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Macrophages are essential components of innate immunity,
and apoptosis of these cells impairs mucosal defense to
microbes. Helicobacter pylori is a gastric pathogen that infects
half of the world population and causes peptic ulcer disease and
gastric cancer. The host inflammatory response fails to eradi-
cate the organism.We have reported thatH. pylori induces apo-
ptosis of macrophages by generation of polyamines from orni-
thine decarboxylase (ODC), which is dependent on c-Myc as a
transcriptional enhancer. We have now demonstrated that
expressionof c-Mycrequiresphosphorylationandnuclear translo-
cation of ERK, which results in phosphorylation of c-Fos and for-
mation of a specific activator protein (AP)-1 complex. Electromo-
bility shift assay and immunoprecipitation revealed a previously
unrecognized complex of phospho-c-Fos (pc-Fos) and c-Jun in the
nucleus.Fluorescenceresonanceenergy transferdemonstratedthe
interaction of pc-Fos and c-Jun. The capacity of thisAP-1 complex
to bind to putative AP-1 sequences was demonstrated by oligonu-
cleotide pulldown and fluorescence polarization. Binding of the
pc-Fos�c-Jun complex to the c-Myc promoter was demonstrated
by chromatin immunoprecipitation. A dominant-negative c-Fos
inhibited H. pylori-induced expression of c-Myc and ODC and
apoptosis.H.pylori infectionofmice induceda rapid infiltrationof
macrophages into the stomach. Concomitant apoptosis depleted
thesecells, and thiswasassociatedwith formationofapc-Fos�c-Jun
complex. Treatment of mice with an inhibitor of ERK phosphory-
lation attenuated phosphorylation of c-Fos, expression of ODC,
and apoptosis in gastric macrophages. A unique AP-1 complex in
gastricmacrophagescontributes tothe immuneescapeofH.pylori.

In infection studies, apoptosis of macrophages has been
demonstrated to play a pathogenic role in colonization of bac-
teria (1). Helicobacter pylori is a microaerophilic, Gram-nega-
tive bacterium that selectively colonizes the human stomach
and infects half of theworld population (2). Infected individuals
exhibit chronic active gastritis and can develop peptic ulcer
disease or gastric adenocarcinoma, the second leading cause of
cancer deaths worldwide (3). The infection is usually acquired
in childhood and persists for the life of the host despite eliciting
a vigorous innate and adaptive immune response (2). Although
H. pylori has generally been considered to be a noninvasive
pathogen, strong evidence has emerged thatH. pylori itself and
its products can invade themucosa andhave direct contactwith
lamina propria immune cells (4–6). These findings suggest that
the failure of the immune response could be directly related to
the inability of effector cells, especiallymacrophages, to kill this
bacterium. We have demonstrated that H. pylori induces apo-
ptosis in macrophages in vitro by a polyamine-dependent
mechanism (7–9). However, the signaling mechanisms
involved in this process and their in vivo relevance remains to
be elucidated.
H. pylori has been reported to activate mitogen-activated

protein kinase (MAPK)3 enzymes (10). MAPKs belong to an
important group of serine and threonine signaling kinases con-
sisting of three family member proteins: JNK, p38 MAPK, and
ERK1/2. These proteins mediate signal transduction in
response to extracellular stimuli and affect diverse cellular
functions such as proliferation, differentiation, and death (11,
12). In particular, ERK, which is activated upon phosphoryla-
tion by dual specificity MEK1 andMEK2 (13), can have biolog-
ical effects by phosphorylating membrane or cytoskeletal pro-
teins (14). Moreover, when phosphorylated ERK (pERK)
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translocates to the nucleus (15, 16), it can result in activation of
transcription factors, including activator protein-1 (AP-1) (17).
AP-1 complexes most often consist of c-Fos and c-Jun, and

other Fos and Jun family proteins can also form functional AP-1
(18). When these subfamily proteins form homodimers or het-
erodimers, they become active AP-1 complexes. Such com-
plexes bind to AP-1 DNA recognition elements and activate
transcription in stimulated cells (19). Fos proteins do not form
homodimers, whereas c-Jun can form homodimers that have a
low capacity to transactivate genes (20). When c-Fos het-
erodimerizeswith c-Jun, this results in amore stableAP-1 com-
plex that increases the capacity of c-Jun to transactivate target
genes (21). JNK can phosphorylate c-Jun at Ser73 in the trans-
activation domain and thus potentiate its ability to induce tran-
scription (22). Similarly, phosphorylation of c-Fos at Ser374 by
ERK potentiates AP-1 transactivation capabilities and primes
c-Fos for phosphorylation at Thr325; this stabilizes c-Fos het-
erodimers and enhances promoter transactivation by AP-1 com-
plexes (23). Activation of AP-1 (18) can result in effects on cell
proliferation (24), cell differentiation (25), and apoptosis (26).
Mutation of the AP-1 binding site inhibits IL-6 promoter

activity in H. pylori-stimulated gastric epithelial cell lines, and
all of theMAPKs, namely ERK, p38, and JNKwere implicated in
AP-1 binding and IL-6 expression, and other transcription fac-
tors were involved (27). Also nuclear extracts from H. pylori-
infected gerbil stomach tissues bind to the AP-1 consensus
binding sequence (28). However, in both of these studies the
constituents of the AP-1 complex were not determined. In two
other studies in gastric epithelial cells, increased expression of
several potential AP-1 constituents (29) and induction of AP-1
DNAbinding activitywas demonstrated (29, 30), but phosphor-
ylation ofAP-1members and the biological effects ofAP-1were
not studied. In the case of THP-1 monocytes, H. pylori-stimu-
lated IL-18 expression that was reduced by either ERK or p38
inhibitors and AP-1 binding to the IL-18 promoter were dem-
onstrated (31), but the functional requirement for AP-1 in this
process and the nature of the AP-1 complex was not examined.
Inhibition of ERK and, to a greater degree, inhibition of p38
have been shown to reduce H. pylori-stimulated IL-8 expres-
sion in THP-1 cells, and although AP-1 was implicated in this
process, it had less of an effect than NF-�B activation (32). In
U937monocytic cells, induction of IL-8was shown to be largely
p38-dependent and only partially AP-1-dependent (33). Taken
together, these studies suggested thatMAPKs andAP-1may be
involved in biological effects ofH. pylori infection but thatmore
investigation was warranted in macrophages.
Previously, we have shown thatH. pylori induces c-Myc gene

and protein expression and nuclear translocation in macro-
phages (9). This enhances expression of ornithine decarboxy-
lase (ODC), the rate-limiting enzyme for polyamine synthesis,
which causes apoptosis by amechanism that involves oxidation
of spermine (8). We now investigated the particular MAPK
pathways activated in macrophages, the components of the
AP-1 complex, and the role of these responses in the induction
of apoptosis. Herein we show that activation of ERK, but not
p38 or JNK, byH. pylori results in apoptosis through activation
of c-Myc and ODC. This process occurs by ERK-dependent
formation of a specific AP-1 complex that appears to be unique

to H. pylori, consisting of a phospho(p)-c-Fos�c-Jun het-
erodimer. This AP-1 complex binds to the c-Myc promoter in
macrophages and thus causes induction of c-Myc, ODC, and
apoptosis. We have also demonstrated that in addition to these
events occurring in a macrophage cell line, they also occur in
gastric macrophages in H. pylori-infected gastric tissues and
that the apoptosis of gastric macrophages in vivo that contrib-
utes to the loss of host defense can be abrogated by interruption
of this pathway. The specificity of these events is demonstrated
by our findings that two other enteric bacterial pathogens that
cause mucosal inflammation that were tested, namely Campy-
lobacter jejuni andCitrobacter rodentium, did not induce c-Fos
phosphorylation, c-Myc, or ODC in macrophages despite acti-
vation of ERK and that H. pylori did not induce the pc-Fos-c-
Myc-ODC pathway in gastric epithelial cells.

