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CAPZA1 determines the risk of gastric carcinogenesis by inhibiting Helicobacter
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ABSTRACT
Helicobacter pylori-derived CagA, a type IV secretion system effector, plays a role as an oncogenic driver in
gastric epithelial cells. However, upon delivery into gastric epithelial cells, CagA is usually degraded by
macroautophagy/autophagy. Hence, the induction of autophagy in H. pylori-infected epithelial cells is an
important host-protective ability against gastric carcinogenesis. However, the mechanisms by which autop-
hagosome-lysosome fusion is regulated, are unknown. Here, we report that enhancement of LAMP1
(lysosomal associated membrane protein 1) expression is necessary for autolysosome formation. LAMP1
expression is induced by nuclear translocated LRP1 (LDL receptor related protein 1) intracellular domain
(LRP1-ICD) binding to the proximal LAMP1 promoter region. Nuclear translocation of LRP1-ICD is enhanced
by H. pylori infection. In contrast, CAPZA1 (capping actin protein of muscle Z-line alpha subunit 1) inhibits
LAMP1 expression via binding to LRP1-ICD in the nuclei. The binding of CAPZA1 to LRP1-ICD prevents LRP1-
ICD binding to the LAMP1 proximal promoter. Thus, in CAPZA1-overexpressing gastric epithelial cells
infected with H. pylori, autolysosome formation is inhibited and CagA escapes autophagic degradation.
These findings identify CAPZA1 as a novel negative regulator of autolysosome formation and suggest that
deregulation of CAPZA1 expression leads to increased risk of gastric carcinogenesis.

Abbreviations: CagA: cytotoxin-associated gene A; CAPZA1: capping actin protein of muscle Z-line alpha
subunit 1; ChIP: chromatin immunoprecipitation; GTF2I: general transcription factor IIi; HDAC: histone deace-
tylase; LAMP1: lysosomal associatedmembrane protein 1; LRP1: LDL receptor related protein 1; LRP1-ICD: CagA
intracellular domain; qPCR: quantitative polymerase chain reaction; VacA: vacuolating cytotoxin.
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Introduction

Epidemiological studies have demonstrated a close relationship
between Helicobacter pylori infection and gastric cancer [1,2].
This notion is supported by animal studies demonstrating that
H. pylori infection causes corpus-predominant atrophic gastritis,
a precancerous condition [3,4]. Specifically, Ohnishi et al. found
that systemic expression of H. pylori-derived CagA (cytotoxin-
associated gene A) in transgenic mice leads to gastrointestinal
malignancies, indicating that CagA plays an active role in the
development of gastric cancer [5]. The CagA is delivered into
gastric epithelial cells through a bacterial type IV secretion
system [6]. Upon delivery, CagA undergoes tyrosine phosphor-
ylation at the Glu-Pro-Ile-Tyr-Ala (EPIYA) repeat region and
thereby aberrantly activates PTPN11/SHP2, which is recognized
as a pro-oncogenic phosphatase [7]. However, it has been shown
that translocated CagA is usually degraded by autophagy [8].
Therefore, if intracellular CagA does indeed trigger oncogenic
pathways, it must escape autophagic degradation.

Autophagy is an evolutionarily conserved system for the
degradation of cytoplasmic contents in mammalian cells.
Cytoplasmic proteins, organelles, and invading bacteria are
sequestered within an autophagosome, which subsequently
fuses with a lysosome; degradation of the contents ensues. In
H. pylori-infected gastricmucosa, autophagy is involved not only
in the degradation of translocated CagA but also in suppressing
the growth of intracellularH. pylori, thus contributing to protec-
tion against inflammation and eventual carcinogenesis [9].
Terebiznik et al. reported that autophagy is induced by VacA
(vacuolating cytotoxin) in AGS cells infected withH. pylori [10].
Moreover, our previous studies showed that this autophagic
process is activated by the accumulation of reactive oxygen
species (ROS) after VacA binds to LRP1 (LDL receptor related
protein 1) [8,11]. However, it remains unclear how autophago-
some-lysosome fusion is regulated in H. pylori-infected cells.

Lysosomes present a highly acidic environment; each lyso-
some includes more than 50 soluble acid hydrolases.
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Lysosomes are an important subcellular organelle in the facil-
itation of autophagosome content degradation. LAMP1 (lyso-
somal associated membrane protein 1) is a major protein
component of the lysosomal membrane. LAMP1 mainly
plays a role in protecting the lysosomal membrane against
the action of hydrolases [12]. In this study, we show that
LAMP1 expression is induced by H. pylori infection, contri-
buting to the formation of CagA-degrading autolysosomes.

The F-actin capping protein is a heterodimeric protein
composed of α and β subunits. CAPZA1 (capping actin pro-
tein of muscle Z-line alpha subunit 1) encodes the α subunit
of F-actin capping protein [13]. CAPZA1 regulates actin poly-
merization and cell motility via binding to the barbed ends of
actin filaments [14–17]. Except for its role in regulating actin
dynamics, other physiological functions of CAPZA1 have not
been elucidated. In the present study, we demonstrate that
CAPZA1 plays a role as negative regulator of autolysosome
formation by inhibiting LAMP1 expression.

Results

Enhanced LAMP1 expression is necessary for caga-
degrading autolysosome formation

In H. pylori-infected AGS cells undergoing bacterial eradication
5 h post-infection, translocated CagA is degraded by autophagy
at 15 and 24 h after eradication [8]. Staining with LysoTracker
Red, which stains autolysosomes but not early autophagosomes,
was enhanced in AGS cells at 15 and 24 h after H. pylori
eradication (Figure 1(a)). Additionally, autophagic-flux assays
based on the use of mCherry-EGFP-LC3B indicated that the
number of red and yellow puncta in AGS cells at 24 h after H.
pylori eradication was higher than that in uninfected control cells
(Figure 1(b)). In these assays, yellow puncta (green merged with
red) indicate autophagosomes, whereas red puncta indicate
autolysosomes [18,19]. These results showed that fusion of
autophagosomes and lysosomes is also enhanced in AGS cells
at 15 and 24 h afterH. pylori eradication. However, the mechan-
isms by which autophagosome-lysosome fusion is promoted are
unknown. Remarkably, LAMP1 expression was significantly
increased in AGS cells at 15 and 24 h after eradication
(Figure 1(c)). Moreover, formation of LAMP1 staining in AGS
cells at 24 h after H. pylori eradication was also significantly
higher compared with that in uninfected AGS cells (Figure 1(d)).

