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Abstract

BACKGROUND & AIMS—The gastric cancer-causing pathogen Helicobacter pylori
upregulates spermine oxidase (SMOX) in gastric epithelial cells, causing oxidative stress-induced
apoptosis and DNA damage. A subpopulation of SMOXN8h cells are resistant to apoptosis, despite
their high levels of DNA damage. Because epidermal growth factor receptor (EGFR) activation
can regulate apoptosis, we determined its role in SMOX-mediated effects.

METHODS—SMOX, apoptosis, and DNA damage were measured in gastric epithelial cells from
H pylori-infected Egfr%a> mice (which have attenuated EGFR activity), Egfr wild-type mice, or in
infected cells incubated with EGFR inhibitors or deficient in EGFR. Phosphoproteomic analysis
was performed. Two independent tissue microarrays containing each stage of disease, from
gastritis to carcinoma, and gastric biopsies from Colombian and Honduran cohorts were analyzed
by immunohistochemistry.

RESULTS—SMOX expression and DNA damage were decreased, and apoptosis increased in H
pylori-infected Egfr¥a® mice. H pylori-infected cells with deletion or inhibition of EGFR had
reduced levels of SMOX, DNA damage, and DNA damage9" apoptosis'®" cells.
Phosphoproteomic analysis revealed increased EGFR and ERBBZ2 signaling. Immunoblot analysis
demonstrated the presence of a phosphorylated (p) EGFR-ERBB2 heterodimer and pERBB2;
knockdown of ErbB2 facilitated apoptosis of DNA damageli9h apoptosis'®¥ cells. SMOX was
increased in all stages of gastric disease, peaking in tissues with intestinal metaplasia, whereas
PEGFR, pEGFR-ERBB2, and pERBB2 were increased predominantly in tissues demonstrating
gastritis or atrophic gastritis. Principal component analysis separated gastritis tissues from patients
with cancer vs those without cancer. pPEGFR, pPEGFR-ERBB2, pERBB2, and SMOX were
increased in gastric samples from patients whose disease progressed to intestinal metaplasia or
dysplasia, compared with patients whose disease did not progress.

CONCLUSIONS—In an analysis of gastric tissues from mice and patients, we identified a
molecular signature (based on levels of pEGFR, pERBB2, and SMOX) for the initiation of gastric
carcinogenesis.

Keywords
marker; prognostic factor; risk; signal transduction pathways
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Introduction

Helicobacter pylori is a microaerophilic Gram-negative bacteria that selectively colonizes
the human stomach. The infection is acquired in childhood and induces gastritis, and in a
subgroup of patients, this progresses to gastric cancer through a cascade of histologic lesions
consisting of multifocal atrophic gastritis (MAG), intestinal metaplasia (IM), and
dysplasia.l2 Gastric cancer is the second leading cause of cancer-related deaths worldwide.
Because half of the world’s population is infected, H pylori incurs a substantial disease
burden.3 Moreover, epidemiologic studies suggest that H pylori prevalence is inversely
correlated with a number of diseases including asthma and gastroesophageal reflux
disease.*® A greater understanding of the specific mediators of H pylori-induced gastric
cancer is therefore needed to establish markers of disease risk.

Adherence of H pylori to gastric epithelial cells has been shown to stimulate numerous
signaling pathways, including epidermal growth factor receptor (EGFR) activation.® EGFR
tyrosine kinases are key regulators of oncogenic transformation and tumor progression, and
are composed of four avian erythroblastic leukemia-associated viral oncogene B (ERBB)
homologues: namely EGFR (ERBB1), ERBB2, ERBB3, and ERBB4.”:8 Binding of a ligand
to these receptors initiates homodimerization and/or heterodimerization and subsequent
tyrosine kinase activation.® While the ligand for ERBB2 remains unknown,
heterodimerization of EGFR with ERBB2 induces phosphorylation of ERBB2 and
activation of an intracellular signaling cascade that modulates cellular responses.1011

H pylori infection induces apoptosis and DNA damage in gastric epithelial cells.}2-16 The
accumulation of cells with damaged DNA plays a crucial role in the process of
carcinogenesis. We have reported that H pylori infection induces the expression of spermine
oxidase (SMOX), an enzyme that catabolizes the polyamine spermine to spermidine and
produces H,0, as a byproduct.12:13 The resulting oxidative stress causes apoptosis in
epithelial cells, but also increases DNA damage.12-13 Further, H pylori infection results in
the generation of a subpopulation of gastric epithelial cells with high levels of DNA damage
that are resistant to apoptosis.12 We have also reported that the H pylori-stimulated increase
in phosphorylated EGFR (pEGFR) protects epithelial cells from apoptosis.1 In the current
report, we demonstrate that increased SMOX expression and DNA damage in H pylori
infection is dependent on pEGFR. We used a phosphoproteomics approach to establish the
involvement of the ERBB2 signaling pathway, and then directly demonstrate that
interference with EGFR activation or ERBB2 eliminates cells with DNA damage that are
resistant to apoptosis. Our studies also reveal that in human subjects, SMOX, pEGFR, the
pEGFR-ERBB?2 heterodimer, and pERBB2 constitute a biologically relevant molecular
signature for progression of disease.

