced increases in [Ca2+]i augment APE-1 acetylation in GEC by enhancing the
APE-1-p300 interaction. Enhanced binding of ac-APE-1 to bax nCaRE recruits more HDAC-1
to the nCaRE and thus leads to reduced bax expression. Acetylation at Lys6/Lys7 mediated by
p300 was previously shown to enhance APE-1′s ability to bind to the nCaRE of the PTH
promoter.24 In our study, we found that H. pylori-induced rise in [Ca2+]i regulates APE-1
acetylation. As HDAC inhibition induces APE-1 acetylation and augments APE-1 binding to
the nCaRE, we postulate that acetylation is the prime regulator of APE-1 binding to the bax
nCaRE. Although 45% endogenous APE-1 protein is present in shRNA cells, ectopic
expression of a nonacetylable APE-1 mutant enhances bax transactivation compared to the
empty vector or WT APE-1 overexpressing cells indicating the significance of ac-APE-1 in
regulation of bax. We reproduced our results in GEC freshly isolated from biopsies and infected
in vitro with H. pylori. Importantly, we show that natural (chronic) H. pylori infection in the
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human host also results in enhanced APE-1 acetylation. Thus, our study provides evidence of
the mechanisms underlying the antiapoptotic properties of APE-1.

In spite of the negative regulatory role of ac-APE-1 on the bax gene, H. pylori induce bax
transactivation. This phenomenon may be explained by the activation of a nuclear
phosphoprotein, p53. p53-mediated apoptotic effects involving Bax include bax
transactivation, Bax translocation from the cytosol to mitochondrial membranes, cytochrome
c release from mitochondrial intermembrane space, caspase-9 activation, followed by the
activation of downstream effector caspases.34 Bcl-2 protects from Bax-mediated apoptotic
death.34 p53 is phosphorylated at several sites35 with phosphorylation indicative of p53
activation. Ser-15 phosphorylated p53 upregulates Bax and downregulates Bcl2.35 Consistent
with those results, we show that H. pylori-mediated p53 activation induces Bax and
downregulates Bcl-2 in GEC. Interestingly, p53-mediated Bax induction is much greater in
APE-1-suppressed AGS. Our results further demonstrate that wild type but not nonacetylable
APE-1 expression lowers Bax levels in p53 deficient Kato III cells after H. pylori infection.
Although we do not see an influence of APE-1 acetylation on p53 transcriptional activity
measured by PG13-reporter assay, it should be noted that blocking APE-1 acetylation enhances
expression and mitochondrial translocation of Bax as well as cytochrome c release. Hence, we
conclude that H. pylori-induced GEC apoptosis is regulated by a balanced interplay between
p53 activation and APE-1 acetylation. Although these observations fit well with a previous
study in which removal of APE-1 initiated cell death which was not prevented by introduction
of K6R/K7R APE-1,25 our results with K6R/K7R require further investigation to establish
how acetylation-deficient APE-1 induces mitochondrial translocation of Bax and apoptosis.

Earlier studies showed that APE-1 does not bind directly to the nCaRE and requires additional
factors to bind.36, 37 We show here that PARP-1 directly binds to the bax nCaRE oligo and
confirm that PARP-1 recruits the ac-APE-1-HDAC-1 repressor complex to bax nCaRE, thus
repressing bax transcription. Through direct binding to histones as well as to promoter/
enhancer complexes, PARP-1 can regulate transcription.38 Polyadenylation catalyzed by
PARP-1 has been reported to inhibit transcription factors.39 We found that H. pylori infection
does not play a role in acetylation or self poly ADP ribosylation of PARP-1 (data not shown).
Further studies will determine whether PARP-1 binding to nCaRE is specific for GEC or occurs
in all cell types.

In summary, our work elaborates the role of ac-APE-1 in gene regulation during bacterial
infection. So far, more than 300 posttranslational mechanisms have been identified to
participate in different physiological processes and an imbalance in acetylation/deacetylation
has been implicated in various disease states.40 We have identified a critical protective role of
APE-1 acetylation in Bax-mediated GEC apoptosis by H. pylori. As there are some reports
that APE-1 levels are altered in gastric neoplasia,41, 42 our finding that H. pylori infection
enhances APE-1 acetylation in gastric epithelial cells suggests that the acetylation status of
APE-1 may influence development of gastric cancer. Future studies are required to assess how
mutation of APE-1 at its N-terminal Lys residues causes mitochondrial translocation of Bax
and induction of host cell apoptosis to prevent potential loss of their niche thereby increasing
the opportunity to permit chronic or persistent infection.

