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Figure 1. Autophagy Induction Associated with Intracellular CagA Stability

(A) AGS cells infected with H. pylori ATCC700392 for 5 hr were incubated at indicated times in a medium containing antibiotic to kill extracellular bacteria.
Intracellular CagA and phosphorylated CagA (p-CagA) levels were quantified. Data represent the mean of three independent assays.

(B) AGS cells infected with H. pylori for 5 hr were incubated in a medium containing antibiotic with or without a proteasome inhibitor (10 pM MG132 or 20 uM
lactacystin [Lact]) or autophagy inhibitor (5 mM 3-methyladenine [BMA] or 50 nM wortmannin [Wort]) for 24 hr. Intracellular CagA and p-CagA levels were
quantified. Data represent the mean + SD of three independent assays; *p < 0.05, **p < 0.01.

(C) AGS cells infected with H. pylori ATCC700392 for 5 hr were incubated in a medium containing antibiotic for the indicated times, and intracellular CagA and
LC3-I to LC3-Ii conversion were examined.

(D) After transfection of AGS cells with the EGFP-LC3B plasmid, cells infected with H. pylori for 5 hr were incubated with a medium containing antibiotic for 24 hr

with or without an autophagy inhibitor (10 pM MG132 or 20 uM Lact), and intracellular CagA was stained. EGFP-LC3B plasmid alone indicates the absence of
H. pylori infection. Scale bar = 25 pm.

(E) AGS cells infected with H. pylori ATCC700392 for 5 hr were incubated with a medium containing antibiotic for 24 hr, and LysoTracker Red DND-99 staining was
performed. Scale bar = 50 pm.

not affected by proteasome inhibitors (10 uM MG132 or 20 uM We then examined whether autophagy was activated within
Lact), they were significantly increased by exposure of the cells  AGS cells after H. pylori ATCC700392 eradication. A hallmark
to autophagy inhibitors (5 mM 3MA or 50 nM Wort), as compared  of autophagy is the carboxyl terminus modification of microtu-
with cells not exposed to these inhibitors (None) (Figure 1B).  bule-associated protein light chain 3 (LC3), which becomes
These results indicated that autophagy contributed to CagA linked to phosphatidylethanolamine and associates with the
degradation in host epithelial cells. autophagosomal membrane. LC3-l to LC3-il conversion was
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detected most clearly at 15 and 24 hr after H. pylori eradication
(Figure 1C). In addition, 24 hr after eradication, EGFP-LC3B-
positive puncta were clearly detected within the cytoplasm of
AGS cells transfected with the EGFP-LC3B plasmid, unlike
AGS cells exposed to autophagy inhibitors (5 mM 3MA, 50 nM
Wort) (Figure 1D), suggesting that LC3 is activated and localized
to autophagosomes. LysoTracker Red stains late autophagic
vacuoles (autolysosomes), but not early autophagosomes.
LysoTracker Red staining was clearly detected within AGS
cells at 24 hr after H. pylori eradication, consistent with the
formation of autolysosomes (Figure 1E). These results demon-
strate that autophagy was activated in AGS cells at 15 and
24 hr after eradication.

To evaluate whether autophagy was specifically associated
with degradation of intracellular CagA, CagA-expressing WT-
A10 cells—in which CagA expression was induced through the
pTet-off-cagA expression vector by the absence of doxycycline
(Dox) for 24 hr—was used. When these cells were incubated with
rapamycin, which promotes autophagy by inhibiting mammalian
target of rapamycin (MTOR), intracellular CagA decreased in
a dose-dependent manner, and LC3-I to LC3-ll conversion
was clearly detected (Figure 2A). In addition, electron immuno-
cytochemical examination following immunogold labeling for
CagA in CagA-expressing, rapamycin-stimulated WT-A10 cells
revealed the presence of labeled CagA in autophagic vesicles
(Figure 2B). From these results, we conclude that intracellular
CagA is degraded by autophagy.

CagA Degradation via Autophagy Is Activated

by miVacA

Although autophagy was activated in AGS cells after H. pylori
eradication (Figures 1C-1E), no LC3-| to LC3-lI conversion was
detected in CagA-expressing WT-A10 cells without rapamycin
(Figure 2A; rapamycin [0 nM] lane). These results indicate that
the induction of autophagy was independent of intracellular
CagA, but was dependent on H. pylori infection. According to
Terebiznik et al. (2009), autophagy was induced by VacA in
H. pylori-infected AGS cells; therefore, we tested whether VacA
participated in induction of autophagy associated with CagA
degradation. In CagA-expressing WT-A10 cells exposed to
culture supernatant from H. pylori ATCC700392 (s1m1VacA),
intracellular CagA levels were significantly decreased in the
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Figure 2. Degradation of Intraceliular CagA
by the Induction of Autophagy

(A) CagA expression in WT-A10 cells was induced
by removal of Dox for 24 hr (CagA-expressing WT-
A10 cells). CagA-expressing WT-A10 cells were
stimulated with rapamycin for 24 hr, and intracel-
lular CagA and LC3-l to LC3-lI conversion were
examined. Data represent the mean + SD of three
independent assays; *p < 0.05.

(B) CagA-expressing WT-A10 cells stimulated
with 100 nM rapamycin for 24 hr were reacted
with a 15 nm immunogold-labeled antibody; im-
munogold-labeled CagA was detected by electron
microscopy. Arrows indicate immunogold-labeled
CagA. Label is autophagolysosomal components.
Scale bar = 200 nm.

culture supernatant in a dose-dependent manner with LC3-] to
LC3-Il conversion (Figure 3A). In addition, in AGS cells at 24 hr
after H. pylori ATCC700392 (s1m1VacA) eradication, intracellular
CagA levels were significantly decreased, as compared to 15 hr
after eradication; conversion of LC3-Ito LC3-1l was clearly evident
(Figure 3B). Conversely, in WT-A10 cells exposed to H. pylori F57
(VacA-negative), ot210 (s1m2VacA), or SS1 (s2m2VacA) culture
supernatant, there was no decrease in intracellular CagA levels,
and no LC3-1 to LC3-Il conversion was detected (Figure S1A).
Moreover, in AGS cells at 24 hr after H. pylori F57 (VacA-negative),
ot210 (s1m2VacA), or SS1 (s2m2VacA) eradication, there was no
decrease in intracellular CagA, and no LC3-| to LC3-Il conversion
was detected (Figure S1B). To investigate the function of CagA
from each strain, we examined the tyrosine phosphorylation level
of each CagA protein. All the CagA proteins were phosphorylated
(Figure S1C), suggesting that those CagA species behaved simi-
larly in delivered host cells.

In CagA-expressing WT-A10 cells incubated with m1VacA for
24 br, a significant m1VacA-dependent decrease in intracellular
CagA levels was observed along with LC3-I to LC3-ll conversion
(Figure 3C). Autophagy inhibitors (5 mM 3MA or 50 nM Wort)
repressed the LC3-| to LC3-Il conversion induced by m1VacA
and significantly increased intracellular CagA levels (Figure 3D).
In CagA-expressing WT-A10 cells incubated with m2VacA, intra-
cellular CagA was not degraded and LC3-I to LG3-ll conversion
was not observed (Figure S1D). In addition, at 24 hr after H. pylori
F57 (VacA-negative) eradication, there was a significant increase
in CagA, as compared with cells infected with H. pylori
ATCC700392 (s1m1VacA) (Figure S1E). The increase of intracel-
lular CagA produced by H. pylori F57 (VacA-negative) was
reduced by the addition of 60 nM m1iVacA, in contrast to the
addition of 60 nM m2VacA (Figure S1E). To evaluate the biolog-
ical activity of VacA, we examined the vacuolation activity of
miVacA and m2VacA. Both proteins induced vacuolation in
CagA-expressing WT-A10 cells in a dose-dependent manner,
although m1VacA induced stronger vacuolation activity than
m2VacA (Figure S1F). Our observations demonstrate that the
autophagy responsible for CagA degradation is induced by
miVacA in gastric epithelial cells, independent of vacuolating
cytotoxicity.

We recently found that low-density lipoprotein receptor-
related protein-1 (LRP1) was one of the VacA receptors that
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Figure 3. Autophagy, Causing CagA Degradation, Is Induced by m1VacA

(A) CagA-expressing WT-A10 cells were stimulated with H. pylori ATCC700392 (s1m1VacA) culture supernatant, and intracellular CagA and LC3-I to LC3-II
conversion were examined. Data represent the mean + SD of three independent assays; *p < 0.05.

(B) AGS cells infected with H. pylori (sTm1VacA) for 5 hr were incubated in a medium containing antibiotic for 15 and 24 hr, and intracellular CagA and LC3-1 to
LC3-II conversion were examined. Data represent the mean + SD of three independent assays; **p < 0.01.

(C) CagA-expressing WT-A10 cells were incubated with m1VacA for 24 hr, and intracellular CagA and LC3-1 to LC3-il conversion were examined. Data represent

the mean x SD of three independent assays; **p < 0.01.

(D) CagA-expressing WT-A10 cells, stimulated by m1VacA, were incubated with an autophagy inhibitor (5 mM 3MA or 50 nM Wort) for 24 hr, and intracellular
CagA and LC3-| to LC3-II conversion were examined. Data represent the mean + SD of three independent assays; *p < 0.05, **p < 0.01. See also Figure S1.

mediate induction of autophagy (Yahiro et al., 2012). Then, to
examine the relevance of LRP1 for the induction of autophagy-
mediated CagA degradation, we constructed specific LRP1-
knockdown AGS cells using small interfering RNAs (siRNAs)
(Figure S1G). The LRP1 knockdown repressed the LC3-l to
LLC3-Il conversion, resulting in the inhibition of CagA degradation
(Figure S1H). This result indicates that LRP1 is required for the
induction of autophagy-mediated CagA degradation in response
to m1VacA. Next, to compare the binding ability of m1VacA and
m2VacA to LRP1, we performed an immunoprecipitation assay
with anti-LRP1. An 87 kDa fragment of VacA was detected by
western blotting with an anti-VacA antibody in the anti-LRP1
immunoprecipitates from AGS cells infected with H. pylori
ATCC700392 (s1miVacA) (Figure S1l). In contrast, VacA was
not detected in the anti-LRP1 immunoprecipitates from AGS
cells infected with H. pylori 0t210 (s1m2VacA) (Figure S1l). This
result demonstrates that m1VacA, but not m2VacA, has a binding
potential to LRP1.

p53 Downregulation via Increased MDM2-
Phosphorylation Induces Autophagy, Causing

CagA Degradation

p53 inactivation by chemical inhibition or knockdown induces
autophagy via the inhibition of mTOR. To investigate the induc-

tion of autophagy associated with CagA degradation, we
examined p53 expression in AGS cells after H. pylori infection.
In AGS cells at 15 and 24 hr after eradication of H. pylori
ATCC700392 (simiVacA), p53 expression was significantly
decreased and LC3-I to LC3-Il conversion was clearly de-
tected (Figure 4A). We then examined the mechanisms of
p53 downregulation, focusing on posttranslational mecha-
nisms, since H. pylori-infected AGS cells have been reported
to show no change in p53 mRNA expression (Wei et al,
2010). It is well known that p53 can be degraded by ubiquiti-
nation and proteasomal degradation pathways and that murine
double minute 2 (MDM2) is the main E3 ubiquitin ligase that
mediates p53 degradation. MDM2 expression was unaltered
in AGS cells after H. pylori ATCC700392 (s1miVacA) in-
fection (Figure 4B). MDM2 is activated by phosphorylation at
Ser166 (pMDM2) (Zhou et al., 2001). At 15 and 24 hr after
the eradication of H. pylori ATCC700392 (s1m1VacA), pMDM2
levels were significantly increased (Figure 4B). Conversely,
in AGS cells after H. pylori F57 (VacA-negative), ot210
(stm2VacA), or SS1 (s2m2VacA) infection, neither a decrease
in p53 expression nor an increase in pMDM2 was noted
(Figure S2).

