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Cytotoxin-associated-gene A (CagA) of Helicobacter pylori (H. pylori) is a virulence

factor that plays critical roles in H. pylori-induced gastric inflammation. In the present

study, gastric biopsies were used for genotyping cagA and vacA genes, determining the

autophagic activity, and the severity of gastric inflammation response. It was revealed that

autophagy in gastric mucosal tissues infected with cagA+ H. pylori strains was lower

than the levels produced by cagA− H. pylori strains, accompanied with accumulation

of SQSTM1 and decreased LAMP1 expression. In vitro, deletion mutant of cagA gene

resulted in increased autophagic activity, and decreased expression of SQSTM1 and

cytokines, whereas over-expression of CagA down-regulated the starvation-induced

autophagy, and induced more production of the cytokines. Moreover, the production of

the cytokines was increased by inhibition of autophagy, but decreased by enhancement

of autophagy. Deletion of CagA decreased the ability to activate Akt kinase at Ser-473 site

and increased autophagy. c-Met siRNA significantly affected CagA-mediated autophagy,

and decreased the level of p-Akt, p-mTOR, and p-S6. Both c-Met siRNA and MK-2206

could reverse inflammatory response. H. pylori CagA protein negatively regulates

autophagy and promotes the inflammation in H. pylori infection, which is regulated by

c-Met-PI3K/Akt-mTOR signaling pathway activation.
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INTRODUCTION

Helicobacter pylori (H. pylori) is a Gram-negative bacterium causing gastritis, peptic ulcer disease
and gastric adenocarcinoma (Suerbaum and Michetti, 2002). Although H. pylori could induce
strong inflammation, it is not able to clear the bacterium, resulting in persistent infection.
Cytotoxin-associated gene A (CagA), one of H. pylori virulence factors, is an effector secreted by
the type IV secretion system into gastric epithelial cells, and undergoes tyrosine phosphorylation,
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FIGURE 2 | Autophagy is down-regulated in human gastric mucosa of patients infected with CagA positive H. pylori strains. (A) Immunohistochemistry showing

SQSTM1 expression in the gastric mucosa of patients without H. pylori infection and those infected with cagA−/vacAs1m2 or cagA+/vacAs1m2 strains of H. pylori.

The intensity of staining is shown in the right graph and the data are expressed as mean ± SEM. (B) Western blot assay showing the protein levels of MAP1LC3B-II,

SQSTM1 and LAMP1 in the gastric mucosa of patients of normal control (patients 1–4), cagA−/vacAs1m2(patients 5–8), and cagA+/vacAs1m2 (patients 9–12) with

the rates to β-actin being illustrated in the graphs in which the data are expressed as mean ± SEM. (C) Transmission electron microscopy showing autophagosomes

in gastric biopsy sections of patients without H. pylori infection and those infected with cagA−/vacAs1m2 or cagA+/vacAs1m2 strains of H. pylori. Normal controls are

patients without H. pylori infection. The white arrows indicate the autophagosomes. The numbers of autophagic vacuoles per cell in each TEM section (n = 35 cells)

are shown in the right graph and the data are expressed as mean ± SEM. Experiments performed in triplicate showed consistent results. *P < 0.05, or **P < 0.01.
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FIGURE 3 | CagA could inhibit the generation of autophagosomes in AGS cells. (A) Confocal microscopy showing AGS cells transfected with GFP-MAP1LC3B

without H. pylori infection (UI), and transfected AGS cells with the wild type H. pylori (Hp-WT), the cagA-knockout H. pylori (Hp-1cagA) or the cagA-knockout

complementation mutant H. pylori (Hp-c-cagA) (MOI = 100:1) infection for 6 h (left) and the indicated periods of time (right). Scale bars: 10 µm. The number of

GFP-MAP1LC3B puncta in each cell (n ≥ 200 cells) was counted. (B) Representative transmission electron microscopy showing AGS cells without H. pylori infection

and those infected with Hp-WT, Hp-1cagA, or Hp-c-cagA (MOI = 100:1) for 6 h. The white arrows indicate autophagosomes, and the black arrows indicate

autolysosomes, and the white triangle indicate H. pylori. The numbers of autophagic vacuoles per cell in each TEM section (n = 35 cells) are shown in the lower left

graph and the data are expressed as mean ± SEM. (C,D) Flow cytometry showing MDC and AO staining of AGS cells 6 h after infection with Hp-WT, Hp-1cagA, or