EXPERIMENTAL PROCEDURES

Reagents—All of the reagents used for cell culture and RNA
extraction were purchased from Invitrogen. MAPK inhibitors
PD98059, SB203580, SP600125, and U0126 were from Calbio-
chem. All other chemicals were from Sigma unless specified.
Bacteria, Cells, and Culture Conditions—H. pylori SS1 was

grown, lysateswere prepared using a French press, and themul-
tiplicity of infection (MOI) was determined as described (34).
Themurinemacrophage cell line RAW264.7wasmaintained in
complete Dulbecco’s modified Eagle’s medium. The cells were
activated withH. pylori lysates at anMOI of 100. In some stud-
iesmacrophageswere also activatedwith liveH. pylori SS1 at an
MOI of 10 (2, 34). C. rodentium was grown, and lysates were
prepared as described (35). C. jejuni was obtained from ATCC,
and lysateswere prepared as forH. pylori. RAW264.7 cells were
activated with C. rodentium and C. jejuni lysates at an MOI of
100. AGS gastric epithelial cells were activated with H. pylori
strain 60190 at an MOI of 200.
Mouse Infections—H. pylori SS1 was grown in liquid culture

inBrucella broth. C57BL/6micewere inoculated by oral gavage
with 5 � 108 colony-forming units of H. pylori in 0.1 ml of
Brucella broth or broth vehicle control. For the colonization
time points of 14, 60, and 120 days, themicewere gavaged every
other day three times (7, 36), whereas for the time points of 1–7
days, the mice were inoculated once (35). In some studies, the
mice were treated with PD98059 (5 mg/kg) or vehicle control
(2% dimethyl sulfoxide) by intraperitoneal injection just prior
to inoculation.
Cell Viability—The viability ofmacrophageswas determined

using an XTT assay as described (8, 36).
Apoptosis Detection by Annexin V Staining—The cells were

stained with annexin V conjugated to fluorescein isothiocya-
nate (FITC) and either propidium iodide (PI) or 7-amino-actino-
mycin D (7-AAD; BD Biosciences, San Jose, CA). The cells were
analyzed with a flow cytometer (FACSCalibur; BD Biosciences)
using CellQuest software (BD Biosciences) for annexin V-FITC/
PI-stained cells (8, 9) and FlowJo software (Tree Star, Inc., Ash-
land, OR) for the annexin V-FITC/7-AAD-stained cells (36).
RT-PCR and Real Time PCR—ODC and c-Myc mRNA

expression was measured by real time PCR and RT-PCR as
described (9). For c-Fos and c-Jun, the sense and antisense
primer sequences and PCR product sizes were: c-Fos, 5�-GCC-
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CAGTGAGGAATATCTGGA-3� and 5�-ATCGCAGAT-
GAAGCTCTGGT-3�, 187 bp; c-Jun, 5�-AGCCTACCAACGT-
GAGTGCT-3� and 5�-AGAACGGTCCGTCACTTCAC-3�,
228 bp. For c-Fos and c-Jun, 1 �g of mRNA was reverse-tran-
scribed with the iScriptTM cDNA synthesis kit (Bio-Rad). PCR
was performedwith thermal cycling conditions andmethods to
calculate the relative expression as described (2, 8, 9, 35).
Immunoprecipitation and Immunoblot Analysis—RAW

264.7 cells were lysed, and Western blotting for c-Myc and
ODCwas performed as described (9). Nuclear and cytoplasmic
extracts were prepared using an extraction kit from Thermo
Scientific (Rockford, IL). ERK1/2 was detected with a rabbit
polyclonal antibody from BioSource (Camarillo, CA; 1:1000
dilution). For detection of pERK, a rabbit polyclonal antibody to
phosphothreonine 185 and phosphotyrosine 187, pTh,pY185/187-
ERK, was used (BioSource; 1:1000 dilution). For c-Fos, a mouse
monoclonal antibody (EMD Chemicals Inc., Gibbstown, NJ;
1:2000 dilution) was used. Specific antibodies against the fol-
lowing c-Fos phosphorylation sites were used: serine 374
(pS374; mouse monoclonal antibody; EMD Chemicals Inc.;
1:1000 dilution), threonine 325 (pTh325; rabbit polyclonal anti-
body; Abcam, Cambridge, MA; 1:2000 dilution), and threonine
232 (pTh232; rabbit polyclonal; EMD Chemicals Inc; 1:2000
dilution). For c-Jun, amousemonoclonal antibody (Cell Signal-
ing, Boston,MA; 1:2000 dilution) was used. For pc-Jun, a rabbit
polyclonal antibody to the phosphorylation site at serine 73
(pS73; Cell Signaling; 1:2000 dilution) was used. The proteins
from cell lysates were immunoprecipitated with rabbit poly-
clonal anti-pTh325c-Fos, mousemonoclonal anti-c-Jun, or rab-
bit polyclonal anti-pS73c-Jun antibodies, followed by immuno-
blotting with rabbit polyclonal anti-pTh325c-Fos, mouse
monoclonal anti-c-Jun, or rabbit polyclonal anti-pS73c-Jun
antibodies.
ERK Enzyme Activity—ERK activity was measured with an

ERK enzyme assay kit (Millipore, Temecula, CA) using myelin
basic protein as the substrate, according to the manufacturer’s
instructions.
Immunofluorescence Staining—RAW 264.7 cells were plated

on chamber slides (1 � 104 cells/well) and stimulated with H.
pylori lysates for 0–120 min. The cells were fixed, permeabi-
lized, and blocked as described (37) and then incubated with
anti-pERK antibody (1:500 dilution) overnight at 4 °C. A rabbit
anti-mouse secondary antibody conjugated to FITC (Jackson
ImmunoResearch Laboratories Inc., Westgrove, PA; 1:1000
dilution) was used. The nuclei were visualized with PI, and
staining was imaged as described (8, 37).
Electrophoretic Mobility Shift Assay (EMSA)—The nuclear

extracts were prepared as above. 21-bp complimentary oligo-
nucleotides (sense, 5�-CGCTTGATGAGTCAGCCGGAA-3�
and antisense, 5�-GCGAACTACTCAGTCGGCCTT-3�) con-
taining the AP-1 consensus binding site were purchased from
Promega (Madison,WI). Double-stranded oligonucleotides (50
ng) were labeled with [�-32P]ATP using T4 polynucleotide
kinase (Promega). Binding reactions were carried out with
labeled oligonucleotides and 2 �g of nuclear protein. For com-
petition experiments, a 200-fold excess of cold AP-1 oligonu-
cleotides was used. The entire reaction was electrophoresed on

6% polyacrylamide gels. The gels were dried and phosphorim-
aged (9, 37).
Transient Transfection of Dominant-negative A-Fos Plasmid—

RAW 264.7 cells were transfected with 1 �g of dominant-neg-
ative c-Fos (A-Fos) plasmid provided by C. Vinson from the
National Cancer Institute (38) or control plasmid (pCMV),
using Lipofectamine Plus (Invitrogen) as described (8).
Oligonucleotide Pulldown Assay—Both strands of the 21-bp

oligonucleotides containing the AP-1 binding consensus
sequence were labeled with biotin at the 3� end using the Biotin
3� endDNA labeling kit (Thermo Scientific). Biotin-labeled oli-
gonucleotideswere incubatedwith 100�g of nuclear extracts in
EMSA binding buffer (Promega). Biotinylated oligonucleotides
bound to protein complexes were captured using immobilized
streptavidin-agarose beads on a spin column (Thermo Scien-
tific). After washing with Tris buffer three times, the slurry was
resuspended in 100 �l of radioimmunoprecipitation assay
buffer and centrifuged. The supernatants were collected and
resolved on SDS-PAGE followed by Western blotting for pc-
Fos (Thr325) and c-Jun.
Chromatin Immunoprecipitation—The cells were treated

with H. pylori in the presence or absence of MAPK inhibitors
and fixed with 1% formaldehyde to cross-link proteins to DNA.
The cells were washed, lysed, sonicated on ice, and centrifuged at
14,000� g for 10min. Precleared supernatants were immunopre-
cipitated overnight at 4 °C using 2�g of anti-pTh325c-Fos, anti-c-
Jun, and anti-pS73c-Jun antibodies. The DNA�protein complex
was eluted, and cross-linkingwas reversed. DNAwas recovered
and purified with a spin column. PCR was performed on the
immunoprecipitated samples and inputs using the following
conditions: 95 °C for 5 min; 35 cycles of 95 °C for 1 min, 58 °C
for 1 min, and 72 °C for 1 min; and final elongation at 72 °C for
7 min. Primers were used that flanked three different AP-1
binding sites in the mouse c-Myc promoter. The sense and
antisense primer sequences and PCR product sizes were:
primer 1, flanking the �917 bp to �1136 bp region, 5�-TTG-
AGGCATGATGCTGAGAC-3� and 5�-AGGCCTTAGAC-
CATCCAGGT-3�, 219 bp; primer 2, flanking the �1896 bp to
�2083 bp region, 5�-CTAATGCTCCTGCCTTGCAT-3� and
5�-GTGGATGGGGAAAATGAATG-3�, 187 bp; and primer 3,
flanking the �1921 bp to �2150 bp region, 5�-TCTGACTC-
CTTTTGCCCAGT-3� and 5�-TTGCAAAGAGGGGGAG-
TAGA-3�, 235 bp. PCR products were analyzed on 1% agarose
gels.
GastricMacrophage Isolation andQuantification—C57BL/6