We then examined the relationship between p53 down-
regulation and intracellular CagA stability. The specific
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Figure 4. Autophagy, Causing CagA Degra-
dation, Is Induced through MDM2-Mediated
p53 Degradation

(A) AGS cells infected with H. pylori (s1m1VacA) for
5 hr were incubated in a medium containing anti-
biotic for the indicated time, and p53 expression
and LC3-l to LC3-Il conversion were examined.
Data represent the mean + SD of three indepen-
dent assays; “*p < 0.01, compared to AGS cells at
0 hr after H. pylori (sTm1VacA) eradication.

(B) AGS cells infected with H. pylori (s1m1VacA)
for 5 hr were incubated in a medium containing
antibiotic for the indicated times, and the levels of
MDM2 and phosphorylated-MDM2 (pMDM2)
were examined. Data represent the mean + SD of
three independent assays; **p < 0.01, compared
to AGS cells at 0 hr after H. pylori (stm1VacA)
eradication.

(C) After AGS cells were transfected with control
siRNA or p53 siRNA, cells infected with H. pylori
(stm1VacA) for 5 hr were incubated in a medium
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containing antibiotic for the indicated times, and
the levels of CagA, p53 expression, and LC3-l to
LC3-Il conversion were examined. Data represent
the mean + SD of three independent assays;
*p < 0.01, compared to AGS cells transfected
with control siRNA at each time point after
H. pylori (s1m1VacA) eradication.

(D) KATOIIl cells were transfected with the pCMV-
Neo-Bam WT p53 plasmid (p53-WT) or without
(Cont). Each cell after H. pylori (sim1VacA)
infection for 5 hr was incubated in a medium
containing antibiotic for the indicated times. CagA
levels and LC3-1 to LC3-ll conversion were
examined. Data represent the mean + SD of three
independent assays; **p < 0.01; lipofect indicates
KATOIll cells treated with only Lipofectamine
2000.
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p53-knockdown using small interfering RNAs (siRNAs) acceler-
ated LC3-Ito LC3-Il conversion, thereby enhancing CagA degra-
dation in AGS cells after H. pylori ATCC700392 (s1m1VacA)
infection (Figure 4C). Moreover, in KATOIIl cells, which are
genetically deficient of p53 (p53~/~ KATOIll cells), LC3-I to
LC3-ll conversion was clearly detected at 24 hr after the eradica-
tion of H. pylori ATCC700392 (stmiVacA), and intracellular
CagA levels were significantly decreased, as compared with
p53~'~ KATOIII cells transfected with the WT p53 expression
plasmid (Figure 4D). In addition, we examined the effect of nut-

antibiotic for the indicated times with 10 uM nutlin-
3, and the levels of CagA, p53 expression, and
LC3-l to LC3-Il conversion were examined. Data
represent the mean = SD of three independent
assays; NS, not significant. See also Figure S2.

H. pylori infection

lin-3—an inhibitor of MDM2-phosphory-
lation—on CagA stability. Treatment with
10 pM nutlin-3 repressed p53 downregu-
lation and LC3-Ito LC3-Il conversion (Fig-
ure 4E), resulting in the inhibition of CagA
degradation (Figure 4E). These results
show that p53 downregulation, through
the acceleration of MDM2-phosphorylation by m1VacA, induces
autophagy, causing CagA degradation.

ROS Accumulation Is Necessary for the induction

of Autophagy, Causing CagA Degradation

An accumulation of intracellular ROS induces autophagy,
and the generation of intracellular ROS is enhanced in gastric
epithelial cells during H. pylori infection (Ding et al., 2007). We
hypothesized that the enhanced generation of intraceliular
ROS participates in induction of autophagy, causing CagA
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degradation. AGS cells at 15 and 24 hr after the eradication of
infected H. pylori were analyzed using fluorescence microscopy
and flow cytometry after staining with CM-H,DCFDA, an
ROS-sensitive fluorescent probe. Hydrolyzed CM-H,DCFDA is
oxidized to dichlorofluorescein (DCF) by intracellular ROS
(Suzuki et al.,, 1994). DCF fluorescence was apparent in AGS
cells at 15 and 24 hr after the eradication of H. pylori
ATCC700392 (sim1VacA), as compared with AGS cells without
H. pylori exposure (Figure 5A). The intensity of DCF fluorescence
in AGS cells at 15 and 24 hr after the eradication of H. pylori
ATCC700392 (simiVacA) was significantly increased, as
compared to AGS cells without H. pylori exposure (Figure 5B).
Conversely, in AGS cells after H. pylori F57 (VacA-negative),
0t210 (s1m2VacA), or SS1 (s2m2VacA) infection, no increase in
DCF fluorescence was observed (Figure S3A). These resuits
show that the accumulation of intracellular ROS was enhanced
during the induction of autophagy.

NADPH oxidase (NOX)-generated ROS is a key regulator of
autophagy (Huang et al., 2009), while mitochondrial-superoxide
(O27) production is involved in the induction of autophagy
(Scherz-Shouval and Elazar, 2007). To identify the source of
enhanced ROS generation associated with the induction of auto-
phagy through p53 downregulation, we examined the effects of
an NOX inhibitor (acetovanillone), an MnSOD mimic compound
(MnTMPyP), and N-acetylcysteine (NAC). p53 downregulation
was not inhibited by 250 1M acetovanillone or 20 yM MnTMPyYP;
therefore, LC3-1 to LC3-ll conversion was not repressed (Fig-
ure 5C). Conversely, p53 downregulation was inhibited by treat-
ment with 10 mM NAC, and LC3-l to LC3-II conversion was
repressed (Figure 5C). Moreover, intracellular CagA levels were
significantly increased by treatment of AGS cells with 10 mM
NAC at 24 hr after the eradication of H. pylori ATCC700392
(s1m1VacA) (Figure 5D). These results show that the accumula-
tion of intracellular ROS is necessary for induction of autophagy,
causing CagA degradation, independent of NOX- and mitochon-
dria-associated ROS generation.

Administration of NAGC, a cysteine prodrug, replenishes intra-
cellular GSH levels; therefore, NAC has been used to treat
GSH deficiency (Atkuri et al., 2007). We hypothesized that the
accumulation of intracellular ROS during the induction of auto-
phagy was caused by decreased GSH levels. To prove this,
we examined the change of GSH levels in AGS cells after
H. pylori ATCC700392 (s1m1VacA) infection. Intracellular GSH
levels in AGS cells at 15 and 24 hr after the eradication of
H. pylori ATCC700392 (s1m1VacA) were significantly decreased,
as compared to AGS cells without H. pylori exposure (Figure 5E).
Moreover, intracellular GSH levels in AGS and CagA-expressing
WT-A10 cells were significantly decreased by m1VacA in a dose-
dependent manner (Figure 5F). In AGS cells at 15 and 24 hr after
the eradication of H. pylori ATCC700392 (s1m1VacA), intracel-
lular GSH was decreased, as compared to cells at 15 and
24 hr after eradication of H. pylori F57 (VacA-negative), ot210
(s1m2VacA), or SS1 (s2m2VacA) (Figure S3B). Moreover, intra-
cellular GSH levels in AGS and CagA-expressing WT-A10 cells
were not decreased by treatment with m2VacA (Figure S3C).
These results show that the accumulation of intracellular ROS
associated with the induction of autophagy was induced by
decreased GSH levels caused by miVacA. Next, to provide
the relevance of LRP1 in the reduction of intracellular GSH levels,

we measured intracellular GSH levels in specific LRP1-knock-
down AGS cells; they were significantly increased at 15 or
24 hr after the eradication of H. pylori ATCC700392 (s1m1VacA),
as compared with those in AGS cells transfected with control
siRNA (Figure S3D). These results demonstrate that the binding
of m1VacA to LRP1 is required for the reduction of intracellular
GSH levels.

Activation of the Akt Pathway Depends on the
Accumulation of ROS for Autophagy Induction
Phosphorylated Akt enhances the ubiquitination-promoting
function of MDM2 by phosphorylation, resulting in p53 downre-
gulation (Ogawara et al., 2002). In addition, exogenous and
endogenous ROS enhance Akt phosphorylation (Dong-
Yun et al., 2003). We hypothesized that the accumulation of
intracellular ROS by decreased GSH levels enhances Akt phos-
phorylation, leading to the induction of autophagy through p53
downregulation by the activation of MDM2. To investigate this
hypothesis, we examined Akt phosphorylation in AGS cells after
H. pylori ATCC700392 (simiVacA) infection. Although Akt
expression was unaltered, the levels of phosphorylated Akt at
Thr308 and Ser473 were significantly increased in AGS cells
after H. pylori ATCC700392 (s1m1VacA) infection (Figure 6A).
To examine whether Akt phosphorylation depends on the accu-
mulation of intracellular ROS, we examined the effect of NAC
on Akt phosphorylation. Treatment with 10 mM NAC inhibited
Akt phosphorylation at Serd73, but not at Thr308 (Figure 6A);
therefore, Akt phosphorylation at Ser473 was dependent on
accumulation of intracellular ROS after H. pylori ATCC700392
(sTm1VacA) infection. In addition, although Akt phosphorylation
at Thr308 was increased in AGS cells after H. pylori F57 (VacA-
negative), ot210 (s1m2VacA), or SS1 (s2m2VacA) infection, Akt
phosphorylation at Ser473 was not increased (Figure S4A).
Moreover, Akt phosphorylation at Thr308 and Ser473 was not
increased in CagA-expressing WT-A10 cells, suggesting that
Akt phosphorylation was independent of intracellular CagA
(Figure S4B).