Additionally, we observed colocalization of LAMP1 with both
yellow and red puncta in AGS cells transfected with the
mCherry-EGFP-LC3B plasmid 24 h after H. pylori eradication,
indicating that enhanced LAMP1 expression is an important
step in connecting lysosomes with autophagosomes (Figure 2
(a)). Subsequently, to examine whether enhanced LAMP1
expression is an essential event for autolysosome formation
responsible for CagA degradation, we constructed specific
LAMP1-knockdown AGS cells transfected with the mCherry-
EGFP-LC3B plasmid using small interfering RNAs (siRNAs). To
rule out off-target effects of siRNA, we used 2 different LAMP1
siRNAs (LAMP1 siRNA-1 and LAMP1 siRNA-2). Although the
number of yellow puncta (indicating autophagosomes) was not
altered by specific knockdown of LAMP1, the number of red
puncta (indicating autolysosomes) was significantly decreased

(Figure 2(b)). In addition, the levels of translocated CagA in
AGS cells at 15 and 24 h after H. pylori eradication following
LAMP1 knockdown were significantly higher than those in
control cells, indicating that enhanced LAMP1 expression was
required for CagA degradation (Figure 2(c)). We then examined
the expression levels and distribution of LAMP2 upon LAMP1
knockdown. The LAMP2 expression levels and distributions
were not altered by LAMP1 knockdown (Figure. 2(c) and
S1A). In addition, we examined whether LAMP2 contributes
to the formation of autolysosomes upon LAMP1 knockdown.
LAMP2 did not colocalize with either yellow or red puncta in
AGS cells transfected with the mCherry-EGFP-LC3B vector 24 h
after H. pylori eradication following LAMP1 knockdown
(Fig. S1B). These results showed that LAMP2 does not contri-
bute to the autolysosome formation alternatively to LAMP1
upon LAMP1 knockdown. Our observations demonstrate that
induction of LAMP1 expression facilitates autolysosome forma-
tion, leading to CagA degradation.

LRP1-ICD induces LAMP1 expression in H. pylori-infected
AGS cells

We subsequently examined the inductionmechanism of LAMP1
expression in H. pylori-infected AGS cells. We had previously
found that the autophagic pathway causing CagA degradation is
triggered by VacA binding to LRP1 [8,11]. Zurhove et al.
reported that the 12-kDa C-terminal fragment of the intracellu-
lar LRP1 domain (LRP1-ICD) translocates efficiently to the
nucleus, where it acts as a transcriptional regulator [20]. In
uninfected AGS cells, nuclear translocation of LRP1-ICD was
detected using western blotting (Figure 3(a), lane 2).
Additionally, 24 h after H. pylori eradication, increased nuclear
accumulation of LRP1-ICD was observed compared with that in
AGS cells at 0 h after H. pylori eradication (Figure 3(a), lanes 4
and 6). From these observations, we hypothesized that LAMP1
expression is induced by LRP1-ICD translocated to the nucleus.
To confirm this hypothesis, we first examined the effect of
specific LRP1-knockdown on LAMP1 expression. To rule out
off-target effects of siRNA, we used 2 different LRP1 siRNAs
(LRP1 siRNA-1 and LRP1 siRNA-2). The specific LRP1-knock-
down repressed LAMP1 expression in uninfected AGS cells
compared with that of control siRNA (Figure 3(b)).
Additionally, although the LAMP1 expression was enhanced in
AGS cells treated with control siRNA at 15 and 24 h after H.
pylori eradication, this enhanced LAMP1 expression was not
detected in specific LRP1-knockdown AGS cells (Figure 3(c)).
Second, we examined whether disruption of LRP1-ICD translo-
cation to the nucleus from the cytoplasm inhibits induction of
LAMP1 expression by H. pylori infection. Treatment with lep-
tomycin B, a potent inhibitor of cytoplasm-nuclear transporta-
tion [21], repressed nuclear translocation of LRP1-ICD in AGS
cells at 24 h after H. pylori eradication (Fig. S2A). Under this
condition, LAMP1 expression was not enhanced in AGS cells at
15 or 24 h after H. pylori eradication (Figure 3(d)). These results
showed that nuclear translocation of LRP1-ICD is required for
enhancing LAMP1 expression.

We subsequently used chromatin immunoprecipitation
(ChIP) with an antibody against the C terminus of LRP1
to determine whether LRP1-ICD interacts with the LAMP1
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proximal promoter. We used qPCR primers specifically
designed for −1 kb from the transcription start site of
the LAMP1 gene. Increased binding of LRP1-ICD to the
LAMP1 proximal promoter region was detected in AGS
cells at 24 h after H. pylori eradication compared with
uninfected AGS cells (Figure 3(e)). The detection of
increased binding of LRP1-ICD to the LAMP1 proximal
promoter region was cancelled by specific LRP1-knock-
down (Figure 3(e)). Additionally, increased binding of

LRP1-ICD to the LAMP1 proximal promoter region was
not detected using serum IgG for a control immunopreci-
pitation as well (Figure 3(e)). These observations suggest
that enhanced nuclear translocation of LRP1-ICD induces
LAMP1 expression by binding to the promoter region.

Subsequently, to investigate the details of regulation
mechanisms of LAMP1 expression by LRP1-ICD in H.
pylori-infected AGS cells, we searched for proteins interacting
with LRP1-ICD in AGS cells at 24 h after H. pylori eradication

Figure 1. LAMP1 expression is induced during autolysosome formation. (a) AGS cells were incubated with a medium containing antibiotic for the indicated time period,
infected with H. pylori for 5 h at a multiplicity of infection value of 50 (MOI 50), and stained with LysoTracker Red DND-99. Nuclei (blue) were stained with 4ʹ,6-diamidino-2-
phenylindole (DAPI). Scale bar: 20 μm. (b) AGS cells were transfected with pTet-On and TRE2hyg-mCherry-EGFP-LC3B plasmids, infected with H. pylori for 5 h (MOI 50), and
incubated in a medium containing antibiotic for 24 h. Then, EGFP and mCherry signals were detected. Nuclei (blue) were stained with DAPI. Scale bar: 20 μm. (C) LAMP1
levels were determined in AGS cells that were incubated with a medium containing antibiotic for the indicated duration after H. pylori infection for 5 h (MOI 50). Data are
presented as the mean ± SD of 3 independent assays. *P < 0.05, **P < 0.01. (D) AGS cells were infected with H. pylori for 5 h (MOI 50) and incubated in a medium containing
antibiotic for 24 h. Then, staining for LAMP1 and phalloidin staining were performed. Nuclei (blue) were stained with DAPI. Scale bar: 20 μm. The number of LAMP1-staining
puncta were counted by using the ImageJ program. Data are presented as the mean ± SD of 3 independent images. *P < 0.05.
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Figure 2. Increased LAMP1 expression mediates the formation of CagA-degrading autolysosomes. (a) AGS cells were transfected with pTet-On and TRE2hyg-mCherry-
EGFP-LC3B plasmids, infected with H. pylori for 5 h (MOI 50), incubated in a medium containing antibiotic for 24 h, and then, immunostained for LAMP1. Scale bar: 20
μm. (b) AGS cells, which had been transfected with pTet-On and TRE2hyg-mCherry-EGFP-LC3B plasmids, were transfected with control, LAMP1 siRNA-1, or LAMP1
siRNA-2, infected with H. pylori for 5 h (MOI 50), and incubated in a medium containing antibiotic for 24 h. Thereafter, autophagosomes (yellow puncta) and
autolysosomes (red puncta) were counted. Scale bar: 20 μm. Data are presented as the mean ± SD of 3 independent assays. **P < 0.01; NS, not significant. (c) AGS
cells transfected with control, LAMP1 siRNA-1, or LAMP1 siRNA-2, had been infected with H. pylori for 5 h (MOI 50), and incubated in a medium containing antibiotic
for the indicated times. Data are presented as the mean ± SD of 3 independent assays. *P < 0.05.
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using an immunoprecipitation assay. To this end, we
employed an antibody against the C terminus of LRP1. As
shown in Figure 4(a), we detected 1 protein that dissociated
from LRP1-ICD (protein band 1, ~ 120 kDa) and another

protein that bound to LRP1-ICD (protein band 2, ~ 35 kDa)
in AGS cells at 24 h after H. pylori eradication. Using HPLC-
Chip-MS/MS, we determined that the 2 bands were GTF2I
(general transcription factor IIi) and CAPZA1, respectively