Hp-c-cagA (MOI = 100:1). (E) Western blotting showing the protein levels of CagA, SQSTM1, and MAP1LC3B-II with the rates of SQSTM1 and MAP1LC3B-II to

β-actin in AGS cells infected with Hp-WT, Hp-1cagA, or Hp-c-cagA (MOI = 100:1) for 6 h. (F) Measurement of MAP1LC3B-II conversion and SQSTM1 in AGS cells

infected with Hp-WT or Hp-1cagA (MOI = 100:1) for 6 h in the presence of Baf-A1 (10 nM). (G) AGS cells were transfected with GFP-CagA, and then infected with

Hp-WT or Hp-1cagA (MOI = 100:1) for 6 h in the presence of Baf-A1 (10 nM). Results shown are representative of three independent experiments. *P < 0.05,

**P < 0.01.

AGS cells transfected with GFP-CagA or GFP-CagA-Mut, there
was a significant decrease in the number of autophagosomes
as determined by TEM, compared with cells transfected

with control plasmid (P < 0.05, Figure 4A). The ratio of
MAP1LC3B-II to β-actin was also significantly decreased in
cells transfected with GFP-CagA or GFP-CagA-Mut following
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FIGURE 4 | CagA down-regulates starvation-induced autophagy in AGS cells. (A) Transmission electron microscopy showing autophagic vacuoles in AGS cells

transfected with GFP-CagA, GFP-CagA-Mut, or a control (pEGFP-C1) plasmid before pretreatment of normal media or subjected to 4 h starvation. The white arrows

indicate autophagosomes, and the black arrows indicate autolysosomes. The numbers of autophagic vacuoles per cell in each TEM section (n = 35 cells) are shown

in the lower graph and the data are expressed as mean ± SEM. (B) Western blot assay showing MAP1LC3B-II conversion and expression of p-CagA, CagA, AMPK,

and SQSTM1 in AGS cells transfected with GFP-CagA, GFP-CagA-Mut, or a control (pEGFP-C1) plasmid in the nutrient rich medium or 4 h starvation. (C) Confocal

microscopy showing AGS cells co-transfected with RFP-MAP1LC3B and GFP-CagA, GFP-CagA-Mut, or a control (pEGFP-C1) plasmid in the nutrient rich medium or

4 h starvation. Scale bars: 5 or 10 µm. The number of RFP-MAP1LC3B puncta in each cell (n ≥ 200 cells) was counted. Experiments were performed in triplicate,

and all replicates showed similar results. *P < 0.05, **P < 0.01.

starvation treatment (P < 0.05, Figure 4B). Similarly, SQSTM1
expression was increased in cells transfected with GFP-CagA
or GFP-CagA-Mut following starvation treatment (P < 0.05,
Figure 4B). Interestingly, we observed that transfection with
GFP-CagA or GFP-CagA-Mut had no effect on the expression
of the AMP activated protein kinase (AMPK, an energy sensor;
Figure 4B), indicating that CagA suppressed starvation-induced

autophagy may not via the AMPK signal pathway. Furthermore,
as shown in Figure 4C, the number of RFP-MAP1LC3B puncta
in AGS cells co-transfected with RFP-MAP1LC3B and GFP-
CagA was decreased after starvation treatment (P < 0.05). Taken
together, these results suggest that CagA suppressed starvation-
induced autophagy, which may not be dependent on tyrosine
phosphorylation of CagA.
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Autophagy Inhibition Increases Cytokines
Production
To clarify the role of CagA in the inflammation, the expression
of proinflammatory cytokines (IL-8, TNF-α, and IL-1β), which
are involved in gastritis during H. pylori infection (Nakachi
et al., 2000), was examined by ELISA assay. These cytokines
were significantly higher in AGS cells infected with Hp-WT or
Hp-c-cagA than in those infected with Hp-1cagA at different
time points (Figure 5A). Moreover, These cytokines in AGS cells
infected withHp-WT andHp-1cagA was increased following the
increase of the bacterial load. AGS cells infected with Hp-WT
produced greater amounts of the cytokines than cells infected
with Hp-1cagA (Figure 5B).