To examine the relevance of Akt phosphorylation at Ser473 to
the induction of autophagy, causing CagA degradation, we
examined the effect of LY294002, an inhibitor of Akt phosphory-
lation, on the stability of intracellular CagA and autophagy induc-
tion. Ten micromolar LY294002 inhibited intracellular CagA
degradation, the increase in pMDM2, and p53 downregulation
(Figure 6B). As a result, LC3-I to LC3-Il conversion in AGS cells
at 15 and 24 hr after the eradication of H. pylori ATCC700392
(stm1VacA) was repressed by L.Y294002 with reduced accumu-
lation of LysoTracker Red (Figure 6C). These results suggest that
enhanced Akt phosphorylation at Ser473 induced MDM2 phos-
phorylation, leading to the induction of autophagy and causing
CagA degradation through p53 downregulation.

Accumulation of Translocated CagA in CD44v9-
Expressing Gastric Cancer Stem-like Celis

Intracellular CagA produced by miVacA H. pylori, but not
m2VacA H. pylori, was degraded by autophagy. Although some
studies indicated that m1VacA H. pylori infection was at a greater
risk of gastric cancer compared with m2VacA H. pylori infection
(Basso et al., 2008; Miehlke et al., 2000), others have indicated
that there is no correlation between virulence and the vacA
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Figure 5. Reduced Intracellular GSH Levels Trigger Autophagy, Causing CagA Degradation

(A) AGS cells at 24 hr after H. pylori (s1m1VacA) eradication were stained with CM-H,DCFDA an:
microscopy. Scale bar = 50 um.

d MitoTracker Red FM and examined by fluorescence

(B) Flow cytometry of AGS cells at 15 and 24 hr after H. pylori (s1tm1VacA) eradication. H,DCF fluorescence intensity was determined by using analysis software.

Data represent the mean + SD of three independent assays; *p < 0.01.
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genotype (Marshall et al., 1999; Yamaoka et al., 1998). In fact, m1
and m2 VacA strains are both observed in gastric cancer patients
(Wang et al., 1998). From these reports, we hypothesized that
there was a characteristic alteration in host cell associated with
theinhibition of autophagy, which led to the accumulation of intra-
cellular CagA. CD44v9-expressing gastric cancer cells are resis-
tant to ROS, supported by increased intracellular GSH synthesis
(Ishimoto et al., 2011). We hypothesized that accumulation of
intracellular CagA resulted from inhibiting autophagy induction
in CD44v9-expressing cells. To prove this hypothesis, we pre-
pared MKN28 mutant cells by transfection of CD44 standard
form (CD44s)- or CD44v9-expression vectors into CD44-negative
MKN28 cells (Ishimoto et al., 2011). CD44s or CD44v9 expression
in MKN28 cells was confirmed using flow cytometry (Figure S5A).
Intracellular GSH levels in MKN28 cells expressing CD44s were
significantly increased in comparison to MKN28 cells, whereas
GSH levels in MKN28 cells expressing CD44v9 were increased
in comparison to MKN28 cells expressing CD44s (Figure S5B).
These results were consistent with previous observations that
CD44v9 expression increases cellular GSH contents through
the promotion of xCT-mediated cystine uptake, and CD44s
expression increases cellular GSH levels through the mainte-
nance of pentose phosphate pathway (PPP) flux and consequent
NADPH production (Tamada et al., 2012). Intracellular GSH levels
in MKN28 cells expressing CD44v9 were not decreased at 15 or
24 hr after the eradication of H. pyfori ATCC700392 (s1m1VacA),
in contrast to the reduction of GSH levels in MKN28 cells express-
ing CD44s (Figure 7A). Intracellular CagA levels were significantly
increased in MKN28 cells expressing CD44v9, as compared with
those in MKN28 cells expressing CD44s (Figure 7B). In addition,
the increase of Akt and MDM2 phosphorylation and p53 degrada-
tion were not observed in MKN28 cells expressing CD44v9
(Figure 7B). As aresult, LC3- to LC3-Il conversion was repressed
(Figure 7B) and LysoTracker signals were markedly decreased in
MKN28 cells expressing CD44v9 (Figure 7C). These results
suggest that intracellular CagA accumulated in cells expressing
CD44v9 through the inhibition of autophagy. We then examined
the effect of sulfasalazine, a potent xCT inhibitor, on the stability
of intracellular CagA in MKN28 cells expressing CD44v9. Intracel-
lular CagA levels were decreased by the application of sulfasala-
zine in a dose-dependent fashion (Figure 7D). Moreover, Akt and
MDM2 phosphorylation was significantly increased, and p53
downregulation was induced by treatment with sulfasalazine
(Figure 7D), resulting in a significant increase in the conversion
of LC3-1to LC3-ll (Figure 7D).

To assess the effect of CD44v9-expression on the accumula-
tion of intracellular CagA in human gastric adenocarcinoma,
endoscopically resected early gastric cancer tissue from

four patients (case 1: 62-year-old female, well-differentiated
adenocarcinoma, H. pylori-positive; case 2: 68-year-old male,
well-differentiated adenocarcinoma, H. pylori-positive; case 3:
72-year-old male, well-differentiated adenocarcinoma, H. pylori-
positive; case 4: 78-year-old male, well-differentiated adenocar-
cinoma, H. pylori-positive), with written informed consent, was
used. Remarkable intracellular CagA staining was detected
with an anti-CagA antibody in the CD44v9-positive cells in
each gastric adenocarcinoma (Figure 7E). It was confirmed using
an anti-H. pylori antibody that these CagA-stained patterns were
different from H. pylori-specific staining (not CagA) (data not
shown), suggesting that only transported CagA, but not the
H. pylori itself, was detected in CD44v9-expressing gastric
cancer tissue. Endoscopically resected early gastric cancer
tissue from an H. pylori-negative patient (80-year-old female,
well-differentiated adenocarcinoma), with written informed
consent, was used as a CagA-negative control. In this specimen,
intracellular CagA staining was not detected in either CD44v9-
positive or CD44v9-negative cells (Figure S5C). In addition,
we detected the intracellular CagA-negative region in both
CD44v9-positive and CD44v9-negative cells in endoscopically
resected early gastric cancer tissue from a patient at 40 months
after H. pylori eradication (72-year-old male, well-differentiated
adenocarcinoma), with written informed consent (Figure S5D).
In addition to performing a general pathological assessment,
LC3B and CD44v9 were stained using fluorescent immuno-
histochemistry for a paraffin-embedded pathological tissue
specimen. In cells expressing CD44v9, there were fewer
LC3B-positive puncta than in CD44v9-negative cells, suggesting
that autophagy was repressed within the CD44v9-positive cells
(Figure 7F). These results indicate that the accumulation of intra-
cellular CagA with autophagy inhibition was confirmed in
CD44v9-expressing cancer stem-like cells of human gastric
adenocarcinoma.

DISCUSSION

The present study reveals that the accumulation of intracellular
CagA in CD44v9-expressing cancer stem-like cells is caused
by the repression of autophagy. The autophagic pathway asso-
ciated with CagA degradation is induced as follows: m1VacA-
induced GSH deficiency via binding to LRP1 and then enhances
Akt phosphorylation at Ser473. Activation of Akt induces MDM2-
mediated p53 degradation through the ubiquitin-proteasome
system and then activates autophagy.

Figures S1l and S3D indicated that binding of m1VacA to LRP1
was required for the reduction of intracellular GSH levels and the
induction of autophagy, causing CagA degradation. In contrast,

(C) AGS cells infected with H. pylori (stm1VacA) for 5 hr were incubated in a medium containing antibiotic for the indicated times with 250 pM acetovanillone (NOX
inhibitor), 20 uM MnTMPyYP (MnSOD mimic), or 10 mM NAC. p53 expression and LC3-Il formation were examined. Data represent the mean + SD of three
independent assays; *p < 0.05, ™p < 0.01, compared to AGS celis at 0 hr after eradication (p53-expression, middle panel). None indicates without inhibitor.

(D) AGS cells infected with H. pylori (s1m1VacA) for 5 hr were incubated in a medium containing antibiotic for the indicated times with 250 uM acetovanilione (NOX
inhibitor), 20 uM MNTMPyP (MnSOD mimic}, or 10 mM NAC, and intracellular CagA levels were examined. Data represent the mean + SD of three independent

assays; "*p < 0.01. None indicates without inhibitor.

(E) AGS cells infected with H. pylori (s1m1VacA) for 5 hr were incubated in a medium containing antibiotic for 15 and 24 hr, and intracellular GSH levels were
measured. Data represent the mean + SD of three independent assays; **p < 0.01.
(F) AGS cells or CagA-expressing WT-A10 celis were incubated with m1VacA for 24 hr, and intracellular GSH levels were measured. Data represent the mean +

SD of three independent assays; **p < 0.01. See also Figure S3.
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Degradation

24 h after eradication
soTracker  Merge

umulation Contributes to Induction of Autophagy, Causing CagA

(A) AGS cells infected with H. pylori for 5 hr were incubated in a medium containing antibiotic for the indicated times, with or without 10 mM NAC. Akt phos-
phorylation at Thr308 and Ser473 was examined. Data represent the mean + SD of three independent assays; *p < 0.05, compared to AGS cells at 0 hr after

eradication (right panel).

(B) AGS cells infected with H. pylori for 5 hr were incubated in a medium containing antibiotic for the indicated time with 10 pM LY294002 (Akt-phosphorylation
inhibitor), and the levels of intracellular CagA, pMDM, and p53 were examined. Data represent the mean + SD of three independent assays; NS, not significant.
(C) AGS cells infected with H. pylori for 5 hr were incubated in a medium containing antibiotic for the indicated times with 10 pM LY294002 (Akt-phosphorylation
inhibitor), and LC3-II formation was examined. Data represent the mean + SD of three independent assays; *p < 0.05, **p < 0.01. AGS cells at 24 hr after

eradication with or without LY294002 were stained using LysoTracker Red DND-

the binding to LRP1 of m2VacA was not detectable by immuno-
precipitation assay (Figure S1l). It has been reported that the
mid-region of VacA has an important role in the binding of
VacA to host cells (Cover and Blanke, 2005). Therefore, these
findings suggest that the reason m2VacA could not induce

99 (right panel). Scale bar = 50 pm. See also Figure S4.

autophagy was the lack of binding ability to LRP1, unlike
m1VacA.