Figure 3. LRP1-ICD induces LAMP1 expression via binding to the LAMP1 proximal promoter. (a) AGS cells were infected with H. pylori for 5 h (MOI 50) and incubated
in a medium containing antibiotic for 0 and 24 h. Then, subcellular fractionation of these cells indicated the localization of LRP1-ICD in cytoplasmic (Cyt) and nuclear
(Nuc) extracts. (b) AGS cells were transfected with control, LRP1 siRNA-1, or LRP1 siRNA-2, and incubated for the indicated time period prior to analysis of protein
extracts with the indicated antibodies by western blot. (c) AGS cells were transfected with control, LRP1 siRNA-1, or LRP1 siRNA-2, infected with H. pylori for 5 h (MOI
50), and incubated in a medium containing antibiotic for the indicated times, then analyzed by western blot. (d) AGS cells were treated with 200 nM leptomycin B,
infected with H. pylori for 5 h (MOI 50), and incubated in a medium containing antibiotic for the indicated times. (e) AGS cells were transfected with LRP1 siRNA-1 or
LRP1 siRNA-2, infected with H. pylori for 5 h (MOI 50), incubated in a medium containing antibiotic for 0 or 24 h, and then a ChIP assay was performed on these cells
by using an anti-LRP1-carboxyterminal end antibody or an IgG from rabbit serum. Real-time PCR demonstrated relative enrichment of LAMP1 target promoter genes
in the DNA fragments pulled down by an anti-LRP1-carboxyterminal end antibody and an IgG from rabbit serum. The result shown is representative of those
observed in 2 independent experiments.
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(Table 1). The dissociation of GTF2I from LRP1-ICD and
binding of CAPZA1 to LRP1-ICD were confirmed using
western blot analysis of the immunoprecipitates (Fig. S2B
and C). GTF2I, a multi-functional transcription factor with
broad biochemical and biological activities, was localized
mainly in the nuclei (Figure 4(b)), and consequent dissocia-
tion of GTF2I from LRP1-ICD occurred in the nuclei
(Fig. S2D). CAPZA1, which plays an important role in reg-
ulating actin reorganization, was localized in both the cyto-
plasm and nuclei (Figure 4(b)). Remarkably, using anti-LRP1
antibody for immunoprecipitation, the CAPZA1 signals were
detected in the nucleus fraction of AGS cells at 24 h after H.
pylori eradication (Figure 4(c)). The CAPZA1 signals were not
detected using serum IgG as a control for the immunopreci-
pitation (Figure 4(c)). These results show that binding of
CAPZA1 to LRP1-ICD in AGS cells at 24 h after H. pylori
eradication occurred mainly in the nuclei.

CAPZA1 suppresses LAMP1 expression via binding to
LRP1-ICD

To analyze the role of CAPZA1 on LAMP1 expression by
LRP1-ICD, we constructed CAPZA1-overexpressing AGS
cells by transfecting with a pCMV6-CAPZA1 plasmid. The
levels of CAPZA1 protein were increased more than 3 fold in

CAPZA1-overexpressing AGS cells (Figure 5(a)). As a result,
LAMP1 expression in uninfected CAPZA1-overexpressing
AGS cells was reduced to less than one-half, suggesting that
CAPZA1 overexpression contributed to the repression of
LAMP1 expression (Figure 5(a)). Furthermore, the immunos-
taining signal for LAMP1 was not increased in CAPZA1-
overexpressing AGS cells at 24 h after H. pylori eradication
compared with that in uninfected CAPZA1-overexpressing
AGS cells (Figure 5(b)). Additionally, no increase in
LysoTracker Red staining in CAPZA1-overexpressing AGS
cells at 24 h after H. pylori eradication was detected
(Figure 5(c)).

Subsequently, we examined the effect of CAPZA1 over-
expression on cytoplasm-nuclear transportation of LRP1-ICD.
In uninfected AGS cells, nuclear translocation of LRP1-ICD
was detected using western blot analysis (Fig. S3, lane 2). In
contrast, nuclear translocation of LRP1-ICD in uninfected
CAPZA1-overexpressing AGS cells was not detected
(Fig. S3, lane 8). It was thought that this was the reason why
LAMP1 expression was repressed in uninfected CAPZA1-
overexpressing AGS cells (Figure 5(a)). However, nuclear
translocation of LRP1-ICD in CAPZA1-overexpressing AGS
cells was enhanced at 24 h after H. pylori eradication (Fig. S3,
lane 12). These results indicate that although overexpression
of CAPZA1 has the ability to inhibit the nuclear translocation

Table 1. List of proteins identified by the HPLC-Chip-MS/MS system.

Protein band number Accession number Protein name Scorea Distinct peptidesb % coverage MW pI Species Database

1 P78347.2 GTF2I 425.69 30 30.1 112,927.8 6.09 Human SwissProt
2 P52907.3 CAPZA1 61.13 4 14.6 33,093.3 5.45 Human SwissProt

a Mill MS proteomic workbench probability-based peptide score calculated for MS/MS results.
b Number of matched peptides.

Figure 4. CAPZA1 binds to LRP1-ICD during autophagy induction. (a) AGS cells were infected with H. pylori for 5 h (MOI 50) and incubated in a medium containing
antibiotic for 24 h. Then, an immunoprecipitation assay was performed on these cells with an anti-LRP1-carboxyterminal end antibody. The immunoprecipitate was
subjected to SDS-PAGE, the gel was stained with a silver stain, and then 2 proteins (protein band 1 and 2) were identified by HPLC-Chip-MS/MS experiments using an
Agilent 1100 LC/MSDTrap-XCT series system. (b) AGS cells were infected with H. pylori for 5 h (MOI 50) and incubated in a medium containing antibiotic for 0 and
24 h. Then, subcellular fractionation of these cells indicated the localization of GTF2I and CAPZA1 in cell membrane (Mem), cytoplasmic (Cyt) and nuclear (Nuc)
extracts. (c) AGS cells were infected with H. pylori for 5 h (MOI 50) and incubated in a medium containing antibiotic for 0 and 24 h. After subcellular fractionation of
these cells, an immunoprecipitation assay was performed with an anti-LRP1-carboxyterminal end antibody or an IgG from rabbit serum.
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Figure 5. Overexpression of CAPZA1 inhibits the formation of CagA-degrading autolysosomes via repressing LAMP1 expression. (a) AGS cells were transfected with pCMV-
control or pCMV-CAPZA1 plasmid, incubated for the indicated time periods, and then CAPZA1 and LAMP1 expression levels were determined. (b) AGS cells were transfectedwith
pCMV-CAPZA1 plasmid, infected with H. pylori for 5 h (MOI 50), and incubated in a medium containing antibiotic for 24 h. Then, LAMP1 and phalloidin staining were performed.
Nuclei (blue) were stainedwith DAPI. Scale bar: 20 μm. The number of LAMP1-staining puncta were counted by using the ImageJ program. Data are presented as themean ± SD
of 3 independent images. NS, not significant. (c) AGS cells were transfected with pCMV-CAPZA1 plasmid, infected with H. pylori for 5 h (at MOI 50), and incubated in a medium
containing antibiotic for 24 h. Then, LysoTracker Red DND-99 staining was performed. Nuclei (blue) were stained with DAPI. Scale bar: 20 μm. The number of LysoTracker Red-
staining puncta were counted by using the ImageJ program. Data are presented as the mean ± SD of 3 independent images. NS, not significant. (d) AGS cells were transfected
with pCMV-control or pCMV-CAPZA1plasmids, infectedwithH. pylori for 5 h (MOI 50), and incubated in amedium containingantibiotic for the indicated times. Data are presented
as the mean ± SD of 3 independent assays. *P < 0.05, **P < 0.01. (e) AGS cells were transfected with pCMV-CAPZA1 plasmid, infected with H. pylori for 5 h (at MOI 50), and
incubated in a medium containing antibiotic for 24 h. Then, a ChIP assay was performed on these cells with an anti-LRP1-carboxyterminal end antibody. Real-time PCR
demonstrated relative enrichment of LAMP1 target promoter genes in the DNA fragments pulled down by an anti-LRP1-carboxyterminal end antibody. Result shown is
representative of those observed in 2 independent experiments. (f) AGS cells were infected with H. pylori for 5 h (MOI 50) and incubated in a medium containing antibiotic for
24 h. Then, a ChIP assay was performed on these cells with an anti-CAPZA1 antibody. Real-time PCR demonstrated relative enrichment of LAMP1 target promoter genes in the
DNA fragments pulled down by an anti-CAPZA1 antibody. Result shown is representative of those observed in 2 independent experiments.
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of LRP1-ICD, overexpression of CAPZA1 cannot inhibit
enhanced nuclear translocation of LRP1-ICD by H. pylori
infection. In CAPZA1-overexpressing AGS cells infected
with H. pylori, LAMP1 expression was not increased at 15
or 24 h after H. pylori eradication, and the levels of translo-
cated CagA were significantly increased in CAPZA1-overex-
pressing AGS cells 15 and 24 h after H. pylori eradication
(Figure 5(d)). Interestingly, the conversion of LC3B-I to
LC3B-II was clearly detected in CAPZA1-overexpressing
AGS cells infected with H. pylori (Figure 5(d)). These results
show that the degradation of CagA was repressed in
CAPZA1-overexpressing cells by inhibiting induction of
LAMP1 expression.