Materials and Methods

Reagents

See Supplementary Methods.
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Cell and Culture Conditions, Bacteria, and Mice

Mouse conditionally immortalized stomach epithelial (ImSt) and EGFR™~ ImSt cells were
grown and co-cultured with H pylori cagA* strains PMSS1 or 7.13 at a multiplicity of
infection of 200 as described.12:17 C57BL/6 wild-type (WT) and Egfra> mice possessing an
antimorphic EGFR allele that attenuates EGFR phosphorylation,18 were infected with
PMSS1 for 8 weeks.

Human Subjects

Additional M

Four human study populations were used (see Supplementary Methods). 1) Surgical
specimens from Vanderbilt University Hospital from gastric resections; 209 cores from 84
cases in two tissue microarrays (TMAS). 2) A TMA of gastric tissues purchased from US
Biomax, Inc. (Rockville, MD). 3) Biopsies from a longitudinal cohort from the Andean high
gastric cancer risk region of Colombia.19 There were 976 original cases randomized to H
pylori treatment or placebo in 1991; antral biopsies from the 3-year follow-up were used as
the baseline and were selected based on having multifocal atrophic gastritis, H pylori-
positive status, and follow-up data being available at the 16-year timepoint. Amongst these
patients, 25/68 progressed to metaplasia or dysplasia (36.7%, 95% CI 25.9% — 48.5%) at 16
years, a rate of progression of 3.48 per 100 person years (95% CI 2.4 — 4.9). 4) Antral
biopsies from H pylori-positive subjects from a high gastric cancer region of western
Honduras.20

olecular Assays
See Supplementary Methods for description of real-time PCR; immunoblotting and

immunoprecipitation; flow cytometry for SMOX, DNA damage and apoptosis; transfection
of siRNA against ErbB2 and H pylori serology.

Immunohistochemistry for SMOX, pEGFR and pERBB2; Ligation Assay for pPEGFR—-ERBB2

Heterodimer

See Supplementary Methods.

Stable Isotope Labeling by Amino Acids in Cell Culture (SILAC)

See Supplementary Methods.

Peptide Digestion, Phosphopeptide Enrichment, Liquid Chromatography Tandem Mass

Spectrometr

y (LC-MS/MS) and Mass Spectrometry Data Analysis
See Supplementary Methods.

Pathway Analysis, Motif analysis, and Heat Maps

Phosphoproteins were analyzed as described in Supplementary Methods.

Isolation of Epithelial Cells from Gastric Tissue

Gastric epithelial cells were isolated as described.12
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Statistical Analysis

Quantitative data are shown as the mean, + SE as appropriate. Analyses are in the
Supplementary Methods.

Results

Genetic Attenuation of EFGR Activation in Mice Leads to Decreased Levels of SMOX and
DNA Damage in vivo During H pylori Infection

We have reported that SMOX induced by H pylori infection causes oxidative stress that
leads to both DNA damage and apoptosis in gastric epithelial cells, and that infection causes
phosphorylation of EGFR in vitro and in vivo.1214.17 We therefore investigated the role of
EGFR in the regulation of H pylori-induced SMOX expression and DNA damage in gastric
epithelial cells using a mouse model. When assessed by flow cytometry (Figure 1A), gastric
epithelial cells isolated from WT mice infected with H pylori for 2 months demonstrated
increased levels of SMOX protein, the DNA damage marker 8-oxoguanosine, and the
apoptosis marker active caspase-3, compared to cells isolated from uninfected WT mice.
Epithelial cells from infected EgfrVa> mice with defective EGFR activation, when compared
to those from WT mice, exhibited decreased levels of SMOX and 8-oxoguanosine (Figure
1A and B). In contrast, apoptosis was further increased in gastric epithelial cells from
infected Egfr¥a> mice when compared to WT mice (Figure 1A). When SMOX and 8-
oxoguanosine were analyzed simultaneously (Figure 1C), there was a marked increase in the
SMOXNigh 8-oxoguanosinedh cells in infected WT mice, whereas the percentage of these
cells in infected EgfrVa> mice was similar to that in uninfected WT mice. These findings
indicate that EGFR transactivation is needed in vivo to generate a population of cells at
increased risk for transformation that harbor SMOX-mediated oxidative DNA damage, even
though levels of histologic gastritis and H pylori colonization were not different in Egfrva>
mice when compared to WT mice (Supplementary Figure 1 A and B).