Our observations indicate that m1VacA reduces intracellular
CagA levels via the induction of autophagy (Figure 3). Intracel-
lular CagA deregulates SHP-2 and PAR1, which promote cell
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proliferation, thus causing loss of cell polarity (Saito et al., 2010).
Therefore, an excess of intracellular CagA leads to cell damage
that disturbs the attachment of bacteria to gastric epithelial cells.
Recently, it was suggested that VacA can downregulate CagA-
induced signal-transduction in gastric epithelial cells to some
extent, thus minimizing the degree of cellular damage (Yo-
koyama et al., 2005). Therefore, this CagA degradation response
to VacA is considered an important strategy for the long-term
colonization of the gastric mucosa by H. pylori.

H. pylori ATCC700392-derived CagA contains the EPIYA-ABC
motif, and CagA expressed in WT-A10 cells contains the EPIYA-
ABCCC motif derived from H. pylori NCTG11637. Our data
showed that both of these types of CagA were degraded by
autophagy induced by m1iVacA (Figures 1, 2, and 3). These
results suggest that CagA degradation by autophagy is not
affected by differences in the EPIYA motif.

A number of studies demonstrated a link between CagA and
gastric cancer development (Blaser et al., 1995; Huang et al.,
2003). However, intracellular CagA was only detected in the
gastric mucosa of H. pylori-infected patients with atrophic
gastritis, and not in the gastric mucosa of patients with intestinal
metaplasia or cancer (Yamazaki et al., 2003). Therefore, CagA
was thought to play a causative role at a relatively early phase
of gastric carcinogenesis. Our findings indicate that intracellular
CagA is degraded by autophagy induced by the accumulation of
intracellular ROS. Thus, even if CagA is translocated into a host
cell, it does not persist for a long period. The accumulation of
intracellular CagA is restricted to cells in which autophagy is sup-
pressed. We demonstrated that intracellular CagA specifically
accumulates in CD44v9-expressing human gastric cancer cells
in which CagA degradation by autophagy has been suppressed
by their resistance to ROS (Figure 7E). Thus, we show a direct
molecular link between CagA and gastric cancer stem-like cells
and suggest that the role of CagA in gastric carcinogenesis is not
restricted to the early phase.

Chronic inflammation triggers the expression of CD44s (Ishi-
moto et al., 2010), suggesting that chronic severe inflammation
after long-term H. pylori colonization induces CD44 expression
in normal gastric epithelial cells. CD44-expressing cells have
increased intracellular GSH levels, as compared to CD44-nega-
tive cells, by maintaining PPP flux and the consequent produc-
tion of NADPH (Tamada et al., 2012) (Figure S5B), suggesting
that CD44-positive cells are slightly resistant to oxidative stress.
Conversely, CD44v9-expressing cells are more resistant to
oxidative stress, compared with CD44s-expressing cells, by
enhancing intracellular GSH levels through the promotion of
xCT-mediated cystine uptake (Ishimoto et al., 2011) (Figure S5B).
Thus, CagA specifically accumulates in CD44v9-expressing
cells by escaping from the autophagy induced by ROS (Figure 7).
Additionally, the mRNA expression of Igr5, one of the markers of
stem cells besides CD44, was not detectable in the CD44- or
CD44v9-expressing MKN28 cells (data not shown). Takaishi
et al. (2009) reported that the expression of other potential cell-
surface markers did not show any correlation with CD44-ex-
pressing gastric cancer stem cells. From these findings, we
conclude that the accumulation of intracellular CagA by inhibi-
tion of autophagy is a specific character of CD44v9-expressing
gastric cancer stem-like cells because of their resistance of
ROS, and it does not correlate with LGR5. A variety of CD44 iso-

forms are generated by alternative splicing of the pre-mRNA.
CD44v9 is one of the CD44 isoforms and is expressed in gastric
cancer stem cells (Mayer et al., 1993). In addition, H. pylori infec-
tion induced CD44v9 expression, suggesting that the develop-
ment of cells that accumulate CagA can be caused by H. pylori
infection (Fan et al., 1996). CD44v9 expression, which is regu-
lated by epithelial splicing regulatory protein 1, plays a functional
role in carcinogenesis, differentiation, and metastasis (Yae et al.,
2012). In addition, CagA oncogenic signals were maintained in
CD44v9-expressing cancer stem-like cells in the present study.

XCT, stabilized by CD44v9, plays an important role in maintain-
ing intracellular redox balance (Patel et al., 2004). Sulfasalazine,
a potent xCT inhibitor that has been used routinely for the treat-
ment of inflammatory bowel disease and rheumatoid arthritis,
suppresses metastasis of CD44v9-expressing lung cancer and
inhibits hepatocellular carcinoma cell growth (Yae et al., 2012).
In the present study, sulfasalazine also inhibited the accumula-
tion of intracellular CagA in CD44v9-expressing cells by sup-
pressing autophagy (Figure 7D), suggesting a prophylactic effect
for sulfasalazine against CagA-dependent gastric cancer devel-
opment, especially by targeting cancer stemness.

EXPERIMENTAL PROCEDURES

In Vitro H. pylori Infection Model

Cells were incubated with sim1VacA H. pylori, VacA-negative H. pylori,
s1m2VacA H. pylori, and s2m2VacA H. pylori for 5 hr (multiplicity of infection
of 50), and the cells were incubated with RPMI1640 culture medium containing
400 pg/ml kanamycin to kill extracellular bacteria with or without each inhibitor
(MG132, Lact, 3MA, Wort, LY294002, nutlin-3, or sulfasalazine) or each antiox-
idant (acetovanillone, MNTMPyP, or NAC) for the indicated incubation period
(0, 3, 15, and 24 hr). The cells were then washed three times with PBS and
harvested.

Preparation of H. pylori Culture Supernatants

s1m1VacA, VacA-negative, stm2VacA, and s2m2VacA H. pylori, normalized
to an ODgqg 0f 0.3, were transferred to cell culture medium (RPMI1640 medium
supplemented with 10% FBS) and cultured for a further 15 hr. The superna-
tants were collected by centrifugation, passed through 0.22 pm filter units to
remove any bacteria, and diluted with fresh medium.

Immunohistochemistry

Tissue was fixed in 4% paraformaldehyde, embedded in paraffin, and
sectioned at a thickness of 4 um. The sections were depleted of paraffin and
then rehydrated in a graded series of ethanol solutions. For immunohisto-
chemistry, the sections were washed in Tris-buffered saline with Tween-20
(TBS-T) and subjected to antigen retrieval by heating for 10 min at 105°C in
Target Retrieval Solution (pH 9.0) (Dako, Tokyo). Nonspecific binding was
blocked by Protein Block (Dako). The sections were incubated overnight at
4°C with primary antibody (see Supplemental Experimental Procedures).
Immunoreactivity was detected using Alexa Fluor 568-conjugated goat
anti-mouse IgG (Invitrogen, Carlsbad, CA), Alexa Fluor 568-conjugated goat
anti-rabbit IgG (Invitrogen), and Alexa Fluor 488-conjugated goat anti-rat IgG

" (Invitrogen). The samples were examined using an FV10i fluorescence micro-

scope (Olympus, Tokyo).

Electron Immunocytochemistry

CagA-expressing WT-A10 cells stimulated with 100 nM rapamycin for 24 hr
were fixed with 4% paraformaldehyde and 0.1% glutaraldehyde for 80 min.
The specimens were then dehydrated in a graded ethanol series and pro-
cessed with a postembedding immunocytochemical technique using reduced
osmium and acrylate resin. Immunogold labeling was performed by incubation
with an anti-CagA goat polycional antibody (bK-300, 1:1000, Santa Cruz
Biotechnology), followed by the addition of secondary antibodies conjugated

Cell Host & Microbe 12, 764-777, December 13, 2012 ©2012 Elsevier Inc. 773

302



Cell Host & Microbe
CagA Accumulation in Gastric Cancer Stem Cells

A 15 h after eradication 24 h after eradication
g 10 g 160
S0 3 10
[=] E=3
£ 100 g 120
% & 1o
3 8
i 80 5
3
i o
%
£ 40 2 w0
B S . SO -+t =+
H. pylori H. pyfori H. pylori  H. pylori
infection  infection infection  infection
CDh44s CD44ve CD44s CD44v9
B 09 C H. pylori infection
Transfected with CD44s Transfected with CD44ve - —
) o, pyfor] infectio 24 h after eradication
H, pyiori infection . Pylort infection ZT o7 LysoTracker Merge
H. pylort Time after eradication (h) H. pyioct Time after esadication (h) g g - i >
- 15 24 - 1 2 a5 - -
)o 3 15 2 () 0 3 15 24 23 o5
T < CD44s
= .
-, 5 0.3
0.1
COHas CDAVS CD4ds CD44v9
15 24 CD44v9
Time after eradication (h)
H. pylori infection
_ 14 14 14 12
ZE 12 w * 2E2 e ¥ o2 oo [ Yo7
8% 23 2% 85 | oo
g ! g& ! §g 1 5% 08 -2
£ ~08 2 08 £® 08 =
- 2 — '2" - % Ak =~
2506 25 06 2m 06 G =
3504 Z 5 04 2844 &G 04
£ 51 ecuw S 5T ecpuw 1 e =
£ 024 ocpade 024 6cpus 024 ocpads
1] [} 0 1]
0 3 15 24 0 3 15 24 0 3 15 24 0 3 15 24
Time after eradication (h) Time after eradication (h) Time after eradication (h) Time after eradication (h}
H. pylori infection H. pylori infection H. pylori infection H. pylori infection
T 2, 2
28 |t 7 3% *
Sulfasalazine (uM) X s ™ 28 5] bt
é 2 WM] tB a x —‘l
0 100 200 400 800 2 e =S } ! §§ !
3 7 &g . 4
GE 15 +* 2% 0s &8s
£3 | E °g
[~
= % S 075 100 200 400 800 80 100 200 400”800
2% Sulfasatazine (uM) Sulfasalazine (M)
58 0.5
[ R4 2 2
0 — N = S— =
0 100 200 400 800 gﬁ!‘s . ] géw %
Sulfasalazine (pM g 7 rssmemsese
(CL)] g3, F"L"\ 23,
B 5 ~4_]
505 5005
5 & a3
0
0 100 200 400 800 0 100 200 400 800
Sulfasalazine (M) Sulfasalazine {(pM)
E F o o
Case 1 Case 2 Case 3 Case 4 CD44v-negative region v9-positive region
g g ) ' @ e s
; %
k-3
§ 8
o —
ES 2
+ +
2 2
8 3
8
+ +
o0
g g

Figure 7. Accumulation of Intracellular CagA Is Detected in CD44v9-Expressing Gastric Cancer Stem-like Cells

(A) MKN28 cells were transfected with the pRC/CMV-CD44s or pRC/CMV-CD44v expression plasmid; cells infected with H. pylori (s1m1VacA) for 5 hr were
incubated in a medium containing antibiotic for 15 and 24 hr, and intracellular GSH levels were examined. Data represent the mean + SD of three independent
assays; *p < 0.05, **p < 0.01; NS, not significant.
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to 15 nm gold particles. The sections were poststained with uranyl acetate and
modified Sato’s lead solution and visualized using a JEM-1200EX electron
microscope (JEOL, Tokyo).