We subsequently examined whether enhancement of
LRP1-ICD binding to the LAMP1 proximal promoter was
suppressed in H. pylori-infected CAPZA1-overexpressing
AGS cells. The increased binding of LRP1-ICD to the
LAMP1 proximal promoter, the phenomenon we described
above (Figure 3(e)) in CAPZA1-overexpressing AGS cells at
24 h after H. pylori eradication, was not observed (Figure 5
(e)). Moreover, increased binding of CAPZA1 to the LAMP1
proximal promoter was not observed using an anti-CAPZA1
antibody in AGS cells at 24 h after H. pylori eradication,
suggesting that CAPZA1 does not directly repress LAMP1
gene expression (Figure 5(f)).

We subsequently examined the effect of specific CAPZA1
knockdown on LAMP1 expression in AGS cells using siRNAs.
To rule out off-target effects of siRNA, we used 2 different
CAPZA1 siRNAs (CAPZA1 siRNA-1 and CAPZA1 siRNA-2).
CAPZA1 expression was decreased in uninfected AGS cells
treated with each CAPZA1 siRNA at 36 h (Figure 6(a)).
Neither of the specific CAPZA1 knockdowns in uninfected
AGS cells affected LAMP1 expression at 36 h (Figure 6(a)) In
contrast, each specific knockdown of CAPZA1 significantly
increased LAMP1 expression at 15 and 24 h after eradication
of H. pylori, suggesting that CAPZA1 functioned as a negative
regulator of LAMP1 expression in H. pylori-infected AGS cells
(Figure 6(b)). However, degradation of intracellular CagA was
not enhanced by treatment with CAPZA1 siRNA, even though
LAMP1 expression was increased (Figure 6(b)). The reason
for this was considered to be that CAPZA1 did not participate
in autophagosome formation, the rate-limiting step in CagA
degradation. Indeed, specific knockdown of CAPZA1 did not
enhance the conversion of LC3B-I to LC3B-II (Figure 6(b)).

Because GTF2I dissociates from LRP1-ICD in AGS cells at
24 h after H. pylori infection, it was considered to be unin-
volved in the enhancement of LAMP1 expression in H. pylori-
infected cells. We subsequently examined the role of GTF2I
on LAMP1 expression in uninfected AGS cells. To rule out
off-target effects of siRNA, we used 2 different GTF2I siRNAs
(GTF2I siRNA-1 and GTF2I siRNA-2). Each specific knock-
down of GTF2I induced LAMP1 expression, suggesting that
GTF2I is a suppressor of LAMP1 expression in uninfected
AGS cells (Figure 6(c)).

These results showed that LAMP1 expression was regu-
lated by interaction of LRP1-ICD with the LAMP1 proximal
promoter, and GTF2I and CAPZA1 are suppressors of
LAMP1 expression via binding to LRP1-ICD in the nucleus
(Figures 3, 4 and 5(a-c)). We subsequently examined whether

regulation of LAMP1 expression by LRP1-ICD occurred at
the transcriptional level. The mRNA expression of LAMP1
was significantly increased in AGS cells at 24 h after H. pylori
eradication, and this enhanced LAMP1 expression was further
increased by each specific CAPZA1 knockdown (Figure 6(d)).
Although each specific GTF2I knockdown in uninfected AGS
cells significantly increased LAMP1 mRNA expression, the
LAMP1 expression in AGS cells at 24 h after H. pylori eradi-
cation was not further enhanced (Figure 6(d)). Moreover, the
induction of LAMP1 mRNA expression by H. pylori infection
was significantly repressed in CAPZA1-overexpressing AGS
cells at 24 h after H. pylori eradication (Figure 6(e)). These
results showed that LRP1-ICD enhances LAMP1 expression at
the transcriptional level via interacting with the LAMP1 prox-
imal promoter, and that this transcriptional regulation of
LRP1-ICD is repressed by binding of GTF2I or CAPZA1.

Capza1-overexpressing cells are detected in H. pylori-
infected gastric mucosa and early gastric cancer tissues

Our findings suggest that CAPZA1-overexpressing cells
would accumulate CagA by H. pylori infection. We thus
assessed whether CAPZA1 expression levels were affected by
H. pylori infection in vivo. CAPZA1 expression in the gastric
mucosa of Mongolian gerbils was significantly increased by H.
pylori infection (Figure 7(a)). Moreover, gastric epithelial cells
strongly stained for CAPZA1 were more strongly detected in
H. pylori-infected gastric mucosa compared with uninfected
gastric mucosa (Figure 7(b)). These results showed that
CAPZA1 expression in gastric mucosa was specifically
increased by H. pylori infection. Subsequently, we assessed
the expression pattern of CAPZA1 in endoscopically resected
early gastric cancer tissues from 2 cases of human gastric
adenocarcinoma. Patients 1 and 2 were a 75-year-old male
and a 71-year-old male, respectively, who were H. pylori-
positive and had well-differentiated adenocarcinomas. Cells
strongly stained for CAPZA1 were detected in samples from
both patients (Figure 7(c)). Remarkably, intracellular CagA
staining was also detected in cells strongly stained for
CAPZA1 (Figure 7(d)). The staining intensity of CAPZA1 in
CagA-positive cells was significantly higher compared to their
adjacent CagA-negative cells, suggesting an accumulation of
translocated CagA in CAPZA1-overexpressing cells of human
gastric adenocarcinoma (Fig. S4A). These results show that
CAPZA1 expression levels are increased in H. pylori-infected
gastric mucosa, and that this is associated with accumulation
of CagA.