Levels of SMOX Expression and Phosphorylated EGFR Are Increased in Preneoplastic
Lesions in Human Gastric Tissues

To provide direct clinical relevance for an interaction between EGFR activation and SMOX,
we generated and immunostained a tissue microarray (TMA) for SMOX and pEGFR. As
shown in Figure 2A, SMOX staining in normal gastric tissues was weak and restricted to the
surface epithelium. Staining was strongly increased in surface epithelial cells and within
deep glands in tissues with non-atrophic gastritis, remained increased in atrophic gastritis,
and was significantly further increased in IM, where it reached maximum levels (Figure 2A
and 2B). In intestinal type gastric cancer specimens, SMOX staining was increased
compared to normal tissues and there were some tissues with high expression, but overall,
staining was less than in IM, and SMOX was further decreased in cancer of the diffuse type
(Figure 2A and B). We obtained similar results when SMOX levels were assessed by
immunofluorescence (Supplementary Figure 1). Additionally, marked nuclear localization
of SMOX was detected on high power images when examined by immunohistochemical or
immunofluorescent staining (Supplementary Figure 2). pEGFR staining was significantly
increased in gastritis and atrophic gastritis tissues, but was relatively attenuated in IM and
gastric cancer (Figure 2A and C). pEGFR and SMOX levels were correlated in gastritis and
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atrophic gastritis tissues (Figure 2D), but not in more advanced lesions (not shown). Levels
of SMOX or pEGFR in gastritis tissue cores did not correlate with acute or chronic
inflammation, or with severity of atrophy (Supplementary Table 1). In a separate TMA,
staining levels also peaked for SMOX in IM, and for pEGFR in gastritis and atrophic
gastritis, respectively (Supplementary Figure 3). These results indicate that the interaction of
PEGFR and SMOX expression is associated with initiation of the progression to
preneoplastic lesions.1:21

Pharmacological Inhibitors of EGFR Phosphorylation Decrease Levels of H pylori-induced
Spermine Oxidase Expression and DNA Damage

To more definitively establish the role of EGFR activation in SMOX induction, we
pretreated conditionally immortalized ImSt cells with EGFR tyrosine kinase inhibitors
AG1478 (Figure 3A) or PD53035 (Supplementary Figure 4), and found that the pretreatment
attenuated the levels of SMOX mRNA expression stimulated by H pylori strain 7.13.
AG1478 decreased levels of H pylori-induced SMOX protein expression by 78% and 76%
when assessed by Western blotting, and flow cytometry, respectively (Figure 3B-D). There
was a concomitant decrease in H pylori-induced oxidative DNA damage in AG1478-treated
cells (Figure 3E and F). AG1478 similarly reduced SMOX expression and DNA damage in
ImSt cells infected with H pylori strain PMSS1 (Supplementary Figure 5). Treatment of
ImSt cells with the prototype EGFR ligand, EGF, which readily induces phosphorylation of
EGFR (Supplementary Figure 6), failed to induce SMOX or DNA damage (Supplementary
Figure 7), indicating that phosphorylation of EGFR alone is not sufficient to induce SMOX.
Thus, H pylori-mediated induction of SMOX in gastric epithelial cells requires
phosphorylation of EGFR, and additional H pylori-specific constituents.12

Levels of SMOX Expression, DNA Damage, and Cells With DNA Damage and Resistance to
Apoptosis Are Decreased in H pylori-infected Gastric Epithelial Cells That Lack EGFR

Survival of cells with damaged DNA is an important step in carcinogenesis. We have
reported that H pylori infection in vitro and in vivo results in a subpopulation of 8-
oxoguanosineM9h, active caspase-3'°" (DNA damage9h, apoptosis!®W) cells. We used ImSt
cells from Egfr~/~ mice crossed to the immortomousel” to determine the role of EGFR in
the generation of 8-oxoguanosineM9", active caspase-3'°W cells during H pylori infection. As
expected, in Egfr~/~ ImSt cells, treatment with EGF no longer induced phosphorylation of
EGFR, and phosphorylation of the downstream MAP kinase, ERK1/2, was not detected,
despite intact total ERK protein levels (Supplementary Figure 6). When activated with H
pylori, the increase in pEGFR levels in WT cells was eliminated in Egfr~'~ cells (Figure
4A). In contrast to WT cells, SMOX levels were reduced to basal levels in infected Egfr =/~
cells (Figure 4B). When assessed by flow cytometry, there was a significant attenuation in
the levels of increased SMOX and 8-oxoguanosine in infected Egfr~/~ cells compared to the
marked increases that were observed in WT cells (Figure 4C and D). Similarly, with H
pylori infection there was an increase in the percentage of WT ImSt cells exhibiting
oxidative DNA damage that was completely eliminated in Egfr~'~ cells (Figure 4E and F).
In contrast, the increase percentage of apoptosis in WT cells was further increased in
Egfr~/~ cells (Figure 4E and F). Importantly, generation of the 8-oxoguanosinedh, active
caspase-3'°W cell subpopulation in WT cells exposed to H pylori was significantly reduced
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in Egfr~/~ cells (Figure 4E and F). Consistent with these data, addition of the EGFR
inhibitor AG1478 also prevented the generation of the oxoguanosineMdh, active caspase-3!oW
subpopulation in ImSt cells infected with H pylori (data not shown). Collectively, these data
indicate that pEGFR is required for the increased levels of SMOX and DNA damage in H
pylori-infected gastric epithelial cells, and also protects cells with DNA damage from
undergoing apoptosis.