We also examined the production of the cytokines with the
autophagy enhancer (Rapa, Rapamycin) or inhibitors (3-MA
or Baf-A1) treatment during Hp-WT and Hp-1cagA infection.
The effects of two autophagy inhibitors, and one enhancer, are
shown in Supplementary Figures 4A–C. Autophagy inhibitors
significantly increased the cytokines and activated NF-κB, and
enhancer Rapa decreased the ones in AGS cells infected Hp-
1cagA infection (Figure 5C and Supplementary Figure 4E).
After 24 h infection, the three proinflammatory cytokines
were increased with the inhibitors in cells infected with Hp-
WT and Hp-1cagA (Supplementary Figure 4F). Moreover, the
production of proinflammatory cytokines and activity of NF-κB
were significantly increased in AGS cells transfected with siRNAs
for ATG5 or ATG12 upon H. pylori infection (Figure 5D and
Supplementary Figure 4G). These data suggested that autophagy
plays a critical role in the inflammation induced by H. pylori.

c-Met Is an Important Adaptor in
CagA-mediated Autophagy Pathway
The previous study reported that CagA has been known to
activate c-Met and the PI3K/AKT pathway (Churin et al.,
2003). However, it is not clear whether c-Met could regulate
autophagy. The wild type H. pylori infection activated c-Met
in AGS cells (Figure 6A). CagA was coimmunoprecipitated
with c-Met in AGS cells infection with Hp-WT (Figure 6B).
This result was consistent with previous study (Oliveira et al.,
2009). The effects of c-Met depletion through siRNA interference
are shown in Supplementary Figure 4D. The number of GFP-
MAP1LC3B puncta in c-Met siRNA group was higher than
that of control group upon infection with the Hp-WT (P <

0.05, Figure 6C). It was a significant increase in the ratio of
MAP1LC3B-II to β-actin in c-Met siRNA group than in the
control siRNA upon infection with the Hp-WT (P < 0.05,
Figure 6D). Furthermore, MDC and AO staining showed that c-
Met siRNA group induced the formation of autophagolysosomes
in AGS cells at a significantly higher level, compared with
control siRNA group in AGS cells infected with Hp-WT (P =

0.008 and 0.018, respectively, Figures 6E,F and Supplementary
Figure 5A). Moreover, in CagA-expressing AGS cells, the ratio
of MAP1LC3B-II to β-actin significantly increased by c-Met
siRNA regardless of infection status (Figure 6G). These results
demonstrate that c-Met may be an important adaptor in CagA-
mediated autophagy pathway.

CagA Regulates Autophagy through
c-Met/Akt Signaling Pathway
Given that c-Met could activate PI3K/AKT/mTOR pathway (Lim
and Walikonis, 2008; Tang et al., 2015), we hypothesized that
PI3K/AKT/mTOR pathway might play an important role in the
process of CagA-mediated autophagy.We analyzed the activation
status of the key members of autophagy-related PI3K/Akt/mTOR
pathways. As shown in Figure 7A, Hp-WT activated Akt kinase
at Ser-473 site at a significantly higher level than did Hp-
1cagA (P = 0.018), which was consistent with a previous
report (Tabassam et al., 2009). Both Hp-WT and Hp-1cagA
increased MAP1LC3B-II expression, but Hp-1cagA did at a
significantly higher level than didHp-WT (Figure 7A). There was
a significant increase in the levels of phosphorylated mTOR (p-
mTOR) and phosphorylated S6 ribosomal protein (p-S6) upon
Hp-WT vs. Hp-1cagA (Figure 7A). Tyrosine phosphorylation
of CagA did not affect the expression levels of proteins related
to PI3K/Akt/mTOR pathway and autophagy in AGS cells
(Figure 7B), whereas c-Met siRNA significantly decreased the
level of p-Akt, p-mTOR, and p-S6, and increased MAP1LC3B-
II levels (Figure 7C). Moreover, treatment of MK-2206, a specific
inhibitor of Akt, abrogated Akt activation, and reversed the ratio
of MAP1LC3B-II/β-action, and decreased the level of p-Akt, p-
mTOR, and p-S6 (Figure 7D). Then, to investigate whether c-
Met siRNA or MK-2206 reverse inflammatory response during
H. pylori infection, we detected the expression of inflammatory
cytokines. As shown in Figure 7E, there was a significant
decrease in the production of proinflammatory cytokines in
cells transfected with siRNA specific for c-Met upon infection.
Similarly, the expression of inflammatory cytokines significantly
decreased in AGS cells treated with MK2206 during infection
(Figure 7F). Together, we concluded that the CagA-mediated
autophagy pathway may be dependent on the c-Met/Akt
signaling pathway, which could regulate the expression of
inflammatory cytokines.