In tumor cells, it is conceivable that CAPZA1 inhibits
epithelial-mesenchymal transition (EMT) through the regu-
lation of actin cytoskeleton remodeling, thereby reducing the
metastatic ability of the tumor cells [22,23]. Accordingly, it
has been reported that cell migration and invasion of cancer
cell lines are suppressed by overexpression of CAPZA1
[22,23]. In contrast, translocated CagA enhances cell migra-
tion and invasion through the upregulation of MMP7
(matrix metallopeptidase 7) by CTNNB1/β-catenin transac-
tivation [24–26]. We examined the effect of H. pylori infec-
tion on the cell invasive properties of CAPZA1-
overexpressing AGS cells. The invasive properties of
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Figure 6. CAPZA1 and GTF2I function as negative regulators of LAMP1 expression. (a) AGS cells were transfected with control siRNA, CAPZA1 siRNA-1, or CAPZA1
siRNA-2 and incubated for the indicated durations. (b) AGS cells were transfected with control siRNA, CAPZA1 siRNA-1, or CAPZA1 siRNA-2, infected with H. pylori for
5 h (at MOI 50), and incubated in a medium containing antibiotic for the indicated time periods. Data are presented as the mean ± SD of 3 independent assays.
*P < 0.05, NS, not significant. (c) AGS cells were transfected with control siRNA, GTF2I siRNA-1, or GTF2I siRNA-2 and incubated for the indicated durations. (d) AGS
cells were transfected with control siRNA, CAPZA1 siRNA-1, CAPZA1 siRNA-2, GTF2I siRNA-1, or GTF2I siRNA-2, infected with H. pylori for 5 h (at MOI 50), and incubated
in a medium containing antibiotic for the indicated time periods. The mRNA expression of LAMP1 was quantified by real-time qRT-PCR. Data are presented as the
mean ± SD of 3 independent assays. *P < 0.05, **P < 0.01. (e) AGS cells were transfected with PCMV-control or pCMV-CAPZA1 plasmid, infected with H. pylori for 5 h
(at MOI 50), and incubated in a medium containing antibiotic for 24 h. Then, the mRNA expression of LAMP1 was quantified by real-time qRT-PCR. Data are presented
as the mean ± SD of 3 independent assays. *P < 0.05.
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CAPZA1-overexpressing AGS cells were significantly
increased by H. pylori infection, similar to control AGS
cells (Figs. S4B and C). These findings indicate that suppres-
sion of the invasive capacity of CAPZA1-overexpressing cells
is cancelled by accumulation of intracellular CagA.

CAPZA1 expression is increased by HDAC inhibitor

We examined the regulatory mechanisms of CAPZA1 gene
expression. A CpG island was identified near the CAPZA1
gene (Figure 8(a)). Moreover, 2 CpG island shores, which are
regions of comparatively low CpG density, could be predicted

Figure 7. CAPZA1-overexpressing cells in H. pylori-infected gastric mucosa and early gastric cancer tissues. (a) Mongolian gerbils were inoculated with H. pylori (109

CFU/mL) or vehicle. Twelve weeks after the inoculation, the animals were sacrificed, and their stomachs were excised. Western blotting using protein extracts for
detection of CAPZA1 was performed. CAPZA1 signal intensity of each mouse were analyzed using the ImageJ program. *P < 0.05. (b) Staining of the stomach tissue
for CAPZA1 was performed. Scale bar: 20 μm. (c) Immunostaining for CAPZA1 in human gastric adenocarcinoma. Case 1 and case 2 indicate individual gastric
adenocarcinoma tissue specimens from 2 different patients. Green color indicates CAPZA1 staining. Nuclei (blue color) were stained with DAPI. The region
surrounded by the white dotted line indicates a CAPZA1 strongly stained cell area. Scale bar: 20 μm. (d) Immunostaining for CagA and CAPZA1 in human gastric
adenocarcinoma. Red staining indicates intracellular CagA, and green staining indicates CAPZA1. Nuclei (blue) were stained with DAPI. Scale bar: 20 μm. Arrows
indicate accumulation of translocated CagA in the gastric epithelial cells strongly stained for CAPZA1.
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Figure 8. The CAPZA1 gene is regulated not by methylation of a CpG island, but by acetylation of histone. (a) Identification of a CpG island and CpG island shores
around the CAPZA1 gene. Schematic map of the CpG island showing locations of 12 CpG sites, CpG island shore 1, and CpG island shore 2 with the indicated
locations of CpG sites 3 and 4. (b, c, d, and e) AGS cells were infected with H. pylori for 5 h (MOI 50) and incubated in a medium containing antibiotic for 24 h. DNA
methylation levels of 12 CpG sites of the CpG island (b and c) and of 7 CpG sites of CpG island shores (d and e) were analyzed by bisulfite genomic sequencing. (f)
AGS cells were incubated with SAHA or trichostatin A for 24 h, and the levels of CAPZA1 expression were examined. (g) AGS cells were incubated with SAHA or
trichostatin A for 24 h, and CAPZA1 mRNA expressions were quantified by real-time quantitative RT-PCR. Data are presented as the mean ± SD of 3 independent
assays. *P < 0.05. (h) AGS cells were infected with H. pylori for 5 h (MOI 50) and incubated in a medium containing antibiotic and 5 μM SAHA or 5 μM trichostatin A
for 24 h. Then, a ChIP assay was performed on these cells with an anti-histone H3 (acetyl K9) antibody or IgG from rabbit serum. Real-time PCR demonstrated the
relative enrichment of CAPZA1 promoter genes in the DNA fragments pulled down by an anti-histone H3 (acetyl K9) antibody.
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(Figure 8(a)). We subsequently analyzed epigenetic regulation
of the CAPZA1 gene by using bisulfite genomic sequencing.
The CpG island and CpG island shores were not methylated,
nor were methylation levels altered by H. pylori infection
(Figure 8(b-e)). However, treatment with suberoylanilide
hydroxamic acid (SAHA) and trichostatin A, which are potent
inhibitors of histone deacetylase (HDAC), induced CAPZA1
expression (Figure 8(f)). Under these conditions, HDAC
activities were significantly decreased (Fig. S5). Additionally,
the CAPZA1 mRNA expression was also significantly
increased in a dose-dependent manner by treatment with
SAHA and trichostatin A (Figure 8(g)). We subsequently
analyzed alterations in the chromatin structure of the
CAPZA1 proximal promoter region using ChIP with an anti-
body against the acetylated histone H3 in AGS cells infected
with H. pylori. Acetylated histone H3 levels increased upon
SAHA or trichostatin A treatment, but remained unaltered
after H. pylori infection (Figure 8(h)). These results showed
that alteration in the chromatin structure by HDAC inhibitor-
induced acetylated histone H3 is involved in the induction of
CAPZA1 expression at the transcriptional level, and this
alteration in the chromatin structure is not induced by H.
pylori infection in vitro.