Quantitative Phosphoproteomics Identifies Activation of EGFR and ERBB2 Signaling
Pathways in H pylori-infected Gastric Epithelial Cells

To identify the signaling pathways that are activated via phosphorylation during H pylori
infection in gastric epithelial cells we next took an unbiased, quantitative SILAC-based
phosphoproteomics approach in which uninfected and H pylori-infected cells were labeled
with light and heavy amino acids, respectively. We detected 5218 unique phosphopeptides
in ImSt cells. H pylori activation increased the levels of 1278 unique phosphopeptides by
>2-fold (Figure 5A), which corresponded to 779 unique phosphoproteins. Analysis of
upregulated phosphopeptides for kinase substrate distribution by KinasePhos indicated the
presence of substrates for 18 kinases, including EGFR and its downstream kinases ERK and
AKT (Figure 5B). Examination of upregulated phosphoproteins by Ingenuity Pathway
Analysis demonstrated significant enrichment of several signaling pathways, including
EGFR and ERBB2, but not ERBB3 or ERBB4 (Figure 5C). Phosphoproteins enriched
within ERBB2 signaling pathways showed a significant increase in their respective
phosphopeptides with H pylori activation (Supplementary Figure 8A). Representative
tandem mass spectra of phosphopeptides enriched in ERBB2 signaling are shown as
Supplementary Figure 9. When we analyzed samples from ImSt cells in which amino acid
labels were swapped in a second experiment, we observed a mirror image of Figure 5A for
phosphopeptides (Supplementary Figure 8B). Additionally, enrichment of pathways
(Supplementary Figure 8C) were similar to the findings in Figure 5C. Taken together, the
pathway and kinase substrate distribution analyses indicate that H pylori infection can
activate numerous signaling pathways as early events in gastric epithelial cells, including
EGFR and ERBB2, which are known to regulate diverse functions relevant to our studies,
including apoptosis.8

H pylori Infection Causes pEGFR-ERBB2 Dimerization, and Phosphorylation of ERBB2
That Depends on Phosphorylation of EGFR and Leads to Apoptosis Resistance

Our phosphoproteomics data indicate that H pylori infection can activate EGFR and ERBB2
signaling in gastric epithelial cells. ERBB2 can form a heterodimer with pEGFR, which then
leads to phosphorylation of ERBB2 at tyrosine(Y1221/1222) and thus activation of the
ERBB?2 signaling pathway.22:23 Immunoprecipitation with anti-pEGFR(Y1068) and
Western blotting with anti-ERBB2 antibody indicated an increase in the pPEGFR-ERBB2
heterodimer in H pylori-infected ImSt cells (Figure 5D). In contrast, there was no
dimerization of pPEGFR with ERBB3 or ERBB4 (data not shown). Western blot analysis
demonstrated that H pylori infection increased pERBB2(Y1221/1222) in ImSt cells; this was
attenuated by AG1478 (Figure 5D), indicating that H pylori infection leads to dimerization
of pEGFR and ERBB2 and that phosphorylation of ERBB2 within infected cells depends on
pPEGFR.

Gastroenterology. Author manuscript; available in PMC 2015 June 01.
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To assess the biological significance of pPERBB2, we performed knockdown of ErbB2 using
SiIRNA in ImSt cells (Supplementary Figure 9A). Knockdown of ErbB2 did not change the
levels of H pylori-induced SMOX expression or overall DNA damage (Supplementary
Figure 9B), but instead significantly decreased the 8-oxoguanosine9" active caspase-3'°W
subpopulation (Figure 5E and F), with a concurrent increase in the 8-oxoguanosinehiah
active caspase-319" subpopulation (Figure 5E and F). Together, these data indicate that
ERBB?2 activation protects 8-oxoguanosine™9n cells from apoptosis.

Levels of pPEGFR-ERBB2 Heterodimer and pERBB2 Are Increased in Human Biopsies with
Gastric Inflammation

To assess levels of the pPEGFR-ERBB2 heterodimer and pERBB2 in clinical samples, we
utilized the TMA described in Figure 2. We detected increased levels of both the pEGFR—
ERBB2 heterodimer (Figure 6A and B) and pERBB2 (Figure 6A and C) in tissues with either
gastritis or atrophic gastritis when compared to normal controls. As shown in the higher
power fields in Figure 6A, there was increased basolateral pPEGFR-ERBB2 and pERBB2
staining in surface epithelial cells and in deep gastric glands. Staining for pPEGFR-ERBB2
and pERBB2 was less prominent in IM and GC of the intestinal or diffuse type (Figure 6B
and C). Levels of pPEGFR-ERBB2 and pERBB?2 staining was significantly correlated in
gastritis and atrophic gastritis (Figure 6D), consistent with pPEGFR-ERBB2 dimerization
leading to activation of ERBB2 in the early stages of H pylori-associated disease. In the
second TMA, we confirmed that pERBB2 was less prominent in IM and GC when
compared to gastritis or atrophic gastritis (Supplementary Figure 3).