mice were infected withH. pylori SS1 for 1–120 days. The glan-
dular stomach was digested, and isolation of gastric macro-
phages was performed as described using CD11b-positive
selection (2, 39). Isolated cells were incubated with anti-F4/80
antibody conjugated with phycoerythrin (PE) (Invitrogen;
1:100 dilution). The cells were analyzed by flow cytometry to
determine the percentage of F4/80-PE positive cells using a BD
LSRII system (BD Biosciences). The number of macrophages
was determined by multiplying the percentage of F4/80-posi-
tive cells by the number of CD11b-positive cells and then divid-
ing by 100.
Analysis of Apoptosis in Gastric Macrophages—CD11b-pos-

itive cells from mouse stomachs were stained with anti-F4/80-
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PE, followed by staining with annexin V-FITC and PI (BD Bio-
sciences). PE-positive cells were gated and analyzed for FITC
and PI staining by flow cytometry (8, 9).
Isolation of RNA from Gastric Macrophages and Real Time

PCR—Gastric macrophages were isolated from C57BL/6 mice
by F4/80 positive selection. RNA was isolated, and real time
PCR was performed as described (2, 35).

Analysis of Proteins in Gastric
Macrophages—F4/80-positive mac-
rophages were stained with mouse
monoclonal anti-pERK antibody
conjugated with FITC (BD Bio-
sciences; 1:250 dilution), anti-
pTh325c-Fos antibody (1:100 dilu-
tion), and goat polyclonal anti-ODC
antibody (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA; 1:200
dilution) and incubated on ice for 30
min. The cells were then incubated
with goat polyclonal anti-rabbit sec-
ondary antibody conjugated with
PE to detect pc-Fos and donkey
polyclonal anti-goat secondary anti-
body conjugatedwith allophycocya-
nin (Jackson ImmunoResearch Lab-
oratories Inc.) to detect ODC.
Stained cells were analyzed with an
LSRII flow cytometer.
Fluorescence Polarization—An

Alexa 488-labeled 28-mer double-
stranded oligonucleotide contain-
ing the AP-1 binding site from the
c-Myc promoter was used. Alexa
488-labeled sense and antisense olig-
omers (Invitrogen) were annealed in
at a final concentration of 100 nM by
heating the mixture to 95 °C for 2.5
min. RAW 264.7 cells and gastric
macrophageswere lysed in radioim-
mune precipitation assay buffer.
Detergents and salts were removed
using a spin column. The cell lysates
were resuspended in Tris buffer.
The proteins were incubated with
20 nM of the labeled oligonucleo-
tides for 20 min at room tempera-
ture in microtiter plates. Fluores-
cence polarization was measured
on a Tecan Ultra plate reader
(Durham, NC) with excitation at
485 nm and emission at 535 nm.
For each condition, polarization
was calculated using the formula
(Ih � Iv)/(Ih � Iv), where Ih repre-
sents intensity measured with hor-
izontally polarized excitation, and
Iv represents intensity measured
with vertically polarized excita-

tion and expressed as millipolarization (40).
Fluorescence Resonance Energy Transfer (FRET) and Confo-

cal Microscopy—RAW267.4 cells or gastric macrophages were
plated in chamber slides and fixed with 4% paraformaldehyde
containing 0.1% Triton X-100. The cells were permeabilized
with ice-cold 100%methanol with 0.1% Triton X-100. The cells
were blocked with 5% normal goat serum containing 0.1% Tri-

FIGURE 1. Effect of MAPK inhibitors on H. pylori-induced apoptosis in RAW 264.7 macrophages. The cells
were pretreated with inhibitors of ERK phosphorylation (PD98059), p38 phosphorylation (SB203580), or JNK
phosphorylation (SP600125) for 45 min before activation with H. pylori lysate (HP) of strain SS1 at an MOI of 100
for 24 h. A, cell viability was measured by XTT assay with different concentrations of PD98059, SB203580, and
SP600125 in the presence or absence of H. pylori. B, apoptosis was measured by annexin V-FITC and PI staining
and flow cytometry in macrophages pretreated with 35 �M of PD98059 (PD), 12.5 �M SB203580 (SB), or 50 nM

SP600125 (SP). C, representative dot plots of annexin V-FITC versus PI. The values for the percentages of annexin
V and PI double-positive cells (late apoptosis) in the upper right quadrants are shown. For A, *, p � 0.05; **, p �
0.01 versus HP alone without inhibitor; for B, **, p � 0.01 versus control (Ctrl); §§, p � 0.01 versus HP alone; Inhib,
inhibitor. For A and B, n � 4.
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tonX-100. Further, the cells were incubatedwith anti-pTh325c-
Fos or anti-pS374c-Fos antibodies (both 1:250 dilution) over-
night at 4 °C. The cells were washed and incubated at room
temperature for 1 h with anti-rabbit secondary antibody
conjugated with Cy3 (Jackson ImmunoResearch Laborato-
ries Inc.; 50 �g/ml) as the donor. The cells were washed and
incubated with anti-c-Jun antibody (1:250 dilution) for 2 h at
room temperature. The cells were washed and incubated
with anti-mouse secondary antibody conjugated with Cy5
(Jackson ImmunoResearch Laboratories Inc.; 25 �g/ml) as
an acceptor for 2 h at room temperature.

Images of cells were captured
with a Zeiss inverted LSM510 con-
focal microscope, using a cooled
charge-coupled device camera and
an IC300 digital imaging system.
Cy3 and Cy5 intensity in cells
was measured using MetaMorph
7.6 software (Molecular Devices,
Sunnyvale, CA). To quantify FRET,
Cy5 was photobleached for 1.5 min
such thatmean fluorescence forCy5
decreased to background. Fluores-
cence of Cy3 prebleach (Cy3pre) and
postbleach (Cy3post) was calculated
in the region of interest in photo-
bleached cells. Background Cy3 fluo-
rescence (Cy3back) was subtracted
from the prebleached fluorescence.
FRET efficiency was calculated as
[(Cy3pre � Cy3back) � Cy3post]/
(Cy3pre � Cy3back) as described
(41).
Statistical Analysis—The quanti-

tative data are shown as the
means� S.E. Comparisons between
multiple groups weremade by using
analysis of variance with the Stu-
dent-Newman-Keul’s post hocmul-
tiple comparison test. When com-
parisons between only two groups
were made, a paired t test was
performed.

RESULTS

Inhibition of ERK Phosphoryla-
tion Increases Cell Viability and
Attenuates Apoptosis—MAPK has
been shown to modulate apoptosis
in different cell types (11). We
determined the effects of a dose
range of MAPK inhibitors on cell
death induced by H. pylori by per-
forming XTT cell viability assays
in RAW 264.7 cells. After 24 h of
H. pylori stimulation, viability was
decreased to 76.2 � 2.3% of levels
in untreated cells (Fig. 1A). Inhibi-

tion of ERK phosphorylation by pretreatment with PD98059
improved cell viability of H. pylori-stimulated macrophages
in a concentration-dependent manner with a maximum
effective dose of 35 �M (Fig. 1A, top panel). In addition,
this dose had no significant effect on cell viability when
added to unstimulated cells (Fig. 1A, top panel). Inhibition of
phosphorylation of p38 MAPK with SB203580 or of
JNK kinase with SP600125 had no beneficial effect on H.
pylori-induced macrophage cell death and no affect on cell
viability in unstimulated cells (Fig. 1A, middle and bottom
panels).