Our observations revealed the regulatory mechanisms of
LAMP1 expression in H. pylori-infected AGS cells (Figure 9).
In AGS cells at 24 h after H. pylori eradication, as LRP1-ICD
accumulation in the nucleus is enhanced, more LRP1-ICDs
can bind to the LAMP1 proximal promoter and induce
LAMP1 expression (Figure 9). Increased expression of
LAMP1 is an essential factor that promotes the formation of
CagA-degrading autolysosomes. At the same time, GTF2I
dissociates from LRP1-ICD, and CAPZA1 binds to LRP1-
ICD in the nucleus, thereby preventing excess LRP1-ICD
from binding to the LAMP1 proximal promoter (Figure 9).
Therefore, overexpression of CAPZA1 inhibits the induction
of LAMP1 expression by H. pylori infection.

Discussion

When CagA is delivered into gastric epithelial cells via the
type IV secretion system, aberrant pro-oncogenic signals are
caused by deregulation of PTPN11/SHP2 via the EPIYA motif
[27]. In the EPIYA repeat region, 4 distinct segments (EPIYA-
A, -B, -C, and -D) have been identified [6,28]. These distinct
EPIYA segments influence the binding activities of CagA to
PTPN11/SHP2, and therefore the oncogenic activity is differ-
ent for each individual CagA [29]. However, our previous
study showed that CagA degradation by autophagy is not
affected by differences in the EPIYA segments [8].
Therefore, CagA oncogenic activity is also influenced by
host cell characteristics that allow accumulation of CagA
through the escape from autophagic degradation. Here, we
showed that CagA can escape from autophagic degradation in
CAPZA1-overexpressing gastric epithelial cells.

In this study, we demonstrated that CAPZA1 expression
levels in H. pylori-infected gastric mucosa of Mongolian ger-
bils were significantly increased (Figure 7(a,b)). Additionally,
our findings showed that histone acetylation is implicated in
the regulation of CAPZA1 gene expression (Figure 8(f–h)).

Remarkably, in vitro H. pylori infection did not affect the
levels of CAPZA1 expression or the levels of acetylated his-
tone H3 at the CAPZA1 proximal promoter region (Figures 4
(d–h)). In vivo H. pylori infection causes chronic inflamma-
tion, accumulation of ROS, and oxidative DNA damage in the
gastric mucosa by inducing infiltration of neutrophils, macro-
phages, and B and T lymphocytes [30]. Therefore, the accu-
mulation of ROS in H. pylori-infected gastric mucosa might
induce CAPZA1 expression via enhancing acetylated histone
H3 levels of the CAPZA1 proximal promoter.

It is known that some viral proteins enhance gene expres-
sion through the modulation of histone acetylation levels (e.g.,
activation of histone acetyltransferases [HATs] and/or the
inhibition of HDAC activity) [31]. In particular, Epstein-
Barr virus (EBV) infection, known to promote the develop-
ment of gastric cancer, increases HAT activity, leading to the
induction of cellular gene expression [32,33]. Therefore,
CAPZA1 expression in EBV-infected gastric epithelial cells
might be increased. Recently, it has been reported that the
oncogenic activity of CagA in EBV-infected epithelial cells
was higher than that in non-EBV-infected epithelial cells
[34]. This finding suggests that CagA stabilization by
CAPZA1 overexpression may be involved in the enhancement
of CagA oncogenic activity in EBV-infected epithelial cells.

Delivery of the autophagosome substrate to lysosomes is an
essential step for the degradation of the autophagosome con-
tents. Fusion of autophagosomes with lysosomes is a complex
process mediated via multiple molecules, including soluble
N-ethylmaleimide-sensitive factor attachment protein recep-
tors (SNAREs), endosomal sorting complex required for
transport (ESCRT), and RAB7 [35–38]. The present study
demonstrates that the increase in LAMP1 expression is essen-
tial for formation of CagA-degrading autolysosomes. Specific
knockdown of LAMP1 inhibited the formation of autolyso-
somes; however, this did not result in the accumulation of
autophagosomes (Figure 2(b)). These results suggested that
LAMP1 does not directly mediate the binding of lysosomes to
autophagosomes. LAMP1 is mainly expressed in the lyso-
somes and late endosomes and maintains the lysosomal mem-
brane integrity [39,40]. Thus, our observations indicate that
enhanced LAMP1 expression promotes lysosomal biogenesis,
contributing to the lysosome supply for fusion with autopha-
gosomes. Although it has also been reported that being doubly
deficient in LAMP1 and LAMP2 causes repression of auto-
lysosome formation [41–43], how LAMP1 expression is regu-
lated during autophagic processes has remained unclear.

In the present study, we showed that LAMP1 expression is
induced by nuclear translocated LRP1-ICD, and that CAPZA1
plays a role in the negative regulation of LAMP1 expression
by binding to LRP1-ICD. In intestinal epithelial cells, LAMP1
expression is known to be enhanced during lipopolysacchar-
ide (LPS)-induced autophagy [44]. Interestingly, treatment
with a supernatant of the probiotic Bifidobacterium bifidum
culture inhibits LPS-induced autophagy by repressing LAMP1
expression [44]. Moreover, stimulation with LPS promotes the
translocation of LRP1-ICD to the nucleus [20]. These reports
suggested that LPS-induced autophagy in intestinal epithelial
cells follows the same mechanism as autophagosome matura-
tion in gastric epithelial cells infected with H. pylori. It is
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conceivable that the enhancement of LAMP1 expression by
LRP1-ICD, which is associated with the effective formation of
autolysosomes in bacteria-infected epithelial cells, represents
an important host defense mechanism.

Materials and methods

Cell culture and bacterial strain

The human gastric cancer AGS cell line was maintained in RPMI
1640 medium (Thermo Fisher Scientific, 11,875,093) supplemen-
ted with 10% fetal bovine serum (FBS). Helicobacter pylori strain
ATCC700392 was used. Bacteria were cultured on Brucella agar
(Becton Dickinson Biosciences, 211,086) containing 7% sheep
blood (Nippon Bio-test Laboratories, 0102–2) and 7% FBS for
2 days at 37°C under microaerobic conditions maintained with
AnaeroPack MicroAero (Mitsubishi Gas Chemical, A-28).

Drugs and antibodies

Suberoylanilide hydroxamic acid (Sigma-Aldrich, SML0061)
and trichostatin A (Sigma-Aldrich, T8552) were used as his-
tone deacetylase inhibitors. Leptomycin B (Sigma-Aldrich,
L2913) was used as potent inhibitor of cytoplasm-nuclear
transportation. The following antibodies were used for wes-
tern blotting: anti-CagA (Austral Biologicals, HPM-5001–5;
1:2000), anti-LAMP1 (Santa Cruz Biotechnology, sc-20,011;
1:1000), anti-LAMP2 (Abcam, ab25631; 1:1000), anti-LC3B
(Cell Signaling Technology, 2775S; 1:1000), anti-LRP1-car-
boxyterminal end (Abcam, ab76661; 1:1000), anti-LRP1
(Santa Cruz Biotechnology, sc-16,166; 1:1000), anti-HSP90
(Enzo Life Science, ADI-SPS-771-D; 1:1000), anti-HDAC2
(Thermo Fisher Scientific, 515,100; 1:1000), anti-GTF2I (Cell
Signaling Technology, 4562S; 1:1000), and anti-CAPZA1
(Merck Millipore, AB6016; 1:2000). Anti-LAMP1 antibodies
(Santa Cruz Biotechnology, sc-20,011; 1:50) and anti-LAMP2
antibodies (Abcam, ab25631; 1:50) were used for fluorescence
immunocytochemistry. The following antibodies were used
for immunohistochemical analysis: anti-CagA (Austral
Biologicals, HPM-5001–5; 1:40), and anti-CAPZA1 (Merck

Millipore, AB6016; 1:500). The following antibodies were
used for immunoprecipitation analysis: anti-LRP1-carboxy-
terminal end (Abcam, ab76661; 1:50), anti-CAPZA1 (Merck
Millipore, AB6016; 1:500), anti-histone H3 (acetyl K9; Abcam,
ab4441; 1:250), and IgG from rabbit serum (Sigma-Aldrich,
18,140; 1:2000).