Levels of pEGFR, pERBB2 and pEGFR—ERBB2 Distinguish Cancer vs Non-cancer Patients

A subgroup analysis of gastritis and atrophic gastritis tissues from cancer and non-cancer
patients failed to identify significant differences between these two groups in staining
intensity of pEGFR, pERBB2 or pPEGFR-ERBB?2 as individual parameters. However,
principal component analysis of these variables combined, generated 2 distinct clusters
(Figure 6E). Presented as heat map (Figure 6F), tissues in Cluster 1 exhibited higher levels
of pEGFR, pERBB2, and pEGFR-ERBB?2 staining intensity; all of these gastritis and
atrophic gastric tissues were from stomachs of cancer patients. In contrast, the tissues in
Cluster 2 exhibited low levels of staining intensity and were all from non-cancer patients
(Figure 6F).

Validation of TMA Findings in Biopsies From H pylori-infected Subjects

To provide translational significance, we used endoscopic antral biopsies from Honduras,
and selected gastritis and preneoplastic lesions (atrophy and complete IM) where H pylori
infection was confirmed by Steiner staining, and/or serology in cancer cases. Similar to our
TMA datasets, we detected a stepwise increase in SMOX staining from gastritis to IM, and
increases in pEGFR in gastritis and atrophic gastritis, and pERBB?2 in gastritis; levels of
SMOX were again increased in intestinal type GC, while pEGFR and pERBB2 were not
(Figure 7A, Supplementary Figure 11). Also, there was a positive correlation between
pPEGFR and SMOX levels in gastritis and atrophic gastritis (Figure 7B), as in the TMA data.

Gastroenterology. Author manuscript; available in PMC 2015 June 01.
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Levels of SMOX or pEGFR in gastritis biopsies did not correlate with acute or chronic
inflammation, or with severity of infection (Supplementary Table 2).

Levels of pEGFR, pERBB2, pEGFR-ERBB2, and SMOX Predict Progression of Disease
From Atrophic Gastritis to IM or Dysplasia

Since we observed that gastritis or atrophic gastritis tissues from cancer patients exhibited
higher levels of pEGFR, pEGFR-ERBB2, and pERBB2 compared to these same tissues
from non-cancer patients, we tested whether this pathway may represent a molecular
signature for progression of disease. We analyzed gastric biopsies of patients with multifocal
atrophic gastritis from a longitudinal cohort from Colombia, that were all H pylori positive
at baseline, and progressed or not to IM/dysplasia after 13 more years of follow-up. Levels
of pEGFR, pEGFR-ERBB2 heterodimer, and pERBB2 staining intensity at baseline were
higher in patients that progressed to IM or dysplasia compared to non-progressors (Figure
7C and D). Consistent with our findings that EGFR signaling contributes to SMOX
expression, there was also an increase in SMOX staining in progressors vs non-progressors.
Progressors and non-progressors had similar H pylori density, and there was no difference in
staining results in progressors based on H pylori status after 13 years of follow-up
(Supplementary Figure 12).

Discussion

This study reveals a new function of activated EGFR during H pylori infection. Although
PEGFR is linked to repair of irradiation-induced DNA damage,24 we have demonstrated that
PEGFR is an upstream event that leads to H pylori-induced DNA damage in gastric
epithelial cells. Our data indicate that activation of EGFR is required for H pylori-induced
increases in SMOX that causes DNA damage in gastric epithelial cells. Either
pharmacologic or genetic inhibition of EGFR resulted in attenuated SMOX expression and
DNA damage with H pylori infection. Overexpression of constitutively-activate EGFR in
glioblastoma cells increases reactive oxygen species and DNA damage,2® but herein EGF
did not increase SMOX or DNA damage. Thus, pEGFR is not sufficient, but is required to
increase SMOX expression and DNA damage in H pylori-infected gastric epithelial cells.
Inhibition of EGFR abrogated H pylori-stimulated SMOX mRNA expression, and we
reported that H pylori upregulates SMOX promoter activity, suggesting EGFR signaling
may act to enhance transcription.13 SILAC data show increased phosphorylation of AP1
complex components, and the minimal promoter of SMOX reveals an AP1 binding site (data
not shown).

SMOX mRNA and protein expression is increased in endoscopic biopsies from patients with
gastritis.12 We now extended these studies by using two independent TMAs from gastric
resections, and a case series of gastric biopsies that spanned the spectrum of disease from
gastritis to carcinoma. Strikingly, levels of SMOX were highest in cases with IM. This
suggests a potential causal role for SMOX in the development of metaplasia; the finding that
intestinal type cells express higher levels of SMOX may reflect that these cells are
substantially different from gastric gland cells. Nuclear SMOX levels were also increased in
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tissues with gastritis, atrophic gastritis, IM, or GC indicating more proximity of SMOX to
cellular DNA, and increased likelihood of oxidative DNA damage.