DISCUSSION

In the present study, we observed that (i) autophagy was down-
regulated in gastric mucosal tissues infected with cagA+ positive
H. pylori strains, with increased gastric inflammation; (ii) CagA
inhibited autophagy and induced production of proinflammatory
cytokines in AGS cells; (iii) CagA downregulated starvation-
induced autophagy; (iv) Inhibition of autophagy enhanced
H. pylori-induced cytokine production; (v) c-Met siRNA
significantly affected CagA-mediated autophagy; and (vi) CagA
regulates autophagy through c-Met/Akt signaling pathway. These
findings indicate that CagA may act as a negative regulator
of autophagy in H. pylori-induced inflammatory response.
Specifically, given that inflammation and autophagy are major
determinants of gastric malignancy (Mohri et al., 2012), it
also opens a new avenue of research on gastric malignancies,
especially prophylaxis and treatment.

Autophagy, as the quality control of the cellular environment,
plays an important role in the protective response during
infection (Deretic, 2010). However, a number of pathogens
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FIGURE 5 | Inhibition of autophagy enhances cytokines production induced by the cagA-knockout H. pylori. (A,B) Production of IL-8, IL-1β and TNF-α in AGS cells

infected Hp-WT, Hp-1cagA or Hp-c-cagA at MOI of 100 for the indicated periods of time (A) or at different MOIs (10, 50, 100, and 200) for 12 h (B), as assessed by

enzyme-linked immunosorbent assay (ELISA). (C) After pretreatment of SC (solvent control, 0.1% DMSO), 3-MA (2 mM), Baf-A1 (10 nM) or Rapa (100 nM), AGS cells

were infected with Hp-WT or Hp-1cagA (MOI = 100:1) for 6 h. Supernatants were assessed by ELISA for levels of IL-8, IL-1β, and TNF-α. (D) Production of IL-8,

IL-1β, and TNF-α in AGS cells transfected with siRNA specific for ATG5 or ATG12 (50 nM) for 24 h and infected with Hp-WT or Hp-1cagA (MOI = 100) for 6 h, as

assessed by ELISA. Data are presented as the mean ± SEM of three experiments. *P < 0.05, **P < 0.01.

could subvert autophagy to promote inflammation generation,
the occurrence and promotion of tumor, and genetic instability
(Deretic and Levine, 2009). Previous studies have reported that
autophagosome formation was induced by VacA of H. pylori
in vitro (Terebiznik et al., 2009), but VacA could also disrupt
autophagic flux to promote the infection (Raju et al., 2012).

In the present study, we demonstrated that CagA could
inhibit autophagy, increased the production of proinflammatory
cytokines and facilitated gastric inflammation. In gastric mucosal
tissues, autophagy was downregulated in patients infected with
CagA positive H. pylori strains, which was accompanied with
an increased production of cytokines. To rule out the effect of
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FIGURE 6 | c-Met is an important adaptor in CagA-mediated autophagy pathway. (A,B) AGS cells were infected with Hp-WT or Hp-1cagA, and p-c-Met and c-Met

were detected by western blot. CagA was immunoprecipitated from lysates. Immunoprecipitates (IP) were subjected to SDS-PAGE and immunoblot (IB) analysis with

anti-p-c-Met (top) or anti–c-Met (bottom) antibodies. (C) Confocal microscopy showing AGS cells co-transfected with GFP-MAP1LC3B plasmid and c-Met siRNAs or

control siRNA for 24 h, and then infected with Hp-WT or Hp-1cagA for 6 h. The percentages of cells with MAP1LC3B punctas are shown in the right graph with data

being expressed as means ± SEM of three experiments (n ≥ 200 cells). (D) Western blot analysis of p-c-Met, MAP1LC3B-II conversion and β-actin in AGS cells

transfected with c-Met siRNA or control siRNA and infected with Hp-WT or Hp-1cagA for 6 h. p-c-Met and MAP1LC3B-II band intensity was normalized to β-actin.