Plasmids, RNA interference, and transfection

CAPZA1 plasmid (NM_006135) was obtained from
ORIGENE, and pCMV-TET3G plasmid was obtained from
TaKaRa Bio (631,168). The mCherry-EGFP-LC3B cDNA
was introduced into the pTRE2hyg vector (Clontech
Laboratories, 631,014). Cells were grown to sub-confluence
and transfected with each plasmid as well as with LAMP1
siRNA (1) (Qiagen, SI04340133; Hs_LAMP1_8) LAMP1
siRNA (2) (Qiagen, SI00467915; Hs_LAMP1_2), LRP1
siRNA (1) (Qiagen, SI03109400; Hs_LRP1_5), LRP1 siRNA
(2) (Qiagen, SI00036204; Hs_LRP1_3), CAPZA1 siRNA (1)
(Qiagen, SI04159302; Hs_CAPZA1_8), CAPZA1 siRNA (2)
(Qiagen, SI04228588; Hs_CAPZA1_9), GTF2I-siRNA (1)
(Qiagen, SI2652293; Hs_GTF2I_12), GTF2I-siRNA (2)
(Qiagen, SI02652300; Hs_GTF2I_13), or control siRNA
(Qiagen, 1,027,280) using Lipofectamine 2000 (Thermo
Fisher Scientific, 11,668,027) according to the manufac-
turer’s instructions. The experiments were carried out fol-
lowing an overnight incubation of the transfected cells. AGS
cells stably expressing CAPZA1 were obtained by selection
with 0.5–1 mM G418 (Thermo Fisher Scientific, 10,131,035)
for 2 weeks.

H. pylori infection in mongolian gerbils

All experiments and procedures were approved by the Keio
University Animal Research Committee (08080–12). Infection
of Mongolian gerbils with H. pylori was performed as
described previously [45]. Briefly, 7-week-old Mongolian ger-
bils (Sankyo Labo Service Corporation, MON/Jms/Gbs Slc)
were inoculated with H. pylori strain ATCC700392 (109 col-
ony-forming units [CFUs]/mL). Twelve weeks after

Figure 9. Schematic representation of the proposed mode of the regulation of LAMP1 expression by LRP1-ICD in the H. pylori-infected epithelial cells. In H. pylori-
infected epithelial cells, translocation of LRP1-ICD to the nucleus is enhanced (1). Nuclear translocated LRP1-ICD binds to the LAMP1 promoter, leading to the
induction of LAMP1 expression (2). GTF2I dissociates from LRP1-ICD (3) and CAPZA1 binds to nuclear translocated LRP1-ICD (4). The binding of CAPZA1 to LRP1-ICD
in the nuclei represses binding of LRP1-ICD to the LAMP1 promoter, leading to the inhibition of LAMP1 expression.

254 H. TSUGAWA ET AL.



inoculation, the animals were sacrificed, and their stomachs
were excised. To confirm H. pylori infection, the number of
viable CFUs was determined by plating on Nissui
Helicobacter agar (Nissui Pharmaceutical, 51,035).

Tissue specimens
Human gastric adenocarcinoma tissue specimens were
obtained from a 75-year-old male (case 1) and a 71-year-old
male (case 2) who underwent endoscopic submucosal dissec-
tion at the Keio University Hospital after obtaining their
written informed consent. The pathological diagnosis of
both specimens was well-differentiated adenocarcinoma
according to the Japanese Gastric Cancer Association classifi-
cation of gastric carcinoma (14th edition). The study protocol
was approved by the ethics committees of the Keio University
School of Medicine (20,070,068). The study was performed in
accordance with the principles of the Declaration of Helsinki.

H. pylori infection in vitro

Infection of cells with H. pylori in vitro was carried out as
described previously [8]. Briefly, cells were incubated with H.
pylori ATCC700392 for 5 h (multiplicity of infection [MOI] of
50), and extracellular bacterial cells were killed in the presence
of RPMI 1640 medium containing 400 mg/mL kanamycin for
the indicated incubation period (0, 3, 15, or 24 h).

Protein identification
Proteomic analyses were carried out as described previously
[46,47]. HPLC-Chip-MS/MS experiments were performed
using an Agilent 1100 LC/MSDTrap-XCT series system. For
protein identification, H. pylori or human protein database
searches were performed in the NCBInr Swiss-Prot databases
using Agilent Spectrum Mill MS Proteomics Workbench.

Autophagic flux assay
Reporter cells were constructed by the transfection of AGS
cells with pTet-On and TRE2hyg-mCherry-EGFP-LC3B vec-
tors. The reporter cells were maintained in RPMI 1640 med-
ium supplemented with 10% FBS and 1 mM G418. The
expression of mCherry-EGFP-LC3B in the reporter cells was
induced by the presence of doxycycline (Dox; Sigma-Aldrich,
D3072). Reporter cells transfected with specific siRNA mole-
cules (LAMP1 siRNA or control siRNA) were exposed to H.
pylori for 5 h, then incubated in RPMI 1640 medium contain-
ing 400 mg/mL kanamycin to kill extracellular bacteria and
Dox to induce the expression of mCherry-EGFP-LC3B for
24 h and then fixed with 4% paraformaldehyde. The cells
were examined using an LSM710 confocal microscope (Carl
Zeiss, Oberkochen, Germany).

Cell fractionation
Soluble cytoplasmic, membrane, and nuclear proteins were
separated and extracted using a subcellular protein fractiona-
tion kit (Thermo Fisher Scientific, 78,840) according to the
manufacturer’s instructions. For characterization of different
subcellular fractions, anti-HSP90 and anti-HDAC2 antibodies
were used as markers for the cytoplasmic and the nuclear
fractions, respectively.

Immunoprecipitation
Each cell lysate was incubated at 4°C overnight with an anti-
LRP1-carboxyterminal end antibody. EZview Red Protein A
Affinity Gel (Sigma-Aldrich, P6486) was then added, followed
by overnight incubation at 4°C. The immunoprecipitate was
subjected to SDS–PAGE, and the gel was stained with a silver
stain MS kit (FUJIFILM Wako Chemicals, 299–58,901) for
protein identification by HPLC-Chip-MS/MS. The immuno-
precipitate was subjected to western blotting using an anti-
CAPZA1 antibody or an anti-GTF2I antibody.