The current study demonstrated that levels of SMOX decreased in gastric cancer when
compared to IM tissues, although SMOX levels in cancer were higher than in normal
tissues. These data are similar to that reported in a prostate TMA, in which there was
maximal staining in prostatic intraepithelial neoplasia (PIN) vs inflammation and cancer.26
The decrease in SMOX in both prostate and gastric cancer relative to earlier stages in
neoplastic progression may be due to loss of differentiation or trans-differentiation of
epithelial cells, or persistence of cells in tumors that are low expressers of SMOX, since
cells with high levels of SMOX are more likely to undergo apoptosis.

In the case of pEGFR staining, in both TMAs and in the Honduran biopsies there was a
strong correlation with SMOX expression in gastritis or atrophic gastritis tissues, but not in
IM or GC. Similarly, in another study in prostate tissues, EGFR was increased in benign
stages, decreased in PIN, and absent in prostate cancer.2’” EGFR overexpression has been
associated with poor prognosis in gastric cancer, although only 40% of the gastric cancer
tissues were positive for EGFR overexpression.28:2% TMA data showing that levels of
PEGFR are increased in gastritis and atrophic gastritis, but not in IM, dysplasia or GC,
indicate that EGFR signaling and associated SMOX induction could be involved in initiation
of gastric carcinogenesis.

H pylori infection generates a subpopulation of epithelial cells with high levels of DNA
damage that are resistant to apoptosis'? and pEGFR protects cells from H pylori-induced
apoptosis.}4 We now show that deletion of EGFR eliminated the SMOXhigh g-
oxoguanosinedh, active caspase-3'°W cell population. The EGFR inhibitor AG1478
produced similar results (data not shown). Our studies indicate that the dual effect of
increased pEGFR and SMOX causes DNA damage, and pEGFR interaction with ERBB2
prevents clearance of cells with DNA damage. Our SILAC experiments demonstrate that H
pylori upregulates EGFR and downstream ERBB2, but not ERBB3 or ERBB4 signaling.
Although ERBB2-4 are expressed in gastric tissues or cell lines, their role in H pylori-
induced carcinogenesis is not known,30-32

Anti-EGFR(Y1068) antibody immunoprecipitated ERBB2, but not ERBB3 or ERBB4,
indicating a specific interaction of pPEGFR with ERBB2. While ERBB?2 is increased in 15—
35% of intestinal type gastric adenocarcinomas, pERBB2 has not been investigated.33
pERBB2 leads to activation of downstream signaling that can regulate apoptosis.3* Herein,
ERBB2 knockdown increased H pylori-induced apoptosis, and eliminated DNA
damagen9hapoptosis'®¥ cells. Knockdown of ERBB2 reduced pAKT (data not shown),
which has been implicated in survival of H pylori-infected cells. Increased pEGFR signaling
may inappropriately protect cells with DNA damage from apoptosis by activation of ERBB2
and AKT, leading to cells with aberrant DNA.

Similar to the pEGFR staining, there was increased staining for pEGFR-ERBB?2 in gastritis
and atrophic gastritis tissues. The correlation of levels of downstream pERBB2 with EGFR/
ERBB?2 suggests that the heterodimer is functional. The PCA data indicate that in adjacent
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gastritis or atrophic gastritis tissues from patients with gastric cancer there were higher
levels of pEGFR, pEGFR-ERBBZ2, and pERBB2, compared to tissues from patients that did
not have gastric cancer, highlighting the importance of pEGFR-ERBB2 in activating
ERBB2. Increased pERBB2 was confirmed on a second TMA and in the Honduran biopsies.

While it is established that H pylori causes chronic active gastritis and is the strongest risk
factor for gastric carcinogenesis, our data indicate that the severity of gastritis or infection
does not predict the intensity of the pPEGFR/pErB2/SMO molecular signature. However, H
pylori infection per se may not be the main determinant, as we have shown that patients
harboring strains with functional CagA exhibit higher SMOX expression and associated
DNA damage?, and that phylogeographic origin of strains is a likely determinant of
histologic disease progression and DNA damage.3°. Further, the clinical importance of the
proposed molecular signature was validated in H pylori-positive Honduran cases along the
cascade from gastritis to carcinoma, and in a longitudinal Colombian cohort. In the latter,
pPEGFR, pERBB2, and SMOX were upregulated in baseline biopsies from subjects whose
histologic lesions later progressed to IM or dysplasia compared to those that did not.

Because antibiotic-based eradication of H pylori is not feasible worldwide, is associated
with increased risk for multiple diseases, and may not be beneficial once IM is present,
strategies are greatly needed to select patients for eradication or institution of endoscopic
surveillance. Our studies suggest that SMOX, pEGFR, pEGFR-ERBB2, and ERBB2
represent key molecular mediators of disease progression.
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Figure 1.

Levels of SMOX protein, DNA damage, and apoptosis in mice infected with H pylori.
C57BL/6 wild-type (WT) and Egfr¥a> mice were infected with PMSS1 for 8 weeks, and
gastric epithelial cells were isolated at 2 months post-inoculation. (A) Summary data for
levels of SMOX, 8-oxoguanosine, and active caspase-3, measured by flow cytometry. ***P
<.001 vs uninfected WT control (Ctrl); 8P < .05, §8P < .01 vs infected WT mice. (B)
Representative histograms for SMOX and 8-oxoguanosine. (C) Representative dot plots for
simultaneous analysis of SMOX and 8-oxoguanosine.
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Figure 2.