Cell Vacuolation Assay

CagA expression in WT-A10 cells was induced by treatment with m1VacA or
m2VacA for 24 hr, and the extent of vacuolation was determined quantitatively
by measuring the uptake of neutral red.

Immunoprecipitation Assay

After sTm1VacA and sTm2VacA H. pylori infection for 5 hr, the cell lysates were
incubated overnight with anti-LRP1 monoclonal antibody (Santa Cruz Biotech-
nology) at 4°C. This was followed by the addition of EZview Red Protein A
Affinity Gel (Sigma) and overnight incubation. Proteins were detected using
antibodies against VacA (Yahiro et al., 1999).

Fluorescence Immunocytochemistry

To detect EGFP-LC3B signals, AGS cells transfected with the EGFP-LC3B
plasmid were infected with H. pylori for 5 hr. The cells were incubated with
RPMI1640 culture medium containing 400 pg/ml kanamycin—with or without
an autophagy inhibitor (3MA and Wort)—for 24 hr, fixed with 4% paraformalde-
hyde, and incubated with the anti-CagA antibody (AUSTRAL Biologicals).
Alexa Fluor 568-conjugated goat anti-mouse IgG (Invitrogen) was used as
the secondary antibody. To detect the LysoTracker signals, after H. pylori
infection for 5 hr, the AGS cells were incubated with RPMI1640 culture medium
containing 400 pg/ml kanamycin for 24 hr, and then with LysoTracker Red
DND-99 (Invitrogen) for 90 min, followed by fixation with 4% paraformaldehyde.
The samples were examined using an FV10i fluorescence microscope
(Olympus).

Measurement of ROS

After H. pylori infection for 5 hr, AGS cells were incubated in RPMI1640 culture
medium containing 400 pg/mi kanamycin for 15 or 24 hr. The cells were incu-
bated with 10 uM CM-H,DCFDA (Invitrogen) in Hanks balanced salt solution
(HBSS) for 60 min at 37°C and washed three times with PBS. To label mito-
chondria, the cells were incubated with 10 pM MitoTracker Red FM (Invitrogen)
in HBSS for 30 min. The samples were examined using an FV10i fluorescence
microscope (Olympus). To quantify the intensity of DCF fluorescence, the cells
were dissociated using 1 mM EDTA and subjected to flow cytometry using
a Gallios Flow Cytometer (Beckman Coulter, Brea, CA) and analysis software
(Summit V6.0.2.11185) (Beckman Coulter).

GSH Assay

Intracellular GSH levels were determined using a GSH-Glo Glutathione
Assay Kit (Promega, Madison, WI). The celis (2 x 10° per well) were plated
in 96-well plates. This assay is based on the conversion of a luciferin derivative
to luciferin by glutathione S-transferase in the presence of GSH. The signal
generated in a coupled reaction with firefly luciferase is proportional to the
amount of GSH in the sample. The assay results were normalized using the
GSH standard solution provided with the kit.

Western Blotting

Total protein (10 pg/lane) was separated on a 4%-12% NuPAGE gradient gel
(Invitrogen) and transferred to a PVDF membrane (Invitrogen), which was
probed with each primary antibody, followed by reprobing with an anti-actin
antibody (Sigma) as the loading control. Signal detection of the immunoreac-
tive bands was facilitated by enhanced chemiluminescence using ECL plus
(GE Healthcare, Piscataway, NJ). Signal quantification was performed using
the Imaged program (National institutes of Health).

Statistical Analysis

All values are expressed as means + SD. The statistical significance of
differences between two groups was evaluated using Student’s t test. Analysis
was performed using JSTAT statistical software (version 8.2). Statistical signif-
icance was accepted at p < 0.05, unless otherwise indicated.

Tissue Specimens

Human gastric adenocarcinoma tissue specimens were obtained from a
62-year-old female (case 1), a 68-year-old male (case 2), a 72-year-old male
(case 3), a 78-year-old male (case 4), an 80-year-old female (H. pylori-negative
patient), and a 72-year-old male (patient at 40 months after H. pylori eradica-
tion) who underwent endoscopic submucosal dissection at Keio University
Hospital after receiving written informed consent before the procedure.
Pathological diagnosis was well-differentiated adenocarcinoma according to
the Japanese Gastric Cancer Association classification of gastric carcinoma
(14" edition). The study protocol was approved by the ethics committees of
Keio University School of Medicine and registered with the UMIN Clinical Trials
Registry (UMINO0O0O001057; http://www.umin.ac.jp/ctr/). The study was per-
formed in accordance with the principles of the Declaration of Helsinki.
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(B) MKN28 cells were transfected with the pRC/CMV-CD44s or pRC/CMV-CD44v expression plasmid; cells infected with H. pylori (s1m1VacA) for 5 hr were
incubated in a medium containing antibiotic for the indicated times, and intracellular CagA levels were quantified. Data represent the mean + SD of three
independent assays; *p < 0.05, **p < 0.01. Akt and MDM2 phosphorylation, p53 expression, and LC3-Il formation were quantified. Data represent the mean + SD
of three independent assays; *p < 0.05, *p < 0.01, compared to each cell at 0 hr after eradication.

(C) Representative staining for LysoTracker Red DND-99 is shown. MKN28 cells were transfected with the pRC/CMV-CD44s or pRC/CMV-CD44v expression
plasmid; cells infected with H. pylori (s1m1VacA) for § hr were incubated in a medium containing antibiotic for the indicated times, and the cells were stained using
LysoTracker Red DND-99. Scale bar = 50 um.

(D) MKN28 celis were transfected with the pRC/CMV-CD44v expression plasmid; cells infected with H. pylori ATCC700392 (s1m1VacA) for 5 hr were incubated in
a medium containing antibiotic with sulfasalazine for 24 hr; and intracellular CagA, pAkt (Ser473), pMDM2, p53, and LC3-Il formation were examined. Data
represent the mean + SD of three independent assays; *p < 0.05, **p < 0.01.

(E) Immunostaining of CagA and CD44v9 in human gastric adenocarcinoma. Case 1, Case 2, Case 3, and Case 4 indicate each gastric adenocarcinoma
tissue specimen from the four different patients. Red staining indicates intracellular CagA and green indicates CD44v9. Nuclei (blue) were stained with DAPI.
Scale bar = 20 um.

(F) Immunostaining of LC3 and CD44v8 in human gastric adenocarcinoma. The left panel indicates a CD44v9-negative region and the right panel indicates
a CD44v9-positive region. Red staining indicates LC3B-positive puncta and green indicates CD44v9. Nuclei (blue) were stained with DAPI. Scale bar = 30 um.
See also Figure S5.
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Intestinal metaplasia of the stomach, a mucosal change character-
ized by the conversion of gastric epithelium into an intestinal phe-
notype, is a precancerous lesion from which intestinal-type gastric
adenocarcinoma arises. Chronic infection with Helicobacter pylori
is @ major cause of gastric intestinal metaplasia, and aberrant in-
duction by H. pylori of the intestine-specific caudal-related homeo-
box (CDX) transcription factors, CDX1 and CDX2, plays a key role in
this metaplastic change. As such, a critical issue arises as to how
these factors govern the cell- and tissue-type switching. in this
study, we explored genes directly activated by CDX1 in gastric
epithelial cells and identified stemness-associated reprogramming
factors SALL4 and KLF5. Indeed, SALL4 and KLF5 were aberrantly
expressed in the CDX1" intestinal metaplasia of the stomach in
both humans and mice. In cultured gastric epithelial cells, sus-
tained expression of CDX1 gave rise to the induction of early in-
testinal-stemness markers, followed by the expression of
intestinal-differentiation markers. Furthermore, the induction of
these markers was suppressed by inhibiting either SALL4 or KLF5
expression, indicating that CDX1-induced SALL4 and KLF5 con-
verted gastric epithelial cells into tissue stem-like progenitor cells,
which then transdifferentiated into intestinal epithelial cells. Our
study places the stemness-related reprogramming factors as criti-
cal components of CDX1-directed transcriptional circuitries that
promote intestinal metaplasia. Requirement of a transit through
dedifferentiated stem/progenitor-like cells, which share properties
in common with cancer stem cells, may underlie predisposition of
intestinal metaplasia to neoplastic transformation.

CagA | Wnt | p-catenin

M etaplasia is a histological change from one tissue type to
another, which is associated with conversion of its re-
spective cell types to the corresponding ones. Metaplastic
changes can occur either in a physiological process or a patho-
logical condition, the latter of which predisposes cells to undergo
neoplastic transformation via a metaplasia—dysplasia—carcinoma
sequence. Intestinal metaplasia, a pathological change of non-
intestinal epithelium into an intestinal-like mucosa, is most fre-
quently found in the stomach and esophagus (1, 2). Helicobacter
pylori-induced chronic gastritis is a major cause of gastric in-
testinal metaplasia, from which intestinal-type adenocarcinoma
arises (3). Likewise, replacement of the esophageal squamous
epithelium by intestinal epithelium known as Barrett’s esophagus
substantially increases the risk of esophageal adenocarcinoma (2).