FIGURE 2. Effect of MAPK inhibitors on c-Myc and ODC mRNA and protein expression and ODC enzyme
activity. RAW 264.7 macrophages were pretreated with PD98059 (PD), SB203580 (SB), or SP600125 (SP) and
activated with HP, all as described for Fig. 1B. A, RT-PCR for c-Myc, ODC, and �-actin. B, Western blot analysis for
c-Myc (64 kDa), ODC (53 kDa), and �-actin (42 kDa) proteins. C and D, RAW 264.7 cells were pretreated with
U0126, an additional ERK phosphorylation inhibitor (Inhib), for 30 min prior to activation with HP and mRNA
expression determined by RT-PCR (C), and the protein levels were assessed by Western blotting (D), for c-Myc,
ODC, and �-actin. E and F, real time PCR analysis for c-Myc and ODC mRNA levels. G, ODC activity determined
by radiochemical assay. For A, C, and E–G, the cells were activated with HP for 6 h, and for B and D, the cells were
activated for 24 h with HP. For E–G, **, p � 0.01 versus unstimulated control macrophages; §§, p � 0.01 versus
HP-stimulated macrophages. In A–D, the data are representative of three experiments. For E–G, each experi-
ment was performed a minimum of three times, each in duplicate.
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We have reported that decreased macrophage cell viability
with exposure to H. pylori correlates with apoptosis that peaks
at 24 h poststimulation in RAW 264.7 cells (8). We have now
observed that PD98059 inhibited the 5.3 � 0.9-fold increase in

H. pylori-stimulated apoptosis by
69.0� 2.1% (Fig. 1,B andC). In con-
trast, SB203850 and SP600125 did
not inhibit the induction of apopto-
sis (Fig. 1, B and C).
ERK Phosphorylation Is Required

for Induction of c-Myc and ODC
Expression—We have reported that
H. pylori-induced apoptosis is
dependent on the induction of
ODC, which requires c-Myc bind-
ing to the ODC promoter (9). In the
latter study, expression of c-Myc
and ODC mRNA peaked at 2 and
6 h, respectively, and both were sta-
ble out to 12 h; protein expression
peaked at 2–4 h for c-Myc and 6 h
for ODC (9). We therefore tested
the effects of MAPK inhibitors on
c-Myc and ODC expression at 6 h
after stimulation. PD98059 inhib-
ited H. pylori-induced c-Myc and
ODC mRNA and protein ex-
pression, whereas SB203580 or
SP600125 had no such effect (Fig. 2,
A and B). In addition, a second ERK
inhibitor, U0126, also blocked H.
pylori-induced c-Myc and ODC
mRNA and protein expression (Fig.
2, C and D). To quantify these data
further, we used real time PCR and
found that H. pylori increased
c-Myc and ODC mRNA expression
by 5.1 � 0.4- and 4.7 � 0.7-fold,
respectively; these increases were
inhibited by 68.0 � 10.4 and 73.2 �
7.4%, respectively, with PD98059;
SB203580 and SP600125 had no
effect (Fig. 2, E and F). Similarly, the
increase in ODC activity with H.
pylori exposure was significantly
reduced with PD98059 but not
SB203580 or SP600125 (Fig. 2G).
H. pylori Induces Phosphorylation

of ERK and Its Nuclear Trans-
location—Because inhibition of
ERK reduced expression of c-Myc
and ODC and attenuated apoptosis,
we assessed its phosphorylation sta-
tus in H. pylori-stimulated macro-
phages. Levels of pERK in whole cell
lysates, as well as cytosolic and
nuclear fractions, were increased in
a time-dependent manner (Fig. 3A).

ERK phosphorylation was readily detected at 5 min and peaked
at 10–20 min in both the cytosolic and nuclear fractions,
whereas the ERK levels were not altered by H. pylori stimula-
tion. ERK activity was also significantly increased by H. pylori

FIGURE 3. H. pylori induces phosphorylation and translocation of ERK into the nucleus. RAW 264.7 macro-
phages were stimulated with HP for the times indicated. A, Western blot analysis for phosphorylated ERK
(pERK1/2; 42 and 44 kDa) and ERK1/2 (42 and 44 kDa) in whole cell lysate, cytoplasmic, and nuclear fractions.
B, ERK activity was measured in 1 �g of protein from whole cell lysates. *, p � 0.05; **, p � 0.01 versus unstimu-
lated cells, n � 4. C, cells were cultured in chamber slides in the absence or presence of HP, followed by fixation
and permeabilization, and staining with rabbit polyclonal antibody to pTh,pY185/187-ERK. pERK was detected
with FITC-conjugated secondary antibody. The nuclei were labeled with PI. Translocation of pERK to nucleus is
shown as yellow. All of the images shown were photographed at a magnification of 400�. D, macrophages
were pretreated with PD98059 (PD), SB203580 (SB), or SP600125 (SP) at the concentrations used in Fig. 1B for 45
min before activation with HP for 40 min; Western blot analysis for pERK1/2 and ERK1/2 in whole cell lysate and
in cytoplasmic and nuclear fractions. In A, C, and D, the data are representative of three experiments. Inhib,
inhibitor.

H. pylori-induced Apoptosis Is ERK- and AP-1-dependent

20348 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 26 • JUNE 25, 2010



and peaked at 20 min (Fig. 3B). Immunofluorescence staining
demonstrated increased phosphorylation of ERK by 5min after
stimulation and rapid translocation of pERK to the nucleus that

peaked at 20 min (Fig. 3C). Pre-
treatment of macrophages with
PD98059 significantly attenuated
phosphorylation of ERK in the
whole cell extract, cytosol, and
nucleus. Taken together, these data
indicate that H. pylori rapidly
induces nuclear translocation of
pERK.
H. pylori Induces Expression of

c-Fos and c-Jun—Because ERK
phosphorylation has been shown to
up-regulate AP-1 complex activity
(19, 20, 42), we determined whether
H. pylori activates AP-1 and
whether this occurs in a pERK-de-
pendent manner in macrophages.
H. pylori induced c-Fos mRNA and
protein expression in a time-depen-
dentmanner (Fig. 4A). c-FosmRNA
induction peaked at 20 min after
stimulation, and protein levels

peaked at 40 min (Fig. 4A). Phosphorylation of c-Fos at Thr325

was detected at 20min, peaked at 40min, and was sustained for
80min (Fig. 4A).H. pylori induced c-JunmRNA expression at 5
min after stimulation; c-Jun protein expression and phosphor-
ylation at Ser73 peaked at 10 min and was sustained for 80 min
(Fig. 4B).
H. pylori-stimulated c-Fos mRNA and protein expression

was not affected by inhibition of any of the three MAPKs (Fig.
4C). However, PD98059 blocked phosphorylation of c-Fos at
both Thr325 and Ser374. SB203580 or SP600125 had no such
effect (Fig. 4C). PD98059 inhibited stimulated c-Jun protein
expression and c-Jun phosphorylation at Ser73, without altering
c-Jun mRNA levels (Fig. 4D). Inhibition of JNK by SP600125
inhibited c-Jun phosphorylation, whereas inhibition of p38
with SB203580 had no effect. These results suggest that H.
pylori induces c-Fos and c-Jun and that the phosphorylation of
c-Fos depends on the activation of ERK, whereas the phosphor-
ylation of c-Jun depends on activation of both ERK and JNK.
H. pylori Induces Nuclear Protein Binding to AP-1 Consensus

Sequences—The c-Myc promoter has putative AP-1 consensus
binding sequences, and its activity can be up-regulated by AP-1
complex proteins (43). EMSA using nuclear lysates from H.
pylori-activatedmacrophages showed binding to AP-1 consen-
sus binding sequences that was prevented by pretreatment of
macrophages with PD98059 (Fig. 5). In contrast, nuclear lysates
from macrophages pretreated with SB203580 or SP600125 did
not exhibit any loss of binding to theAP-1 consensus sequences
(Fig. 5). When nuclear extracts were immunodepleted with
antibody to pc-Fos, there was complete inhibition of binding to
the AP-1 consensus sequence; antibody to c-Jun showed a par-
tial inhibitory effect, whereas antibody to pc-Jun had no effect
(Fig. 5). Thus, H. pylori induces binding of proteins to AP-1
consensus binding sequences, and this involves ERK phosphor-
ylation and the presence of pc-Fos and c-Jun proteins but not
pc-Jun.