(E,F) Flow cytometry showing MDC (upper panel) and AO (lower panel) staining of AGS cells transfected with c-Met siRNA or control siRNA and then infected with

Hp-WT or Hp-1cagA for 6 h. (G) Western blot analysis of p-c-Met, MAP1LC3B-II conversion and β-actin in CagA-expressing AGS cells (AGS cells after transfecting

the CagA expression plasmid, GFP-CagA) after transfected with c-Met siRNA or control siRNA and infected with H. pylori as described above. Experiments

performed in triplicate showed consistent results. *P < 0.05, **P < 0.01.

VacA on autophagy, the toxigenic vacA genotype (vacAs1m1),
expressing a functional VacA toxic, were excluded from the
study. We selectively recruited patients with H. pylori negative
infection, ones infected with H. pylori cagA−/vacAs1m2 strains

and ones infected with cagA+/vacAs1m2 strains in the present
study. As shown in Figures 2A–C, the signaling molecules such
as, lower MAP1LC3B-II conversion, SQSTM1 accumulation and
decreased LAMP1 expression (late endosomal/lysosomal marker;
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FIGURE 7 | CagA regulates autophagy through PI3K/AKT/mTOR pathway. (A) Expression of p-Akt(Ser473), Akt, p-mTOR, mTOR, p-S6, S6, MAP1LC3B-I, and

MAP1LC3B-II in AGS cells infected with Hp-WT or Hp-1cagA(MOI = 100) at different time points. (B) Expression of p-Akt(Ser473), Akt, p-mTOR, mTOR, p-S6, S6,

MAP1LC3B-I, and MAP1LC3B-II in AGS cells transfected with GFP-CagA, GFP-CagA-Mut or control plasmid. (C) Expression of p-Akt(Ser473), Akt, p-mTOR, mTOR,

p-S6, S6, MAP1LC3B-I, and MAP1LC3B-II in AGS cells transfected c-Met siRNA or control siRNA (50 nM) for 24 h and then infected with Hp-WT or Hp-1cagA (MOI

= 100) for 6 h. (D) Expression of p-Akt(Ser473), Akt, p-mTOR, mTOR, p-S6, S6, MAP1LC3B-I, and MAP1LC3B-II in AGS cells infected with Hp-WT or Hp-1cagA

(MOI = 100) for 6 h with or without pre-treatment of MK-2206 (8 µM). (E) Production of IL-8, IL-1β and TNF-α in AGS cells transfected c-Met siRNA or control siRNA

(50 nM) for 24 h and then infected with Hp-WT or Hp-1cagA (MOI = 100) for 6 h, as assessed by ELISA. (F) After pretreatment of DMSO or MK-2206 (8 µM), AGS

cells were infected with Hp-WT or Hp-1cagA (MOI = 100:1) for 6 h. Supernatants were assessed by ELISA for levels of IL-8, IL-1β, and TNF-α. Experiments

performed in triplicate showed consistent results. *P < 0.05.

Yu et al., 2010) in gastric mucosal tissues infected with cagA+

H. pylori strains compared with cagA− H. pylori strains, which
indicated that autophagic activity was decreased with increased
gastric inflammation in patients infected with cagA+/vacAs1m2

strains. These results suggest that H. pylori CagA might induce
inflammation by inhibiting autophagy. The intracellular CagA
could be degraded by autophagy and short lived in AGS cells
(Tsugawa et al., 2012). These finding suggest that induction
of autophagy by H. pylori infection can degrade CagA by
host cell defenses. Our observations indicate that persistent
infection of bacterial exerts CagA to inhibit autophagy and
induce inflammation.