Acknowledgments
Supported by NIH RO1 DK61769 and an AGA Funderburg Research Scholar Award

Abbreviations used in this paper
Ac-APE-1  

Bhattaracharyya et al. Page 8

Gastroenterology. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



acetylated apurinic/apyrimidinic endonuclease-1

[Ca2+]  
intracellular calcium ion concentration

cag  
cytotoxin associated gene

GEC  
gastric epithelial cells

HAT  
histone acetyl transferase

HDAC  
histone deacetylase

nCaRE  
negative calcium response element

PAI  
pathogenicity island

PARP-1  
poly (ADP-ribose) polymerase-1

WT  
wild type
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Figure 1.
APE-1 acetylation suppresses Bax expression in H. pylori infected AGS cells.
(A) Basal APE-1 at mRNA (real time RT PCR) and protein level (Western blot) in WT, pSIREN
and shRNA cells. Bars depict normalized data (mean ± SEM, n=4), *, p <0.05.
(B) A representative western blot showing p53 phosphorylation in AGS cells infected with
MOI 300 of H. pylori for 3h.
(C) The effect of p53 and APE-1 on p53-phosphorylation and Bax and Bcl2 expression was
examined by overexpressing empty vector, WT p53, ΔNp73 in pSIREN and shRNA cells
(D) Indirect immunofluorescence microscopy determined Bax expression in empty vector,
APE-1 or K6R/K7R-expressed shRNA cells infected with H. pylori. Nucleus was stained by
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DAPI (blue), Bax was stained by Alexa 488-conjugated secondary antibody (green),
mitochondria was stained by MitoTracker Red (CMSRos) (red) and merged image of Bax and
mitochondria was yellow.
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Figure 2.
H. pylori-induced APE-1 acetylation is a cag PAI-independent event.
(A) WT, pSIREN and shRNA cells were infected with MOI 100, 200, 300 of H. pylori for 3 h
and analyzed by western blotting. Graphs summarize the densitometric analyses of APE-1 and
ac-APE-1 proteins (n=3).
(B) Comparison of APE-1 acetylation by western blot analysis of whole cell lysates of gastric
epithelial cells isolated from gastric biopsies from uninfected human subjects and infected in
vitro for 3 h with cag PAI(+) (26695) and cag PAI(−) (8-1) H. pylori strains.
(C) Densitometric analysis of immunoblots identical to the experiment represented in panel A
and depicts normalized APE-1 and ac-APE-1 (mean ± SEM, n=4) in cag PAI(+) and cag PAI
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(−) H. pylori-infected cells. Bar graphs normalized as percent increase over uninfected controls
(p < 0.05 for all bars).
(D) Ratios of ac-APE-1 to total APE-1 protein in biopsy-derived GEC from uninfected (n=4)
and three naturally H. pylori infected subjects, *, p <0.05.
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Figure 3.
H. pylori-induced increase in [Ca2+]i promotes APE-1′s interaction with p300 in AGS cells.
(A) Comparison of empty vector and APE-1 overexpressed shRNA cells infected with H.
pylori ± BAPTA-AM pretreatment to assess the effect of Ca2+

i on APE-1 expression and
acetylation. Summary of densitomety analyses (n=3) is shown in Supplementary Figure 3.
(B) Immunoprecipitation of whole cell lysates from untreated or BAPTA-AM pretreated,
cag PAI(+) or cag PAI(−) H. pylori-infected AGS cells with p300 antibody and western
analysis using lys 6 ac-APE-1 antibody.
(C) Same as shown in Figure 3(B) except that ac-lysine antibody was used for detection.
(D) Western analysis of APE-1-immunoprecipitate from infected or uninfected AGS.
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(E) Effect of Ca2+
i- chelation with BAPTA-AM and HDAC inhibition with TSA on APE-1