FIGURE 4. H. pylori-induces expression and phosphorylation of c-Fos and c-Jun in RAW 264. 7 cells.
A, RT-PCR for c-Fos mRNA, and Western blotting for c-Fos (55 kDa) and pTh325c-Fos (58 kDa) in nuclear lysates.
B, RT-PCR for c-Jun mRNA, and Western blotting for c-Jun (41 kDa) and pS73c-Jun (48 kDa) in nuclear lysates. In
C and D, RAW 267.4 cells were pretreated with PD98059 (PD), SB203580 (SB), or SP600125 (SP) with the con-
centrations used in Fig. 1B for 45 min before activation with HP. C, RT-PCR for c-Fos mRNA, and Western blot
analysis for c-Fos (55 kDa), pTh325c-Fos (58 kDa), and pS374c-Fos (55 kDa). D, RT-PCR for c-Jun and Western blot
analysis for c-Jun (41 kDa) and pS73c-Jun (48 kDa). For Western blots, 30 �g of protein/lane was used. The data
are representative of three independent experiments. Inhib, inhibitor.

FIGURE 5. Binding of pc-Fos�c-Jun to the AP-1 putative binding sequence
as assessed by EMSA. RAW 264.7 cells were stimulated for 40 min with HP.
Nuclear proteins were extracted, and 1 �g from each condition was incu-
bated with a 32P-labeled probe specific for the consensus binding sequence
for AP-1, electrophoresed, and phosphorimaged. First lane, free probe; second
lane, nuclear lysates from unstimulated cells; fourth through eleventh lanes,
nuclear lysates from HP stimulated cells. In the second and fifth lanes, excess
unlabeled (cold) probes for AP-1 were used; the cold AP-1 competed away
the binding of the labeled probe. In the sixth through eighth lanes, nuclear
lysates were from cells pretreated with PD98059 (PD), SB203580 (SB), or
SP600125 (SP) before activation with HP. In the ninth through eleventh lanes,
nuclear lysates were immunodepleted with antibodies to pTh325c-Fos (2 �g),
c-Jun (1 �g), or pS73c-Jun (2 �g), respectively. The data are representative of
three independent experiments. Ab, antibody; Inhib, inhibitor; Cold pr, cold
probes; Nucl extr, nuclear extract; Ctrl, control.
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Inhibition of AP-1 Binding Attenuates c-Myc and ODC
Expression and Apoptosis—To assess the effect of H. pylori-
induced AP-1 complex proteins on c-Myc and ODC expres-
sion, macrophages were transfected with A-Fos, dominant-
negative c-Fos, which inhibits AP-1 complex occupancy to its
consensus binding sequences (38). Transfection with A-Fos
resulted in a nearly complete attenuation of H. pylori-induced
expression of c-Myc and ODC mRNA (Fig. 6A) and protein
(Fig. 6B) when compared with transfection with the cytomega-
lovirus empty vector. In parallel, A-Fos attenuated H. pylori-
induced apoptosis (Fig. 6, C and D). These results suggest that
binding of theAP-1 complex to its cognate sequence is a crucial
step in inducing c-Myc and ODC expression and apoptosis in
macrophages exposed to H. pylori.
Phosphorylation of ERK Is Essential for Heterodimerization of

pc-Fos and c-Jun—Becausewe demonstrated the importance of
AP-1 in the causation of apoptosis, we investigated the major
constituents of this complex in H. pylori-stimulated macro-
phages. To assess the direct interaction of pc-Fos with its
potential partner protein, c-Jun, we performed immunopre-
cipitationwith anti-pTh325c-Fos antibody.When immunoblot-

ting was performed on this immu-
noprecipitate, c-Jun was abundant
(Fig. 7A), whereas when it was
probed with anti-pS73c-Jun anti-
body, no band was present (not
shown). Cell lysates immunopre-
cipitated with anti-c-Jun also
showed the presence of pTh325c-
Fos (Fig. 7A). Pretreatment of cells
with PD98059 prevented the H.
pylori-stimulated interaction of
c-Jun and pTh325c-Fos proteins
(Fig. 7A).
To confirm the direct physical

interaction of these proteins, anti-
body-based confocal FRET micros-
copy was performed. H. pylori
induced phosphorylation of c-Fos
and expression of c-Jun that was
attenuated by PD98059 (Fig. 7, B
and C). When apparent FRET was
measured, a positive signal was
observed in H. pylori-activated cells
that was attenuated in cells pre-
treated with PD98059 (Fig. 7B). H.
pylori increased FRET efficiency by
3.5 � 0.8-fold, indicating a substan-
tial increase in physical proximity
between pTh325c-Fos and c-Jun
(Fig. 7D). PD98059 attenuated H.
pylori-induced FRET efficiency by
80.2 � 3.2%. These data indicate
that H. pylori increases the interac-
tion between pc-Fos and c-Jun, and
this depends on phosphorylation of
ERK.
The pc-Fos�c-JunComplex and the

Induction of c-Myc and ODC Are Specific to the Macrophage
Response to H. pylori—Because we demonstrated that phos-
phorylation of c-Fos was required for the formation of the AP-1
complex and induction of c-Myc andODC in the response toH.
pylori, we sought to determine whether this effect was specific
or generalized in macrophages. We therefore tested the host
response to two other relevant enteric Gram-negative bacterial
pathogens, namely C. rodentium, which causes colitis in mice,
and C. jejuni, which is phylogenetically related to H. pylori and
causes bloody diarrhea in humans. Both C. rodentium (Fig. 8A)
andC. jejuni (Fig. 8B) failed to induce an increase in the levels of
pc-Fos when compared with H. pylori. In contrast, pERK was
increased in the same nuclear lysates, and this was sustained at
the times assessed from 20 to 160 min. Additionally, c-Jun was
induced by both of these pathogens (Fig. 8, C andD). However,
both agents failed to induce expression of either c-Myc (Fig. 8E)
or ODC (Fig. 8F) when comparedwithH. pyloriused as a positive
control.We then addedH. pylori strain 60190 to AGS gastric epi-
thelial cells, using a defined model in which we have previously
shown marked induction of apoptosis (44). However, even when
assessed out to 240 min, there was no increase in pc-Fos levels

FIGURE 6. Effect of dominant-negative c-Fos on expression of c-Myc and ODC and apoptosis. RAW 264.7
cells were transfected with either empty vector (pCMV) or pCMV plasmid expressing A-Fos; transfected cells
were activated with HP. A, real time PCR for c-Myc and ODC mRNA levels; transfected cells were activated for
6 h. B, Western blotting for c-Myc and ODC protein; transfected cells were activated for 24 h. C, apoptosis was
measured after 24 h of activation using annexin V-FITC and 7-AAD staining. D, representative dot plots for
apoptosis; percentages of cells positive for annexin V-FITC and 7-AAD in the upper right quadrant (late apopto-
sis) are shown. In A–C, **, p � 0.01 versus unstimulated control cells transfected with empty vector; §§, p � 0.01
versus HP-stimulated cells transfected with A-Fos vector. In A and C, each experiment was performed three
times, each in duplicate. For B, the data are representative of three experiments. Ctrl, control.
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when compared with unstimulated control cells, but there was an
induction of c-Jun expression (Fig. 8G). Furthermore, H. pylori
failed to induce any expression of either c-Myc or ODC in the

gastric epithelial cells (Fig. 8H), in contrast to a 34-fold increase in
IL-8, which was used as a positive control. Taken together, these
data show that pc-Fos is very unlikely to be a constituent of an
AP-1 complex either in macrophages activated with other proto-
type bacterial pathogens or in gastric epithelial cells stimulated
withH. pylori and that in both of these cases c-Myc andODC are
not part of the host response.
Phosphorylation of ERK Is Essential for Binding of pc-Fos�c-