The Drosophila homeobox gene caudal plays a critical role in
development of the posterior embryo (4). Caudal has three
homologs in vertebrates (CDXI, CDX2, and CDX4 in humans;
Cdxl, Cdx2, and Cdx4 in mice; and CdxA, CdxB, and CdxC in
chickens) (5, 6). These genes encode Caudal-related homeobox
transcription factors (hereafter denoted as CDX family proteins),

20584-20589 | PNAS | December 11,2012 | vol. 109 | no.50

which play unique roles in axial patterning and gut development
by regulating specific genes through binding to an A/T-rich re-
sponsive element. The consensus binding sequence for these
CDX family proteins is (A/C)TTTAT(A/G), in which TTTAT
acts as a conserved core motif (4, 5). In mammals, CDX family
members, especially CDX1 and CDX2, are critically involved in
development and maintenance of the intestine (6). Indeed, both
CDX1/Cdx1 and CDX2/Cdx2 are expressed in the epithelium of
the large and small intestines but not in the epithelium of the
stomach or esophagus. They are, however, aberrantly expressed
in the intestinal metaplastic lesion of the stomach as well as in
Barrett’s esophagus (6). CDX1 is transactivated by several distinct
signaling mechanisms such as Wnt/p-catenin signal and retinoic
acid signal (7). We previously reported that H. pylori CagA, which
is delivered into gastric epithelial cells via bacterial type IV se-
cretion, aberrantly stimulates P-catenin signaling and thereby
induces Wnt target genes including CDXI (8). This observation
suggested that CagA-mediated Wnt/B-catenin deregulation plays
an important role in the ectopic expression of CDX1 in the
stomach infected with H. pylori.

Transgenic expression of Cdxl or Cdx2 in mouse stomach
causes intestinal metaplasia (9, 10), indicating a causal and re-
dundant role of ectopically expressed CDX1 and CDX?2 in the
metaplastic change. Because metaplasia is defined as a switching
from one tissue to another, the process may be initiated through
changes in cell differentiation status so as to acquire some sort of
cell/tissue stemness or multipotency. However, little is known
about CDX-governed transcriptional circuitries that give rise to
intestinal metaplasia of the stomach. In this work, we in-
vestigated genes directly activated by CDX1 in gastric epithelial
cells by combining expression microarray and chromatin immu-
noprecipitation (ChIP)-chip analyses and identified transcription
factors, SALL4 and KLF35, both of which are involved in lineage
reprogramming and stemness acquisition. We show that CDX1-
mediated induction of SALL4 and KLFS5 plays an important role
in transdifferentiation of gastric epithelial cells into an intestinal
phenotype, which underlies intestinal metaplasia of the stomach.
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Results

Genes Affected by Ectopic CDX1 Expression in Gastric Epithelial Cells.
To investigate genes targeted by ectopically expressed CDX1, we
established several transfectant clones that inducibly express
Flag-tagged CDX1 from MNK28 human gastric epithelial cells
using a tetracycline-regulated Tet-Off system (Fig. 1 A and B and
Fig. S14). Among these, MKN28-A2 cells, which showed the
highest expression upon depletion of doxycycline (Dox), a water-
soluble tetracycline analog, were subjected to expression micro-
array analysis and ChIP-chip analysis. First, we compared
mRNA expression profiles of MKN28-A2 cells cultured in the
presence (CDX1 induction —) or absence (CDX1 induction +) of
Dox for 24 h through genome-wide expression microarray
analysis and identified 958 genes that showed increases in tran-
script levels of more than twofold after CDX1 induction and 260
genes whose expression levels were decreased to less than half
by CDX1 expression (Fig. 1C). Because the removal of Dox had
little impact on the mRNA expression profile in parental
MKN28 (tet-off) cells (Dataset S1), genes selected in Fig. 1C
were due to specific induction of CDX1. We next carried out
ChIP-chip analysis using a human promoter array. CDX1 mostly
bound to the promoter regions that are localized substantially
upstream of the transcription start sites (TSSs) of genes (Fig.
S1B). The results of ChIP-chip analysis revealed 1,997 genes to
which CDX1 binds at the regulatory regions (Fig. 1C). These
identified genes contained known CDX1-target genes (Fig. S1C).
By combining data obtained from expression microarray and
ChIP-chip analyses, we selected 166 genes that should include
genes specifically up-regulated by CDX1 (Fig. 1C and Dataset S2).
Unlike a bacterial restriction endonuclease, which strictly rec-
ognizes a unique nucleotide sequence, a mammalian transcrip-
tion factor binds to a range of related sequences (11). Indeed, in
the CDX consensus (A/C)TTTAT(A/G), positions 1 and 7 are
less stringent compared with the core motif TTTAT (positions 2~
6) (5). Given this, we investigated sequences that were enriched in
the upstream regions of CDXl-induced genes and found that
TTTATT was overrepresented in these regions (Fig. S1D). This
result reinforced the importance of the TTTAT core. motif for
specific DNA binding of CDX family proteins. The result also
raised the possibility that, whereas CDX1 can variably interact
with a number of sequences related to the CDX consensus (A/C)
TTTAT(A/G), it preferentially binds to TTTATT. The slight
difference between TTTATT and the CDX consensus may allow
CDX1 to regulate genes in a manner that is quantitatively and/or

A » B MKN28-A2
& Flag  DAPL Merge
A
& F L -
& & %cl.
FlagcDXx1 _ & & & gs
induction : - + - + - + é’ 2
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Fig. 1. Transcriptional targets of CDX1. (A) Lysates prepared from MKN28
(tet-off) cells and the transfectant clones, MKN28-A2 and MKN28-B5 cells,
were subjected to immunoblotting with the respective antibodies. Flag-
tagged CDX1 was induced by Dox depletion. (B) Anti-Flag immunostaining
of MKN28-A2 and MKN28-B5 cells with or without Flag-CDX1 induction.
Nuclei were visualized by DAPI. (Scale bars, 10 pm.) (C) Venn diagram

showing the overlap between genes to which CDX1 bound and those of
which mRNA levels were altered by CDX1 expression.
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Fig. 2. Induction of SALL4 and KLF5 by CDX1. (A) SALL4 and KLF5 mRNA

levels in MKN28-A2 cells with or without CDX1 induction for 24 h were
determined by RT-qPCR. Error bars, + SD; n = 3. (B) Cells transfected with an
expression vector for a SALL4- or KLF5-specific short hairpin RNA (shRNA),
PSUPER-shSALL4/1 or pSUPER-shKLF5/1, were induced to express Flag-CDX1
by Dox depletion for 24 h. Lysates prepared were immunoblotted with the
respective antibodies. Arrows indicate the positions of SALL4 and KLF5. (C)
MKN28-B5 cells were immunostained with the respective antibodies. Flag-
CDX1 was induced for 48 h. (Scale bars, 10 pm.)

qualitatively different from that by which genes are regulated by
other CDX members.

Transactivation of Reprogramming Factors by Ectopic CDX1. We hy-
pothesized that CDX1 induces stemness-regulating reprogramming
factors in gastric epithelial cells that revert cell-differentiation status
so that the cells acquire intestinal stem/progenitor-like properties.
With this idea, we investigated whether the identified CDX1-
target genes included genes that could confer multipotency upon
differentiated somatic cells and we found Sal-like 4 (SALL4 in
humans and Sall4 in mice), a gene encoding the SALLA4/Sall4
transcription factor that is essential for maintaining stemness in
embryonic stem (ES) cells (Dataset S2) (12, 13). Of note, Sall4 is
not expressed in the adult gastrointestinal tract under physiolog-
ical conditions (14). The identified CDX1-target genes also in-
cluded Kriippel-like factor 5 (KLF5 in humans and KIf5 in mice),
which encodes the KLF5/KIf5 transcription factor (Dataset S2).
KIfS is capable of replacing Klf4 in generating inducible pluripo-
tent stem (iPS) cells, indicating its role in the acquisition of
stemness (15). Whereas KIf5 is predominantly expressed in the
small intestine and colon, a small amount of the KIf5 transcript is
also detectable in the stomach (16). A reverse-transcription quan-
titative PCR (RT-qPCR) analysis revealed that both SALL4 and
KLF5 mRNAs were induced in MKIN28-A2 cells upon ectopic ex-
pression of CDX1 (Fig. 24). Induction of endogenous SALL4 and
KLF5 by CDX1 was also demonstrated through immunostaining or
immunoblotting (Fig. 2 B and C). ChIP-chip analysis revealed that
CDX1 binds to the sequence between —2083 and —737 of the
SALL4 promoter, which contains two CDX-binding TTTAT core
motifs conserved between the human and mouse sequences (Fig.
34, Left and Fig. S2). A luciferase reporter assay using a series of
deletion mutants of the S4L14 promoter showed that the sequence
between —1305 and —938, which contains a single putative CDX-
binding sequence, was involved in induction of SALL4 by CDX1
(Fig. 3B, Left). A further deletion of the SALL4 regulatory region
from —938 to —642 slightly but significantly restored the reporter
activity. This observation was reproduced in the nontransformed
human gastric epithelial cell line GES-1 (Fig. S3), indicating the
presence of a cis-acting repressor element between —938 and —642.
The results of ChIP-chip analysis also showed that CDX1 binds to
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Fig. 3. Transactivation of SALL4 and KLF5 by CDX1. (A) ChiP-chip signals at the SALL4 or KLF5 loci. Red lines represent CDX1-binding regions. () MKN28 cells
transfected with the indicated reporter plasmids together with a CDX1 or control vector were subjected to luciferase reporter assay. Schematic diagrams
represent SALL4 (Left) or KLF5 (Right) upstream regions. Numbers indicate the distance from the TSS. Red lines indicate the CDX1-binding regions identified
in A and yellow boxes represent putative CDX1-binding sites containing the TTTAT core motif. Error bars, + SD; n = 3. (C) ChIP-PCR analysis for Flag-CDX1
occupancies of the SALL4 and KLF5 upstream regions in CDX1-induced MKN28-A2 cells.

the sequence between —1534 and —695 of the KLF5 promoter (Fig.
34, Right and Fig. S2), which contains four CDX1-binding core
motifs conserved between the human and mouse sequences. To
further elucidate the enhancer element that is used for CDX1-de-
pendent transactivation of KLF5, a luciferase reporter assay was
carried out using a series of deletion mutants for the KLF5 pro-
moter region. The results of the experiment revealed that CDX1
transactivates KLF5 via the sequence between —1659 and —1214
that contains two putative CDX1-binding sites (Fig. 3B, Right). In
both SALL4 and KLF5 cases, reduction in luciferase activity by
deletion of the putative CDX1-binding sites was not robust. In
eukaryotes, however, rarely does a single transcription factor gov-
ern transcription of the target gene. Instead, different combinations
of ubiquitous and cell-type-specific transcription factors act to-
gether by binding to the respective binding sites, with each one
having a differential functional contribution (17). Hence, despite its
partial promoter stimulation, CDX1 may play a pivotal role in
passing a certain threshold of the promoter activation that is re-
quired for ectopic expression of SALL4 and KLF5. By ChIP ex-
periment, specific binding of CDX1 to the upstream regulatory

regions of SALL4 and KLF5 were confirmed (Fig. 3C). Based on
these observations, we concluded that SALL4 and KLF5 are direct
transcriptional targets of CDX1.