Fluorescence immunocytochemistry
To detect the localization of LAMP1, LAMP2 and mCherry-
EGFP-LC3B, reporter cells were infected with H. pylori for 5 h
and incubated in RPMI 1640 culture medium containing
400 mg/mL kanamycin for 24 h. The cells were washed in
phosphate-buffered saline (Nacalai tesque, 14,249–24), fixed
with 4% paraformaldehyde, and incubated with an anti-
LAMP1 antibody (Santa Cruz Biotechnology, sc-20,011) or
anti-LAMP2 antibody (Abcam, ab25631). Alexa Fluor 647-
conjugated anti-mouse IgG (Thermo Fisher Scientific,
A28181) and Alexa Fluor 647-conjugated anti-rabbit IgG
(Thermo Fisher Scientific, A31573) were used as secondary
antibodies. LysoTracker Red DND-99 (Thermo Fisher
Scientific, L7528) signals in AGS cells infected with H. pylori
were detected as described previously. To detect LAMP1 or
LAMP2 expression, cells were infected with H. pylori for 5 h
and incubated in RPMI 1640 culture medium containing
400 mg/mL kanamycin for 24 h. After fixation with 4%
paraformaldehyde, the cells were incubated with rhodamine-
conjugated phalloidin (Thermo Fisher Scientific, R415) at
room temperature for 20 min, followed by incubation with
an anti-LAMP1 antibody or an anti-LAMP2 antibody. Alexa
Fluor 488-conjugated anti-mouse IgG (Thermo Fisher
Scientific, A11029) was used as the secondary antibody. The
samples were examined using an LSM710 Zeiss confocal
microscope.

Immunohistochemistry
Tissue sections were fixed in 4% paraformaldehyde, depleted
of paraffin, and rehydrated in a series of graded ethanol
solutions. Tissue sections were subjected to antigen retrieval
by heating for 10 min at 105°C in Target Retrieval Solution,
pH 9 (Dako, S2375). The sections were incubated overnight at
4°C with the primary antibody. Immunoreactivity was
detected using Alexa Fluor 568-conjugated anti-mouse IgG
(Thermo Fisher Scientific, A11031) or Alexa Fluor 488-con-
jugated anti-rabbit IgG (Thermo Fisher Scientific, A21206).
The samples were examined using an LSM710 Zeiss confocal
microscope. Staining intensity of CAPZA1 were analyzed with
the ImageJ program.

Chromatin immunoprecipitation (chip) assay
ChIP was performed using an EpiTect ChIP OneDay Kit
(Qiagen, 334,471) and Simple ChIP Plus Sonication
Chromatin IP Kit (Cell Signaling Technology, 56383S) fol-
lowing the manufacturer’s instructions. Briefly, cross-link-
ing was performed using a 1%-formaldehyde solution in
phosphate-buffered saline. Prior to immunoprecipitation,

AUTOPHAGY 255



each input fraction was saved and used as a positive con-
trol. The supernatants were immunoprecipitated with anti-
LRP1 carboxyterminal end, anti-CAPZA1, and anti-histone
H3 (acetyl K9) antibodies or IgG from rabbit serum at 4°C
overnight. Then, the resulting enriched genomic DNA sam-
ples were measured by qPCR using the EpiTect ChIP-qPCR
Primer Assay kit for LAMP1 (Qiagen, GPH1003759(−)01A;
−1 kb from the transcription start site), for CAPZA1
(Qiagen, GPH100073(-)01A; −1 kb from the transcription
start site). These ChIP qPCR primers were pre-designed,
and qPCR assays were optimized to measure genomic DNA
in the region of −1 kb from the transcription start site of
LAMP1 or CAPZA1.

Western blotting
Total protein (10 μg/lane) was separated on a 4–12%
NuPAGE gradient gel (Thermo Fisher Scientific,
NP0322BOX) or 10% Bis-Tris Plus gel (Thermo Fisher
Scientific, NW00107BOX) and transferred to a polyvinyli-
dene difluoride membrane (Thermo Fisher Scientific,
LC2002). An anti-ACTB antibody (Sigma-Aldrich,
A5316) was used as the loading control. The immunor-
eactive bands were detected by chemiluminescence using
ECL Prime (GE Healthcare, RPN2232). Signal quantifica-
tion was performed using the ImageJ program (National
Institutes of Health).

Bisulfite-genomic sequencing
Genomic DNA (1 μg) was treated with sodium bisulfite by using
an EpiTect plus DNA bisulfite kit (Qiagen, 59,124). Bisulfite-
modified DNA was subjected to PCR as follows: 98°C for 10 min
followed by 40 cycles of 98°C for 10 sec, 58°C for 30 sec, and 72°C
for 30 sec. The final extension step was incubation at 72°C for
10 min. The following primer sequences were used. CpG sites 1:
forward 5′-GGGTTTAGGTTAGGGATAGATGTA and reverse
5′-CCCAAAACTCAACCTTCACA; CpG sites 2: forward 5′-
TAGATGGATGGGAAATGAGTGTA and reverse 5′-
ACCAAAAAAACCCCATATCAATTATAC; CpG shore-1: for-
ward 5′-AGAGAGAGGGAGGATTTTAAGAGTT and reverse
5′-CAACCTTACAATTAATTAACAAACCTA; CpG shore-2:
forward 5′-GGGAGTTTAGTAGTGTTTTTAGGA and reverse
5′-ACCCCTAAACTATACCTCAAACC. Bisulfite PCR products
were analyzed by pyrosequencing.

Cell invasion assay
AGS cells were transfected with pCMV-control or pCMV-
CAPZA1 plasmid and infected with H. pylori for 5 h. Then,
400 mg/mL kanamycin was added to RPMI 1640 medium to
kill extracellular bacteria. The cells (3 × 104) were added to the
top chambers of 24-well Trans-well plates, which were either
coated with Matrigel® barriers (Corning, 354,165) or
uncoated. After 24-h incubation, top (non-invaded) cells
were removed, and bottom cells (invaded cells) were fixed
and stained with hematoxylin and eosin. The numbers of
invaded cells were counted, and the fraction of invaded cells
was calculated [48].

HDAC activity
Nuclear proteins were extracted using a subcellular pro-
tein fractionation kit (Thermo Fisher Scientific, 78,840)
according to the manufacturer’s instructions. Then,
HDAC activity was measured using the HDAC activity
assay kit (BioVision, K331).

Total RNA isolation and real-time quantitative RT-PCR
The total RNA was isolated using the SV Total RNA Isolation
system (Promega, Z3100). The reverse transcription (RT) reaction
was performed using the PrimeScript RT reagent Kit (TaKaRa,
RR037A) according to the manufacturer’s guidelines. Real-time
polymerase chain reaction (PCR) was performed using a SYBR
Premix Ex Taq Perfect Real Time Kit (TaKaRa, RR041A) in a
Thermal Cycler Dice Real Time System (TaKaRa, Ohtsu, Japan).
The primer sequences used were as follows: LAMP1 mRNA:
forward 5ʹ-CCAGTTCGGGATGAATGCAAGT and reverse 5ʹ-
TTGGCAGCTTTAAAGGCAGGGT [49]; CAPZA1mRNA: for-
ward 5ʹ- ACAATCTCCTCAGGGAAGGGG and reverse 5ʹ-
TGCTTCTTTCCGTAAGTGGTCAAA [50]; GAPDH mRNA:
forward 5ʹ-GACATCAAGAAGGTGGTGAAGCAG and reverse
5ʹ-ATACCAGGAAATGAGCTTGACAAA [8]. The cells’
GAPDH genewere used as the internal control for the quantitative
RT-PCR.

Statistical analysis
All values are expressed as the mean ± SD. Statistical signifi-
cance of differences between groups was evaluated using
Student’s t-test and one-way ANOVA. Statistical analysis
was performed using JSTAT statistical software (version 8.2).
Differences were considered to be statistically significant if
P < 0.05.
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