Levels of SMOX and pEGFR in human TMA. (A) Immunohistochemistry for SMOX and
PEGFR at 100X magnification. (B, and C) Scoring of SMOX and pEGFR staining intensity
in epithelial cells from immunohistochemistry analysis. (D) Correlation (Pearson
coefficient) between SMOX and pEGFR levels. In B and C, each circle represents a
different TMA core; *P < .05, ***P < .001 vs normal tissue; 88P < .01, §88P < 0.001 vs
IM/Dys tissues. Triangles with black borders represent cores with dysplasia. For B and C,
the number of patient cores for each diagnosis is indicated. NL, normal; Gastritis, non-
atrophic gastritis; AG, atrophic gastritis; IM/Dys, intestinal metaplasia/dysplasia; GClI,
gastric carcinoma intestinal type; GCD, gastric carcinoma diffuse type.
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Figure 3.
Effect of inhibition of EGFR on levels of SMOX and DNA damage in gastric epithelial

cells. Imst cells were pretreated with the EGFR inhibitor AG1478 (150 nM) for 45 min and
co-cultured with H pylori 7.13. (A) After 6 h, levels of SMOX mRNA were measured by
real-time PCR. (B) After 24 h, levels of SMOX protein were measured by Western blotting
and quantified by densitometry. (C) Levels of SMOX protein after 24 h by flow cytometry.
(D) Representative histogram for SMOX. (E) DNA damage measured after 24 h by flow
cytometry for 8-oxoguanosine. (F) Representative histogram for 8-oxoguanosine. For A,
***p < 001 vs DMSO control, §§8P <.001 vs DMSO + 7.13; for B, C, and E, ***P < .001
vs DMSO, §88P <.001 vs DMSO + 7.13. Data are from 3 experiments in duplicate.
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Figure 4.

Levels of SMOX protein, DNA damage, and apoptosis in ImSt Egfr~/~ cells. WT and

Active caspase-3-PE

Page 17

Egfr~~ Imst cells were co-cultured with H pylori 7.13 for 24 hrs. (A and B) Western blotting
for pEGFR, EGFR, SMOX, and B-actin. (C and D) Levels of SMOX and 8-oxoguanosine,
and representative histograms, respectively, by flow cytometry. (E) Percentage of cells that
are 8-oxoguanosineMdh (left), active caspase-3119" (middle), and 8-oxoguanosinedh, active
caspase-3'°% (right). (F) Representative dot plots. In C and E, **P < .01, ***P < .001 vs

uninfected WT control; 8P < 0.05, §88P < .01 vs 7.13-infected WT. n=3 experiments in

duplicate.

Gastroenterology. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Chaturvedi et al.

Page 18

Do Up IP: pEGFR-Y1068
A Shosphopeptides phosphopeptia D _o _ 713  |giepes2
(s 2-fold) = 268 (2 2-fold) = 1278 — . — —— - ERBB2
10
-+ -+ AG1478
g + 743

=pERBB2-Y1221/1222

- W swm w» —ERBB2

N S— w— ww— = (-Actin

log,, (ion intensity)
Heavy amino acid-labeled peptides

6-5-4-3-2-10123456

log, (ratio Heavy/Light) % 10°]0.6
= 4
B E o 10
3
8 5 10
T|®
2
T4
c 09T |
§ 010 10°
s ; 105{3.8
g’ [+ S
s B 10
& | @10 10°
a o
0 102 10 3
™ PKC & PKA gy PKB cKil o CDK camii 0187, 8.5 01215 46.3
(1%) (2%) (2%) (4%) (5%) (1%) 0102 10° 10° 10° 010 10° 10* 10°
PKG cK1 CDC2 g ATM o KK MAPK -
M) W) B o) M) B, B, Active-caspase-3-PE
Jak Abl -y Sy m EGFR . Src Other
(<1%) " (<1%) B (<1%) (<1%) 5 (<1%) (34%) B ctri (scrsirnA) [ Ctrl (ErbB2 siRNA)
[ 7.13 (ScrsiRNA) [l 7.13 (ErbB2 siRNA)
C F 30 *kk

p53 signaling

PPAR signaling

Protein Kinase A signaling
Cell Cycle: G1/S

Integrin signaling 20

Stem Cell signaling
ERBB2 signaling
ERK/MAPK signaling
Actin Cytoskeleton signaling
ERBB signaling

HGF signaling

DNA Methylation signaling
EIF2 signaling

25 ##

-
o

% of cells
s
wn
wn

2

0

8-C s s
active caspase-3" active caspase-3"a"

8-oxogL

2 4 [
-log,, (P)

Figure 5.
Effect of H pylori infection on ImSt cell phosphoproteome assessed by SILAC, and role of