acetylation as assessed by western analysis.
(F) Western analysis of lysates of cells cotransfected with APE-1 WT or K6R/K7R mutant and
WT p300 or ΔHAT constructs in shRNA cells ± H. pylori infection.
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Figure 4.
Components of the multiprotein complex that bind to bax promoter nCaRE.
(A) The nCaRE-B sequences of the human PTH and bax promoter.
(B) ChIP analysis of APE-1 immunocomplex for nCaRE-containing bax promoter. Right panel,
specificity of APE-1 binding to bax nCaRE by comparing 5′ far upstream region with nCaRE-
flanking region of the bax promoter. Quantitative real-time PCR analysis is shown in
Supplementary Figure 4.
(C) EMSA to evaluate the binding of APE-1 and p300 to bax nCaRE oligo. NE= Nuclear
extract.
(D) Western analysis of proteins bound to streptavidin beads coated with nCaRE oligo.
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(E) EMSA to assess the binding of HDAC-1 and PARP-1 to nCaRE oligo.
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Figure 5.
PARP-1 directly binds to bax nCaRE and is a component of nCaRE-bound protein complex.
(A) Enhanced coimmunoprecipitation of APE-1, p300 and HDAC-1 with PARP-1 in H.
pylori-infected AGS.
(B) H. pylori infection-induced APE-1-p300-HDAC-1-PARP-1 complex specifically binds to
WT nCaRE oligo, but not to mutated oligo, assessed by elution of bound proteins and
immunoblotting with respective antibodies. siRNA- mediated PARP-1 suppression decreased
the binding of other members to the nCaRE.
(C) Direct and specific binding of purified PARP-1 protein to nCaRE oligo.
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Figure 6.
APE-1 acetylation and PARP-1 suppression negatively regulates H. pylori-mediated bax
transcription.
(A) Bar graph of dual luciferase activities (mean ± SEM, n=4) driven by WT and nCaRE
mutated bax promoter in AGS cells with or without H. pylori infection. *, p <0.05.
(B) Bar graph of dual luciferase activities (mean ± SEM, n=3) to compare the effect of WT
and nonacetylable mutant (K6R/K7R) expression and H. pylori infection on bax promoter in
shRNA cells.
(C) Bar graph of dual luciferase assays (mean ± SEM, n=3) to compare the effect of APE-1
acetylation and H. pylori on DNA binding activity of p53. *, p <0.05.
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(D) Dual luciferase assays (mean ± SEM, n=3) to evaluate effect of PARP-1 suppression on
H. pylori-induced bax transcription in AGS cells, *, p <0.05.
(E) Luciferase assay on samples (mean ± SEM, n=3) prepared from AGS cells showing the
negative regulation of bax transcription by Ca2+

i.
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Figure 7.
APE-1 acetylation protects GEC from H. pylori-induced Bax expression and downstream
apoptotic events.
(A) Kato III cells transfected with empty vector or APE-1 were infected with H. pylori for 3,
6 and 12 h. Bax expression was less in APE-1-overexpressed cells.
(B) shRNA cells transfected with empty vector, APE-1 or K6R/K7R plasmids were infected
with H. pylori for 8 h. Western blot of whole cell lysates showed maximum Bax:Bcl2 ratio
and cytochrome c release in K6R/K7R transfected cells. Highest Bcl2 expression was noted
in APE-1 transfected, H. pylori-infected cells.
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(C) shRNA cells were transfected with empty vector, APE-1 or K6R/K7R plasmids. H.
pylori infection for 12 h resulted in optimal DNA-fragmentation in K6R/K7R transfected
shRNA cells but WT APE-1 suppressed H. pylori-mediated DNA fragmentation as depicted
in summarized (mean ± SEM, n=3) bar graph. *, p <0.05.
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Figure 8.
APE-1 acetylation suppresses H. pylori-mediated apoptosis in gastric epithelial cells (GEC)
by negative regulation of bax transcription. H. pylori enhance mitochondrial ROS generation
and induce [Ca2+ promote nuclear translocation of APE-1. Ca2+ ]i. ROS AND Ca 2+

i induces
p300 binding to nuclear APE-1 leading to APE-1 acetylation. In parallel, p53, a major
transcriptional activator of bax is activated by H. pylori and APE-1. We propose that in H.
pylori-infected GEC, ac-APE-1 binds to the nCaRE present in the bax promoter and attracts
HDAC-1 thus repressing bax transcription mediated by p53; PARP-1 recruits the repressor
complex to the bax nCaRE. P=phosphorylated, PLC=phospholipase C, PLA2=phospholipase
A2.
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