Jun to the c-Myc Promoter—Because of the apparently unique
nature of the AP-1 complex and the induction of c-Myc in H.
pylori-stimulated macrophages, we sought to determine
whether the pc-Fos and c-Jun heterodimer that we had identi-
fied binds to the AP-1 consensus sequence. We therefore per-
formed oligonucleotide pulldown assays with the biotinylated
AP-1 consensus sequence and H. pylori-activated macrophage
nuclear extracts (Fig. 9A). When the pulldown product was
analyzed by Western blotting, we found that it contained
pTh325c-Fos and c-Jun, but not pS73c-Jun. Pretreatment of cells
with PD98059 prevented the pulldown of pTh325c-Fos and
c-Jun (Fig. 9A). These findings indicate that H. pylori induces
dimerization of pc-Fos and c-Jun, this complex binds to the
AP-1 consensus sequence, and this process depends on phos-
phorylation of ERK.
Chromatin immunoprecipitation assay was performed to

determine whether this unique complex binds to the c-Myc
promoter in H. pylori-stimulated macrophages. As shown in
Fig. 9B, c-Myc has three AP-1 putative binding sites in its pro-
moter. When anti-pTh325c-Fos or anti-c-Jun antibodies were
used to immunoprecipitate DNA for PCR, only primer 1 (flank-
ing the AP-1 binding region between�2067 to�2058) showed
amplified products, and treatment of cells with PD98059 inhib-
ited the formation of these products (Fig. 9B). In contrast, anti-
pS73c-Jun antibody did not reveal an amplified product (data
not shown).
To verify binding of the AP-1 complex to this �2067 to

�2058 region of the c-Myc promoter, fluorescence polariza-
tion was performed using an Alexa 488-labeled DNA fragment
of this region. Cell lysates from macrophages activated with H.
pylori exhibited increased fluorescence polarization of the
labeled oligonucleotide, indicative of binding of the AP-1 com-
plex to the DNA probe; this effect was completely blocked by
PD98059 (Fig. 9C).
Apoptosis of Infiltrating Gastric Macrophages in H. pylori

Infection—To assess the biological relevance of the AP-1 com-
plex formation, we analyzed events in mice infected with H.
pylori. Using flow cytometry we quantified the number of
macrophages present in the stomach and the amount of apo-
ptosis (Fig. 10A). In uninfected mice there were 0.3 � 0.03 �
105macrophages/stomach; therewas an increase at 1 day posti-
noculation, and this peaked at day 2, with a 12-fold increase
(Fig. 10A). The number of macrophages decreased by 62% at 3
days postinoculation. In parallel, therewas amarked increase in
apoptosis that peaked at 48 h postinoculation (p � 0.01 versus
uninfected), suggesting that the depletion of macrophages was
attributable to this apoptosis. The number of gastric macro-
phages gradually increased after day 3, but because of a con-
comitant increase in apoptosis at time points of chronic gastri-
tis at 60 and 120 days postinoculation (p � 0.01 versus

FIGURE 7. Heterodimerization of pc-Fos and c-Jun in H. pylori-activated
macrophages. A, RAW 267.4 cells were pretreated with PD98059 (PD),
SB203580 (SB), or SP600125 (SP) as described above and activated with HP for
40 min. Immunoprecipitation (IP) of nuclear proteins was performed with 2
�g of anti-pTh325c-Fos or anti-c-Jun antibodies, followed by immunoblotting
(IB) for c-Jun and pTh325c-Fos proteins, respectively. B, cells were plated in
chamber slides and treated with HP with or without PD98059 as above. The
cells were fixed and permeabilized and stained for pTh325c-Fos and c-Jun
proteins, followed by detection with secondary antibodies conjugated with
Cy3 (green) and Cy5 (red), respectively. Using confocal microscopy, apparent
FRET was imaged (white). C, Cy3 and Cy5 intensity was measured in 100 cells
in five microscopic fields. D, Cy5 as an acceptor molecule was photo-bleached
in 100 cells from five different fields, and FRET efficiency was measured. For C
and D, **, p � 0.01 versus control; §§, p � 0.01 versus HP. For A and B, the data
are representative of three experiments. For C and D, summary data from
three separate experiments are shown. Inhib, inhibitor; Ctrl, control.
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uninfected), the number of macrophages in the stomach
remained below the peak level at 2 days postinoculation.
Induction of c-Myc andODCExpression and Formation of an

Active AP-1 Complex in vivo—Because H. pylori induced peak
apoptosis at 2 days postinoculation, we measured c-Myc and
ODC levels in gastricmacrophages at this time point and found
that mRNA expression of both genes was increased when com-
pared with cells from uninfected mice (Fig. 10B). To assess for
the presence of the AP-1 complex in vivo, whole gastric tissue

lysates were immunoprecipitated
with anti-c-Jun antibody, followed
by immunoblotting with anti-
pTh325c-Fos antibody (Fig. 10C).
There was a marked increase in
pc-Fos�c-Jun in tissues fromH. pylo-
ri-infected mice compared with
those from uninfected mice.
To assess for heterodimerization

of pc-Fos and c-Jun within gastric
macrophages, FRET analysis was
performed. The cells isolated from
infectedmice showed an increase in
pc-Fos and c-Jun staining and
increased FRET events (Fig. 10D).
There was a marked, 4.3 � 0.3-fold
increase in FRET efficiency (Fig.
10E). This interaction of pc-Fos and
c-Jun was confirmed by fluores-
cence polarization analysis, with the
specificity for this complex demon-
strated by attenuation following
immunodepletion with pc-Fos anti-
body (Fig. 10F).
Inhibition of ERK Decreases H.

pylori-induced Phosphorylation of
c-Fos and Apoptosis in Vivo—To
investigate the importance of this
AP-1 complex, the mice were
treated with PD98059. We chose
the peak time point of macrophage
influx and apoptosis at 48 h postin-
oculation for these studies. Because
of the limited numbers of isolated
gastric macrophages, we used flow
cytometry to evaluate proteins in
cells positively selected with F4/80.
H. pylori infection resulted in a sig-
nificant increase in the levels of
pERK, pc-Fos, and ODC in gastric
macrophages, each of which was
attenuated by injection of mice with
PD98059 (Fig. 11A). There was a
significant increase in macrophage
apoptosis with H. pylori infection
that was restored to the same level
as uninfected mice by the PD98059
treatment (Fig. 11, B and C). Taken
together, these data indicate that

ERK phosphorylation plays a causal role in the apoptosis of
infiltrating gastric macrophages in H. pylori infection through
the effects on AP-1 complex formation that leads to ODC
activation.

DISCUSSION

In the current report we demonstrate that macrophages
exposed to H. pylori exhibit the formation of a unique AP-1
heterodimer consisting of pc-Fos�c-Jun,whichwas presentwith

FIGURE 8. pc-Fos, c-Myc, and ODC are not induced in macrophages activated with C. rodentium or C. jejuni
or in gastric epithelial cells activated with H. pylori. A–D, RAW 264.7 cells were activated with French-
pressed lysates of C. rodentium (A and C) or C. jejuni (B and D) or H. pylori (A and B) at an MOI of 100 for the times
indicated. Western blotting was performed for pERK1/2 and pS374c-Fos (A and B) and c-Jun (C and D) using nuclear
lysates as in Fig. 4. E and F, real time PCR analysis for c-Myc and ODC mRNA levels in RAW 264.7 cells stimulated with
lysates of C. rodentium (C. rod) or C. jejuni (C. jej) at an MOI of 100 or live H. pylori bacteria (HP) at an MOI of 10.
G, Western blot analysis of pS374c-Fos and c-Jun in AGS gastric epithelial cells stimulated with live HP strain 60190 at
an MOI of 100 for the times indicated. Note that because of the absence of substantial signal at standard exposure
times, the pc-Fos blot shown represents a long enhanced chemiluminescence exposure time (10 min). H, real time
PCR analysis for c-Myc, ODC, and IL-8 in AGS cells stimulated with live H. pylori 60190 for 6 h. In E, F, and H, **, p � 0.01
versus control. In A–H, the data are from a minimum of two experiments. Ctrl, control.
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both in vitro and in vivo infection. The formation of this dimer
was dependent on ERK phosphorylation and resulted in c-Myc
and ODC expression and apoptosis. These findings are impor-
tant because failure of the immune response to H. pylori con-
tributes to its strong ability to colonize, as evidenced by preva-
lence rates approaching 100% in underdeveloped regions (45).
Our work provides new insight into the molecular mechanism
underlying the polyamine-mediated macrophage apoptosis
that contributes to the immunopathogenesis of H. pylori
infection.
We have observed that H. pylori-induced macrophage apo-