ERBB?2 in apoptosis. ImSt cells were cultured in light or heavy medium; the cells grown in
heavy medium were co-cultured with H pylori 7.13 for 30 min. After lysis and enrichment,
phosphopeptides were analyzed by LC-MS/MS. (A) Dot plot of the relative abundance of
heavy vs light amino acid-labeled phosphopeptides (A). Red lines: 2—fold increase; green
line 2—fold decrease. (B) Distribution of phosphopeptide substrates for catalytic kinases is
shown for upregulated phosphoproteins. (C) Graphical representation of significantly
enriched biological pathways with H pylori infection in ImSt cells (P; significance level).
(D) Upper panel: ImSt cells cultured in normal medium with H pylori for 30 min, pEGFR
was immunoprecipitated with anti-pEGFR (Y1068) antibody, and immunoprecipitate was
probed with anti-ERBBZ2 antibody. Lower panel: Imst cells were pretreated with the EGFR
inhibitor AG1478 for 45 min and co-cultured with H pylori for 30 min and cell lysates were
analyzed for pERBB2 (Y1221/1222) and ERBB2 by Western blotting. (E and F) ImSt cells
were transfected with either Scr siRNA or ErbB2 siRNA and co-cultured with 7.13 for 24
hrs. (E and F) Representative dot plots for simultaneous analysis of 8-oxoguanosine and
active-caspase-3, and summary data, respectively. ***P < .001 vs control Scr siRNA; 88P
< .01 vs 7.13-activated ErbB2 siRNA; ##P < .01 vs 7.13-activated ErbB2 siRNA. Data are
from 3 experiments in duplicate.

Gastroenterology. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Chaturvedi et al.

(1] . 00 20

©

Gastritis
Gastritis

2 smmn .
Gastritis

Gastritis

1 asms vy . Gastritis
Gastritis

— Gastritis

. = v .o Gastritis

Gastritis
J— Gastritis
—_— Atrophic Gaslrf(!s
NL Gastritis AG IMDys GCI GCD Atrophic Gastriis
7 37 14 6 20

17 1

>

pEGFR-ERBB2 dimer staining (0 - 3)

Atrophic Gastritis,

E]

Figure 6.

Tissues from GC patients

0.0
«
w

o
w
-

Gastritis Normal

‘Atrophic
Gastritis

A pPEGFR-ERBB2 Dimer pPERBB2 C 3
® P~
ES ¢ 2
%] e * *
< 22 T
£
‘3 summ
g o
o
o 1 =— .o .
g 2
£3 = o
2 3 " —_h vy .
o —_—
0 Sl - ————
N NL Gastritis AG IM/Dys GCI GCD
) G » D Gastritis Atrophic Gastritis
£ . 3r=0628 o s r =0.588
@ ® |P=0.001 ® P=0.03
&% ; ! Be de
=1 [
=0 c2 g2
& w-g ul g
[ 3] ‘s
I R £3
O o [T
’ u o w o
o o . oE o g
£x L i ° ©
ﬁ = £A - 0 1 2 3 M) 1 2 3
(4] 4 pERBB2 staining (0 - 3) pERBB2 staining (0 - 3)
§ |
2 [
Sx [
0o ! -
) ¢ Cluster 1 [Cluster 2
s ,
2
<
B F Cluster 1 Cluster 2
* —

Tissues from non-GC patients

Page 19

pPEGFR-ERBB2 dimer and pERBB2 in human tissue microarray. (A) Immunofluorescence-
based PLA for pPEGFR-ERBB2 dimer and immunohistochemistry for pERBB2
(Y1221/1222). (B and C) Scoring of pEGFR-ERBB2 dimer and pERBB2 (Y1221/1222)

staining intensity in epithelial cells from PLA and immunohistochemistry analysis,

respectively. (D) Correlation (Pearson coefficient) between levels of pPEGFR-ERBB2 dimer
and pERBB2 (Y1221/1222). (E) Principal component analysis of TMA cores for the levels
of pPEGFR, pEGFR-ERBB2 dimer, and pERBB2 in gastritis and atrophic gastritis tissues
from 32 non-cancer and 19 cancer subjects. (F) Heat maps for levels of pEGFR, pEGFR-
ERBB2 dimer, and pERBB?2 in Cluster 1 and Cluster 2. In B and C, *P < .05 vs normal

tissues.
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Levels of molecular signature in Honduras cohort and Colombian progressors vs non-
progressors. (A) Scoring of SMOX, pEGFR, and pERBB2 staining in epithelial cells of
Honduran biopsies. (B) Correlation (Pearson coefficient) between SMOX and pEGFR levels
in patients with gastritis and atrophic gastritis. (C) Scoring and (D) representative
immunohistochemistry at 100X for SMOX, pEGFR, and pERBB2, and PLA for pEGFR-
ERBB?2 heterodimer at 200X, with 400X insert, in progressors (n=14) vs non-progressors
(n=16). (D) In A, *P < .05, **P < .01 ***P < .001 vs normal; 8§P < .01, §§§P < 0.001 vs
IM/Dys. In C, §88P < 0.001 vs non-progressors.
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