Our observation that CagA is a negative regulatory factor
for autophagy induced by H. pylori infection is consistent with
findings of Deen’s study (Deen et al., 2015), which showed
that cagPAI of H. pylori has an inhibitory role in autophagy in
macrophages. In addition, our results are also consistent with
another study in which gastric biopsies from patients infected
with cagA+/vacAs1m1 strains showed a significantly higher
accumulation of SQSTM1 in the gastric epithelium compared
with patients infected with a nonfunctional cagA−/vacAs2m2

strains (Raju et al., 2012). Given that tyrosine phosphorylation
of CagA plays critical roles in the activation of many pathways
(Moss et al., 2001; Boonyanugomol et al., 2011; Wandler and

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12 September 2017 | Volume 7 | Article 417

http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive


Li et al. CagA Negatively Regulates Autophagy

Guillemin, 2012), we constructed the corresponding tyrosine
phosphorylation mutants of the parent CagA (GFP-CagA-Mut).
Our results demonstrated that tyrosine phosphorylation of CagA
did not affect the PI3K/Akt/mTOR pathway, autophagy, and
inflammation, suggesting that inhibition of autophagy is not
dependent on tyrosine phosphorylation of CagA. Thus, the more
specific mechanism of autophagy inhibited by CagA needs to be
further investigated in the future.

It is well-established that autophagy plays critical roles
in innate and adaptive immunity (Deretic et al., 2013),
and disrupted autophagy is involved in secreting the
proinflammatory cytokines, such as: IL-1α, IL-8, and IL-18
(Martins et al., 2015). Several studies have reported that
autophagy may be an important mechanism for controlling
inflammation in patients with Crohn’s disease (Hampe et al.,
2007; Rioux et al., 2007). Here, we demonstrated that autophagy
inhibition enhanced the production of proinflammatory
cytokines in H. pylori infection. SQSTM1, which is a major
cargo ubiquitin-binding receptor in cells, is degraded by
autolysosomes, and deficiencies of autophagy leads to
accumulation of SQSTM1 (Wang et al., 2006). Moreover,
SQSTM1 has further beneficial effects in NF-κB dependent
cytokine production (Dupont et al., 2009). In the present study,
there was a significant accumulation of SQSTM1 in the gastric
mucosa of patients infected with CagA-positive H. pylori strains.
When autophagy was inhibited, the activity of NF-κB was
enhanced in AGS cells infected with mutantH. pylori strains (i.e.,
Hp-1cagA). These results suggested that autophagy inhibited
by CagA leads to accumulation of SQSTM1, resulting in NF-κB
dependent cytokine production.

CagA activates c-Met through its CRPIA (i.e., conserved
repeat responsible for phosphorylation-independent activity)
motif, which is critical for activation of PI3K/Akt signaling
pathway and the pleiotropic transcriptional responses in
H. pylori infection, including activation of NF-κB and β-
catenin (Suzuki et al., 2009). Our data showed that, CagA was
coimmunoprecipitated with c-Met in AGS cells during H. pylori
infection, and siRNA silencing mediated c-Met knockdown in
AGS enhanced the autophagy significantly in cells infected
with wide-type cagA+ H. pylori strain (i.e., Hp-WT). The
PI3K/Akt signaling pathway participates in autophagy viamTOR,
an autophagic regulators, resulting in autophagy suppression
(Harashima et al., 2012). In the present study, we showed

that CagA-positive H. pylori significantly increased the level of
phosphorylated Akt at Ser473 and the levels of p-mTOR and p-S6
in AGS cells. The Akt inhibitor reversed the ratio of MAP1LC3B-
II/β-actin in CagA-positive H. pylori infection, and blocked the

level of phosphorylated Akt at Ser473. These findings clearly
indicate that CagA inhibits autophagy via the c-Met-PI3K/Akt-
mTOR signaling pathway.

Although CagA has already been reported to be a virulent
factor in the inflammation induced by H. pylori infection,
this is a new study demonstrating that CagA negatively
regulates autophagy through c-Met-PI3K/Akt-mTOR signaling
pathway, which is associated with increased expression of
proinflammatory cytokines. Therefore, we postulate that
inhibition of autophagy by CagA promotes gastric inflammation,
which, in turn, initiates the multistep of gastric carcinogenesis
(Correa, 1992). Moreover, given the pleiotropic actions of
CagA, the interplay between CagA and autophagy regulation
mechanism, which needs to be further investigated. A better
understanding of the molecular mechanisms by which H. pylori
infection modulates and interplays with autophagy will shed
new insight into the development of more effective therapeutic
strategies for H. pylori infection.
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