To generalize the above-described observations, we transiently
transfected a Flag-tagged CDX1 vector into AGS and GES-1
human gastric epithelial cells. The results of luciferase reporter
assays confirmed that CDX1 transactivates SALL4 and KLF5 in
both cells (Fig. 44). A ChIP experiment revealed that CDX1
bound to the upstream regions of SALL4 and KLF5 genes (Fig.
4B). Induction of SALLA4 and KLF5 proteins by ectopic expression
of CDX1 was also demonstrated in AGS and GES-1 cells (Fig. 4C).

To investigate the pathophysiological relevance for induction
of these reprogramming factors in intestinal metaplasia, ex-
pression of Sall4 and KiIf5 was investigated in the stomach of
Cdx1-transgenic mice using RT-qPCR and found that both of the
mRNAs were detectable in the intestinal metaplastic lesions of
the mouse stomach (Fig. 4D). The expression of SALL4 and
KLF5 was also examined in intestinal metaplasia of the human
stomach by semiquantitative RT-PCR (Fig. 4E). In control
RNAs obtained from gastric mucosa without intestinal metaplasia
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A 57 @iControl 3 Dc 4,54 KIS vy
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82 &2 53 Coxt . intestinal metaplasia. (A) Cells transfected with
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“o - Es P plasmid together with a CDX1 or control vector
SALL4 KLF5 E were subjected to luciferase reporter assay. Error
B acs celis GES-1 cells SR GO d ® Y &P & bars, +5D; n = 3. (B) ChiP-PCR analysis for Flag-CDX1
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\QQ‘)\&Q\@Q \&E’\QC?Q\'?’% CDX’_ — regions in cells transiently transfected with a Flag-
saLL+ PR — sac [ I 0! vector. (C) Induction of SALL4 and KLF5 in
kirs — — cells transiently transfected with a Flag-CDX1 vec-
COntml- tor. (D) Levels of SALL4 and KLF5 mRNAs in the
el - stomach of wild-type (WT) and Cdx1-transgenic (Tg)
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MUCS5AC : gastric marker
MUC?2, VIL1 : intestinal markers

n = 3 (Left). Transgenic expression of Cdx7 in the
stomach of Cdx1-Tg mice was confirmed by RT-PCR
(Right). (E) Expression of the indicated mRNAs in
human stomachs with (IM1-IM8) or without (NC1-
NC4) intestinal metaplasia was determined by
semiquantitative RT-PCR.

Fujii et al.

309



é
v

[normal control (NC1-NC4)], CDX1, SALL4, or KLFS5 was hardly
detectable. In contrast, in samples in which CDXI was expressed
[intestinal metaplasia (IM1-IM8)], KLF5 was also detectable and
the level of KLF5 expression was in proportion to the level of
CDX1 expression. SALL4 was also detected in samples IM3-IMS.
However, it was only weakly expressed in samples IM1 and IM2, in
which the expression levels of CDX1 were less than those in
samples IM3-IM8. Induction of SALL4 may therefore require
a higher level of CDX1 expression than that required for KLFS5
induction. In samples IM1-IM6, both gastric mucin (MUC5A4C)
and intestinal mucin (MUC2) were detected, indicating that these
samples contained both intestinal metaplastic lesions and normal
gastric mucosa. In samples IM7 and IMS, the level of mucin ex-
pression, either intestinal or gastric type, was low, whereas that of
Villinl (VILI) was high. Although VILI is known as an enterocyte
marker, it is also expressed in gastrointestinal stem/progenitor cells
(18). Accordingly, samples IM7 and IM8 may have been derived
from lesions that persisted in a less-differentiated state rather than
having undergone transdifferentiation. These observations pro-
vided in vivo evidence that KLF5 and SALL4 were aberrantly
expressed in intestinal metaplasia of the stomach in both humans
and mice.

Induction of Intestinal Stem/Progenitor Markers by CDX1. Through
microarray analysis, the genes activated by CDX1 in gastric ep-
ithelial cells also included genes expressed in intestinal pro-
genitor cells such as GATA binding protein 6 (GATA6) and
follistatin (FST). GATAG is expressed in the intestinal crypt and
involved in proliferation of immature cells (19). Likewise, FST,
an antagonist of TGF-f superfamily proteins, is expressed in
undifferentiated intestinal epithelial cells (20). RT-qPCR anal-
ysis exhibited one order-of-magnitude increase in the level of
GATAG or FST upon ectopic CDX1 expression in gastric epi-
thelial cells (Fig. 54).

Recent studies have demonstrated that intestinal stem cells are
characterized by the expression of intestinal-stemness markers (21).
Microarray analysis demonstrated that one of the genes most ro-
bustly induced by ectopic CDX1 in gastric epithelial cells was Jeu-
cine-rich repeat containing G protein-coupled receptor 5 (LGRS5), an
intestinal-stemness marker (Table S1). Ectopic CDX1 also gave
rise to the expression of other intestinal-stemness markers, such as
BMI1I polycomb ring finger oncogene (BMII) (Table S1). RT-qgPCR
analysis confirmed increased expression of LGRS and BMII upon
CDX1 expression in MKN28-A2 cells (Fig. 5B). Although highly
reproducible and statistically significant, induction of BMII mRNA
by CDX1 was relatively weak. This was most probably due to the
higher level of CDX1 required for activation of BMII than that
required for activation of LGRS. From these observations, we
concluded that aberrantly expressed CDX1 endowed gastric epi-
thelial cells with an intestinal stem/progenitor-like phenotype.

Up-Regulation of Intestinal-Differentiation Markers by Sustained
CDX1 Expression in Gastric Epithelial Cells. Intestinal metaplasia
comprises variably differentiated intestinal epithelial cell lineages
such as absorptive enterocytes, goblet cells, enteroendocrine cells,
and Paneth cells in nonintestinal epithelium (1, 2). Transgenic
expression of Cdx1 has been reported to induce all of those
epithelial cell lineages in the mouse stomach (9). Consistently,
microarray analysis demonstrated that ectopic expression of
CDX1 in gastric epithelial cells induces sucrase-isomaltase (SI)
and membrane metallo-endopeptidase (MME), which are physi-
ologically expressed in absorptive enterocytes of the small in-
testine. Vasoactive intestinal peptide (VIP), a gastrointestinal
hormone secreted from enteroendocrine cells in the small in-
testine, was also induced upon CDXI1 expression in gastric epi-
thelial cells. RT-qPCR experiments confirmed up-regulation of
these intestine-differentiation markers in gastric epithelial cells
by CDX1 (Fig. 5C). The expression levels of these intestinal-
differentiation markers increased progressively upon sustained
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Fig. 5. Induction of intestinal markers by CDX1 in gastric epithelial cells. (A-C)

Levels for intestinal-progenitor markers (4), intestinal-stemness markers (B),
and intestinal-differentiation markers (C) in MKN28-A2 cells before and after
induction of CDX1 for 24 h were determined by RT-qPCR. Error bars, + SD; n =
3. (D) Kinetic changes in the expression of the respective genes following in-
duction of CDX1 in MKN28-A2 cells were determined by RT-qPCR. Error bars, +
SD; n = 3. (E) Anti-MUC2 immunostaining of cells inducibly expressing Flag-
CDX1 (Left) or transiently transfected with a Flag-CDX1 vector (Right) for 4 d.
(Scale bars, 10 um.)

CDX1 expression, whereas that of the intestinal-stemness
marker reached a peak within 24 h after CDX1 induction (Fig.
5D). MUC?2, a goblet cell marker, was not detected within 24 h
after CDX1 induction. However, in all gastric epithelial cells
examined (MKN28, AGS, and GES-1), a fraction of cells be-
came MUC2" after prolonged exposure (~4 d) to CDX1 (Fig.
5E). The Paneth cell and the enteroendocrine cell markers were
negative following sustained CDX1 expression in cultured gastric
cells (Fig. S4). Thus, CDX1 on its own may support differentiation
into absorptive enterocytes and goblet cells in a cell autonomous
fashion. Development of other types of intestinal epithelial cells
might require non—cell-autonomous signals in addition to CDX1.
Also notably, most of these intestinal-differentiation markers
were not likely to be directly transactivated by ectopic CDX1 in
gastric epithelial cells (Dataset S2), suggesting that they were
induced via de novo formation of CDX1-governed transcriptional
circuitries that promote intestinal differentiation.

Requirement of SALL4 and KLF5 in CDX1-Mediated Intestinal
Transdifferentiation. To investigate the role of SALL4 and/or
KLF5 induction in the transdifferentiation of gastric epithelial
cells by ectopic CDX1, we established two independent CDX1-
inducible MKN28 cell lines, A2-KD/SK and B5-KD/SK, in which
expression of both SALLA and KLF5 was suppressed by stable
expression of specific shRNA vectors (Fig. 6 A4 and B, Left).
MKN?28 cells expressing a luciferase-specific ShRNA (A2-KD/C
and B5-KD/C) were also established and were used as a control.
Increased CDX1 expression or decreased SALLA/KLFS5 expres-
sion had no relevance to the expression levels of transcription
factors such as NF-xB p65/v-rel reticuloendotheliosis viral onco-
gene homolog A (RelA) and specificity protein 1 (Spl), which
may not be regulated by CDX1, SALLA4, or KLF5 (Fig. S5).
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Fig. 6. Involvement of SALL4 and KLF5 in CDX1-mediated intestinal transdifferentiation. (A and B) MKN28-derived SALL4/KLF5 double-knockdown (A2-KD/SK
or B5-KD/SK) or control-knockdown (A2-KD/C or B5-KD/C) cells were induced to express CDX1 by Dox depletion for 24 h. Cell lysates were subjected to im-
munoblotting with the respective antibodies (Left). The mRNA levels for intestinal markers were determined by RT-qPCR in CDX1-induced cells (A, Right). The
number of MUC27 cells per well in the eight-well chamber slide was counted in CDX1-induced cells (B, Right). (C) GES-1 cells transiently transfected with a Flag-
CDX1 vector together with pSUPER-shLuc, pSUPER-shKLF5/1, or pSUPER-shSALL4/1 were cultured for 24 h. Cell lysates were immunoblotted with the respective
antibodies (Left). Levels of the LGR5 and SI mRNAs were determined by RT-qPCR (Right). (D) GES-1 cells infected with H. pylori for 24 h were lysed with 0.1%
saponin, which disrupts mammalian cells but not bacterial cells. The lysates were then immunoblotted with the respective antibodies (Left). RNAs isolated from
GES-1 cells infected with H. pylori isogenic strains for 96 h were subjected to RT-qPCR analysis for the indicated mRNAs (Right). Error bars, + SD; n = 3.