ptosis requires ERK phosphorylation. Although ERK activation
has been linked to anti-apoptotic and pro-survival signals, new
evidence has emerged that this can also result in apoptosis (46,
47). Similarly, c-Myc promotes proliferation in the presence of
growth factors but also causes apoptosis under conditions
of stress (48).We show thatH. pylori-induced phosphorylation
of ERK mediates induction of c-Myc and ODC, with similar
increases in mRNA and protein levels for both genes. Overex-
pression of constitutively active MEK1 in mammary epithelial
cells has been reported to increase the levels of both c-Myc and
ODC mRNA that was attenuated with ERK phosphorylation
inhibitors (49). However, this study was microarray-based,
without assessment of protein levels, and utilized ectopic
expression rather than a biological stimulus, as we have used. It
should be noted that pERK can enhance c-Myc protein levels
without affecting mRNA expression by increasing protein sta-
bility through phosphorylation of c-Myc (50). However, we
found that H. pylori stimulation of macrophages resulted in a
consistent, parallel increase in c-MycmRNAand protein levels,
indicating that c-Myc transcriptional activation is sufficient to
generate abundant c-Myc protein.
The duration of ERK activation has fundamentally different

effects on the balance of apoptosis and proliferation. As an
example, platelet-derived growth factor treatment in fibro-
blasts causes sustained phosphorylation of ERK, which pro-
motes entry of cells into the S phase and proliferation, whereas
epidermal growth factor causes transient activation of ERK that
fails to induce entry into the S phase (51). We have observed a
very rapid phosphorylation of ERK that occurs as early as 5min
after activation withH. pylori and returns to base-line levels by
80 min. Several groups have demonstrated that apoptosis that
requires ERK activation is dependent on nuclear localization of
pERK (52). In our study, pERKwas found to translocate into the
nucleus by 5 min after H. pylori stimulation, but this was tran-
sient, consistent with our findings of pERK-dependent induc-
tion of c-Fos phosphorylation and apoptosis.
ERK phosphorylation may lead to diverse biological out-

comes, and one important determinant is the effect on down-
stream sensor molecules, such as c-Fos and Egr-1 (51). In the
current study, we observed an increase in the expression of
c-Fos and c-Jun and the phosphorylation of both proteins. The

FIGURE 9. The pc-Fos�c-Jun dimer binds to the c-Myc promoter in H. pylori-
activated macrophages. RAW 267.4 cells were stimulated with HP with or
without MAPK inhibitors as above. A, oligonucleotide pulldown assay. Biotin-
ylated 21-bp oligonucleotides containing the AP-1 binding consensus
sequence were incubated with 100 �g of nuclear extracts. Captured proteins
were immunoblotted for pTh325c-Fos and c-Jun. B, chromatin immunopre-
cipitation assay. Top panel, illustration of the three putative AP-1 binding sites
in the c-Myc promoter. Two middle panels, immunoprecipitation (IP) was per-
formed with anti-pTh325c-Fos or c-Jun antibodies on chromatin from cells
treated as indicated. PCR for c-Myc was conducted using primers 1–3, fol-
lowed by agarose gel electrophoresis. The data shown are for primer 1; PCR
with primers 2 and 3 did not generate a product (not shown). Bottom panel,
input for primer 1; PCR products from sheared DNA without immunoprecipi-
tation are shown, indicating that an equal amount of DNA was used. Genomic

(Gen) DNA was used as a positive control for PCR. C, fluorescence polarization,
20 nM of Alexa 488-labeled DNA probe was incubated with nuclear proteins
(0.5 �g). In C, **, p � 0.01 versus control, §§, p � 0.01 versus HP; n � 3 separate
experiments. For A and B, the data are representative of three experiments.
Inhib, inhibitor; PD, PD98059; SB, SB203580; SP, SP600125.
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relative time kinetics for nuclear accumulation of pERK and
phosphorylation of c-Fos have been shown to decide the bio-
logical outcome of stimuli (20). We have shown that accumu-
lation of pERK in the nucleus precedes phosphorylation of
c-Fos in response to H. pylori. These findings are consistent
with a report that activatedERKaccumulates in the nucleus and
phosphorylates c-Fos at Ser374 and Thr325 in NIH3T3 fibro-
blasts activated with platelet-derived growth factor (53). This
leads to the concept that phosphorylation of c-Fos can increase
AP-1 transcriptional activity and, thus, biological outcomes
(53). Expression of c-Jun has been shown to be dependent on
ERK phosphorylation in neuronal cells (54). Phosphorylation at
Ser73 stabilizes c-Jun protein and increases AP-1 transcriptional
activity (18, 20). Inourexperiments,we found thatERKphosphor-
ylation is required for c-Jun protein expression and phosphory-
lationatSer73.Therefore, stabilizationof c-Junproteinby itsphos-
phorylation may be an important mechanism of transcriptional
activation of c-Myc inH. pylori-stimulated cells.

The AP-1 complex is characterized by dimers of c-Fos and
c-Jun family proteins (20). In our study, EMSA demonstrated

that inhibition of ERK phosphorylation attenuated binding of
nuclear proteins to AP-1 binding sequences. These data, cou-
pled with our c-Fos and c-Jun expression and phosphorylation
data, indicate that pc-Fos, rather than unphosphorylated c-Fos,
is of primary importance in the host signaling response to H.
pylori in macrophages. Moreover, the immunodepletion stud-
ies in the EMSA confirmed that pc-Fos is a component of theH.
pylori-induced AP-1 complex and also showed that pc-Jun is
not involved. In addition, our finding that immunodepletion of
c-Jun from nuclear proteins caused a partial reduction in bind-
ing to the AP-1 DNA probe implicates c-Jun as a partner pro-
tein in theH. pylori-inducible AP-1 complex. It should be noted
that higher concentrations of anti-c-Jun antibody had no addi-
tional effect on binding of nuclear proteins (data not shown),
indicating that pc-Fos may bind to other c-Jun family proteins
in the nucleus of H. pylori-stimulated macrophages.

Because the EMSA suggested that pc-Fos and c-Jun were
both binding to the AP-1 DNA probe, it was essential to estab-
lish whether these proteins interact with each other inH. pylori-
activated macrophages. The ability of pc-Fos to immunopre-

FIGURE 10. H. pylori infection induces apoptosis and pc-Fos�c-Jun complex formation in gastric macrophages in vivo. A, macrophages from C57BL/6 mice
sacrificed at the time points indicated after inoculation with H. pylori were positively selected with CD11b and stained with F4/80 as well as annexin V-FITC/
7-AAD. The number of macrophages (F4/80� cells, left y axis) and the percentage of macrophages that were apoptotic (annexin V�, total apoptosis, right y axis)
are shown. B, real time PCR for c-Myc and ODC mRNA levels in F4/80� cells (48 h postinoculation). C, pc-Fos�c-Jun AP-1 complex is present in gastric tissues from
infected mice (120 days postinoculation). Tissue homogenates (100 �g of protein) were immunoprecipitated (IP) with anti-c-Jun antibody (2 �g) followed by
immunoblotting (IB) for pTh325c-Fos. D–F, macrophages were positively selected with F4/80 from mouse stomach at 48 h postinoculation. FRET imaging (D)
and efficiency analysis (E) were performed as in Fig. 7. For F, fluorescence polarization was measured in cell lysates with or without immunodepletion with
anti-pTh325c-Fos antibody. In B and E, ***, p � 0.001 versus control; for F, **, p � 0.01 versus control, and §§, p � 0.01 versus HP without immunodepletion. For
A–F, n � 3– 6 mice in each group. Ctrl, control.
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cipitate c-Jun and vice versa indicates that these proteins are
principal components of the AP-1 complex. Our FRET data
further demonstrated that these two proteins are in close phys-
ical proximity each other, because it has been reported that
detectable FRET occurs when partner proteins are in the range
of 10–100 Å (41). The attenuation of this FRET with the inhi-
bition of ERK activity that we detected indicates that the close
approximation of the pc-Fos�c-Jun dimer depends on phosphor-
ylation of ERK. Several studies have assessed potential AP-1
constituents in the response to H. pylori (27–32), but in con-
trast to our study, they have not demonstrated the composition
of the complex, the physical interaction of the components, the
involvement of pc-Fos, or the role of AP-1 in apoptosis.
A major finding of our study was that AP-1 complex forma-

tionmediated apoptosis in cells activated with a prototype bac-
terial stimulus. In fact, AP-1 activation has been liked to apo-
ptosis in a variety of cell types (20). For example ectopic
overexpression of c-Fos or c-Jun causes apoptosis in fibroblasts
(55) and colonic epithelial cells (42). Also knockdown of c-Fos
and c-Jun by antisense oligonucleotides (56) or dominant-neg-
ative c-Jun (57) suppresses apoptosis induced by growth factor
withdrawal in lymphoid cells and neurons, respectively. We
have now directly demonstrated the role of AP-1 complex for-
mation in H. pylori-stimulated macrophages, because domi-
nant-negative c-Fos markedly attenuated apoptosis. Further-

more, this dominant-negative c-Fos inhibited c-Myc and ODC
expression in parallel, consistent with our previous implication
of these genes in H. pylori-stimulated macrophage apoptosis.
We have found that H. pylori activates ERK, which in turn

phosphorylates c-Fos. To our knowledge, there are no reports
of downstream targets of a pERK�pc-Fos pathway. However,
there is anAP-1 response element in the promoter of the c-Myc
gene (43). Consistent with this, we have shown that the c-Myc
promoter can recruit the pc-Fos�c-Jun complex inmacrophages
exposed to H. pylori, leading to expression of c-Myc. These
findings suggest the existence of a novel biochemical mecha-
nism that links H. pylori-induced phosphorylation of ERK,
c-Myc expression, and apoptosis through phosphorylation of
c-Fos and activation of the AP-1 transcription factor (Fig. 12).
This pathway also involves the coordinate action of an
unknown H. pylori response element in the ODC promoter
(Fig. 12), because we have found that deletion of the minimal
ODC promoter upstream of the c-Myc binding site prevents
promoter activation.4 Additionally, the induction of apoptosis
also requires the oxidativemetabolismof the polyamine sperm-
ine by the enzyme spermine oxidase that we have shown to

4 M. Asim, R. Chaturvedi, N. D. Lewis, K. Singh, D. P. Barry, T. de Sablet, A. P.
Gobert, and K. T. Wilson, unpublished observations.

FIGURE 11. Effect of ERK inhibition on levels of pc-Fos, ODC, and apoptosis in vivo. The mice were treated with PD98059 or vehicle by intraperitoneal
injection prior to infection with H. pylori. A, flow cytometry histogram analysis for levels of pERK, pTh325c-Fos, and ODC proteins in macrophages positively
selected with F4/80. The right shift in histograms represents increased protein expression. B, apoptosis was measured in gastric macrophages by flow
cytometry as in Fig. 9. C, representative dot plots for percentages of cells positive for annexin V-FITC. In B, *, p � 0.05 for HP-infected versus control; §, p � 0.05
for HP with PD98059 (PD) versus HP alone. For A-B, n � 3– 8 mice/group. Ctrl, control.

H. pylori-induced Apoptosis Is ERK- and AP-1-dependent

JUNE 25, 2010 • VOLUME 285 • NUMBER 26 JOURNAL OF BIOLOGICAL CHEMISTRY 20355



generate sufficient H2O2 to cause mitochondrial membrane
depolarization and thus apoptosis (8), as shown in Fig. 12.
These conclusions led to the question of whether the pERK-

pc-Fos�c-Jun-c-Myc-ODC pathway is canonical or potentially
specific to H. pylori. To this end, we have shown in this report
that other relevant bacterial stimuli that cause intestinal muco-
sal inflammation inmice (C. rodentium) and humans (C. jejuni)
failed to cause phosphorylation of c-Fos and also failed to
induce c-Myc or ODC expression in macrophages. Because
both pathogens increased the expression of c-Jun, they likely
induce a different AP-1 complex than the pc-Fos�c-Jun het-
erodimer thatwe have found to activate c-Myc transcription. In
addition, our findings that both of these infectious agents
induced accumulation of nuclear pERK, and yet there were not
increases in the levels of pc-Fos, c-Myc, orODCprovide further
evidence that the pathway in macrophages when stimulated
with H. pylori is not canonical in nature. Moreover, the pERK
activation was sustained with exposure to these other enteric
pathogens compared withH. pylori, which was transient, again
suggesting that the pERK-pc-Fos�c-Jun pathway is not the same
under all stimulatory conditions. Additionally, our data in AGS
gastric epithelial cells further suggest that the pathway in
macrophages is noncanonical, becauseH. pylori did not induce
phosphorylation of c-Fos and expression of c-Myc or ODC in
these cells.
It should be noted that in monocytic cells, ERK and AP-1

have been studied in the response to H. pylori (31–33). How-
ever, in those studies, a role for pc-Fos has not been shown, and
other pathways including p38 MAPK and NF-�B have been
implicated in the cytokine responses (32, 33). In contrast, we
found that inhibition of p38 had no effect and that interference
with c-Fos phosphorylation with a dominant-negative plasmid
completely attenuated the induction of apoptosis. Similarly, in
studies in gastric epithelial cells (27–30), the role of pc-Fos in

AP-1 complex formation has not
been assessed, and p38 as well as
JNK have been implicated in the
cytokine response, in contrast to
our results in macrophages. Fur-
ther, the role of pERK or AP-1 has
not been previously studied in the
setting of H. pylori-induced expres-
sion of c-Myc, ODC, or apoptosis in
either macrophages or epithelial
cells.
Another goal of our study was to

establish the involvement of the
pERK�pc-Fos pathway in gastric
macrophages duringH. pylori infec-
tion in vivo. Rapid infiltration of
inflammatory cells, such as macro-
phages and neutrophils (39), as well
as dendritic cells (58) has been dem-
onstrated in murine H. pylori infec-
tion, which is followed by a decrease
in the number of these cells. We
now show that the depletion of infil-
trating macrophages is likely attrib-

utable to apoptosis. Furthermore, we have demonstrated that
the pc-Fos�c-Jun dimer is present in the gastric macrophages
from H. pylori-infected mice, and this correlates with c-Myc
andODC expression. This is the first report of the formation of
thisAP-1 complex in tissue-derivedmacrophages.Our findings
also suggest that that this complex is functional in vivo, because
inhibition of ERK phosphorylation prevented H. pylori-in-
duced apoptosis in the gastric macrophages. It has been
reported that inhibition of ERKwith PD98059, as used, resulted
in a reduction in brain injury in a mouse model of cerebral
infarction (59), but apoptosis was not specifically assessed.
Our data have elucidated a novel aspect of immune dysregu-

lation in H. pylori infection, namely the formation of a specific
AP-1 complex that we have implicated in the causation of
macrophage apoptosis. There is substantial evidence that
enhancing the innate and adaptive immune response via vac-
cine strategies can limit or prevent colonization inmousemod-
els (60, 61). Strategies that could lead to protection of infiltrat-
ing gastric macrophages from apoptosis could lead to 1)
enhanced antimicrobial effector function of these cells and 2)
potentiation of the adaptive immune response that depends on
antigen-presenting and paracrine signaling functions from
macrophages. Therefore, targeted treatments that would selec-
tively block this unique pathway of c-Myc/ODC-mediated apo-
ptosis could prove valuable in the management of H. pylori
infection. Such strategies are potentially very important
because of the large disease burden ofH. pylori infectionworld-
wide and issues of antibiotic resistance. �-Difluoromethylorni-
thine is a known inhibitor of ODC but would inhibit ODC sys-
temically, which could limit its broad utility for this purpose.
Small molecule library screening has yielded candidate com-
pounds that can inhibit AP-1 in cell-free assays (62). Assess-
ment of such molecules in H. pylori-activated macrophages
could prove to be a fruitful area of future investigation.

FIGURE 12. Pathway for induction of apoptosis in H. pylori-stimulated macrophages by an AP-1-depen-
dent mechanism leading to polyamine-derived oxidative stress. As demonstrated in the current report, H.
pylori causes activation of ERK1/2 phosphorylation by MEK1/2 that leads to nuclear translocation of pERK. This
results in the induction of both c-Fos and c-Jun and the phosphorylation of c-Fos. pc-Fos and c-Jun form an
AP-1 complex that binds to the c-Myc gene leading to expression of c-Myc mRNA and protein. This c-Myc
protein in the cytoplasm translocates to the nucleus and enhances ODC transcription (9) in concert with
activation of a purported H. pylori response element (HPRE). This induction of ODC leads to increased genera-
tion of the polyamines putrescine, spermidine, and spermine. In parallel, H. pylori up-regulates the expression
and activity of the enzyme spermine oxidase (SMO), which back-converts spermine to spermidine, a process
that generates H2O2, which causes apoptosis through mitochondrial membrane depolarization (8).
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