Induction of the intestinal-stemness marker, LGRS, by ectopic
CDX1 was subdued under the condition of suppression of SALLA
and KLF5 (Fig. 64, Right). Expression of intestinal-differentia-
tion markers, ST and MME, by ectopic CDX1 was much less ef-
ficient when the expression of SALL4 and KLF5 was inhibited
(Fig. 64, Right). The number of MUC2" cells following prolonged
exposure to CDX1 was dramatically decreased upon knockdown
of SALLA and KLF5 (Fig. 6B, Right). The degree of induction of
intestinal-stemness marker and intestinal-differentiation marker by
ectopic CDX1 was also reduced when expression of endogenous
SALILA or KLF5 was transiently inhibited in GES-1 cells (Fig. 6C).
Thus, CDXl-mediated induction of SALL4 and KLF5 plays
a critical role in the intestinal transdifferentiation of gastric epi-
thelial cells by establishing an intestinal stem/progenitor-like state,
from which various intestinal cell types arise.

We then infected GES-1 cells with a cagd™ or a cagd™ H.
pylori isogenic strain (Fig. 6D, Left). At 96 h after H. pylori in-
fection, RNAs were isolated from the cells and subjected to RT-
gPCR analysis. The results of the experiment revealed that
H. pylori infection induced CDX1 in a cagA-dependent manner in
GES-1 cells, followed by elevated levels of reprogramming fac-
tors, SALL4 and KLF5, and an intestinal stem cell marker,
LGRS (Fig. 6D, Right). These observations provided patho-
physiological relevance for the ectopic expression of CDXI1 in
the induction of intestinal metaplasia in patients infected with
H. pylori cagA™ strains.

Discussion

Chronic infection with H. pylori is a major cause of gastric intestinal
metaplasia, a precancerous mucosal lesion from which intestinal-
type adenocarcinoma arises. CagA, a major virulence factor of H.
pylori that is delivered into gastric epithelial cells via type IV se-
cretion, aberrantly activates the Wnt/B-catenin signal and ectopi-
cally induces Wnt target genes including CDXI (8). A causal
relationship between ectopic CDX1 and intestinal metaplasia has
been provided by the observation that transgenic expression of
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Cdx1 per se is sufficient to induce intestinal metaplasia in the mouse
stomach (9). Persistence of metaplastic changes after removal of
triggering agents such as H. pylori indicates that expression of a key
inducer of metaplasia must have been maintained in the absence of
triggering agents. CDX1 fits this idea in that it establishes an auto-
regulatory network to maintain its own expression (22). However,
the mechanism by which ectopic CDX1 provokes metaplastic
changes has remained poorly understood.

In intestinal epithelial cells, CDX1 acts as a differentiation-
promoting factor (6). Assuming that metaplasia requires the
conversion of differentiated cells into less-differentiated states,
ectopically expressed CDX1 may also activate stemness-regu-
lating reprogramming factors, which allow dedifferentiation of
gastric epithelial cells so that they acquire multipotency charac-
teristic of intestinal stem/progenitor-like cells. Consistently, Cdx1
has recently been reported to be a constituent of the transcrip-
tional network that confers pluripotency on ES cells (23). We
found that CDX1 directly induces SALLA, a zinc-finger tran-
scription factor playing an important role in maintaining self-
renewal and pluripotency (12). Especially, Sall4 positively regu-
lates octamer-binding protein 4 (Oct4), c-Myc, SRY-box containing
gene 2 (Sox2), and KIf4, the four defined transcription factors
capable of generating iPS cells (13). CDX1 also transactivates
KLF5, a gene encoding a member of the KLF family of tran-
scription factors. Importance of KLFs in the acquisition of plu-
ripotency has been highlighted by recent studies showing that
depletion of Klf2, Klf4, and KIf5 in mouse ES cells abolishes self-
renewal (24). Furthermore, KIf5 can replace Klf4 in generating
iPS cells, indicating a redundant role between KLF4 and KLF5
in stemness induction/maintenance (15). In adult tissues, Sall4
and KIf5 are expressed in hepatic stem cells and hair follicle stem
cells, respectively, to maintain tissue stemness (25, 26). Identi-
fication of the reprogramming factors SALL4 and KLFS5 as direct
transcriptional targets of CDX1 therefore provides a mechanistic
basis underlying intestinal metaplasia of the stomach. On the one
hand, CDX1 activates reprogramming transcription factors in
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gastric epithelial cells and thereby rewires transcriptional cir-
cuitries so as to redirect gastric epithelial cells toward a less-
differentiated intestinal stem/progenitor-like state. On the other
hand, CDXI1 creates transcriptional circuitries that direct trans-
differentiation of dedifferentiated cells into intestinal epithelial
cells. Cancer stem cells have recently been reported to possess
properties that are shared in common with tissue stem/pro-
genitor cells (27). The observation indicates that acquisition of
stemness traits is linked to cell transformation and suggests that
a transition through intestinal stem/progenitor-like states via de-
differentiation predisposes cells to undergo neoplastic changes.
This may explain the clinical observation that intestinal meta-
plasia is a precancerous lesion of the stomach (3).

In intestinal epithelial cells, the two homologous CDX1 and
CDX2 (Cdx1 and Cdx2 in mice) transactivate a number of in-
testine-specific genes (6). Like Cdxl, transgenic expression of
Cdx2 in the mouse stomach also causes intestinal metaplasia (10),
indicating a redundant role of Cdx1 and Cdx2 in the pathogenic
change. Interestingly, genomic binding sites for CDX2 include
5'-flanking regions of SALL4 and KLF5 (28). It is therefore
possible that CDX2 provokes intestinal transdifferentiation via
direct activation of SALL4 and KLF5, like CDX1. Also of note,
Cdx2 is capable of inducing Cdx! mRNA in the mouse stomach
(29). Hence, CDX2-mediated intestinal metaplasia might be at
least partly due to CDX2-induced CDX1. Whereas CDX-induced
intestinal metaplasia is thought to be a precancerous stomach
lesion, the potential role of CDX1 or CDX2 in intestinal carci-
nogenesis remains unclear. Cdxl and Cdx2 were originally de-
scribed as an oncoprotein and tumor suppressor, respectively, in
intestinal cells (30, 31). However, recent studies suggested that
overexpression of Cdx1 has very limited contribution, if any, to the
development of intestinal tumors (32, 33). Hence, CDX1 could
promote oncogenesis only when it is ectopic expressed in non-
intestinal epithelial cells.

The present work provided evidence that ectopic expression
of CDX1 and subsequent induction of stemness-associated
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reprogramming factors SALL4 and KLF5 by CDX1 are key
events underlying gastric intestinal metaplasia. As far as we
know, this is a unique demonstration of the involvement of
reprogramming factors in metaplastic changes. The finding also
gives mechanistic insights into intestinal transdifferentiation;
CDX1-directed rewiring of transcriptional circuitries through
induction of reprogramming factors converts differentiated
gastric epithelial cells to immature intestinal stem/progenitor-
like cells, which can transdifferentiate into intestinal cells.
Reactivation of such reprogramming factors may broadly con-
tribute to the plasticity of the lineage commitment in both
physiological and pathological conditions. Our work therefore
provides deeper insights into organogenesis and oncogenesis
that can be applied to help the progress of regenerative medi-
cine as well as cancer prevention and treatment.

Materials and Methods

The experiments using human materials were approved by the Research
Ethics Committee of the Graduate School of Medicine, The University of
Tokyo, and the Ethics Committee of Keio University School of Medicine.
Informed consent was obtained from all patients. The experiments using
animals were approved by the Committee of Experimental Animal Ethics of
Jichi Medical University. Cdx1-transgenic mice have been described previously
(9). Luciferase reporter assay, qPCR analysis, and cell-counting assay were
evaluated using Student's t test. P < 0.05 was considered to be statistically
significant. For all statistical comparisons in these assays, P < 0.001 was
denoted as ***, P < 0.01 as **, and P < 0.05 as *. The Gene Expression
Omnibus accession number for expression microarray and ChiP-chip analyses
in this study is GSE35369. Details of materials and methods are described in
SI Materials and Methods. Primers used in this study are shown in Table S2.
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Abstract | Functional dyspepsia is the most common reason for patients to experience chronic epigastric pain
or discomfort. The causes of functional dyspepsia are multifactorial but Helicobacter pylori infection is one
likely candidate. Infection with this bacterial pathogen clearly results in chronic mucosal inflammation in the
stomach and duodenum, which, in turn, might lead to abnormalities in gastroduodenal motility and sensitivity.
Chronic gastritis might also affect a variety of endocrine functions of the stomach including the production

of the gastrointestinal hormones and neurotransmitters somatostatin, gastrin and ghrelin. Although these
abnormalities might generate symptoms in some patients with functional dyspepsia, the clinical evidence
needs to be critically evaluated before this hypothesis can be confirmed. A Cochrane review reported that
eradication of H. pylori in these patients had a small but statistically significant long-term effect on symptom
relief when compared with placebo, lasting at least 12 months after 1 week of eradication therapy. The efficacy
of eradication therapy was seen in all symptom subtypes of functional dyspepsia, but was more marked in
Asian than Western patients. This evidence has led to alterations in most of the major guidelines throughout
the world, which now recommend H. pylori eradication in patients with functional dyspepsia if they test positive

for this bacterium.
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Introduction

Dyspepsia refers to a broad range of chronic gastro-
duodenal symptoms—including pain or discomfort
centred in the upper abdomen, early satiety, fullness,
bloating sensation in the upper abdomen and nausea—
seen commonly in individuals throughout the world.!
Patients with dyspepsia have a normal life expectancy,?
but a markedly reduced quality of life* and often need to
undergo multiple tests to establish the aetiology of their
symptoms. Upper gastrointestinal endoscopy findings
appear normal in approximately 75% of patients with dys-
pepsia,* and most of these individuals are diagnosed with
functional dyspepsia. The treatment of functional dyspep-
sia remains a challenge, however, as the pathophysiology
of the condition is poorly understood.

Multiple theories have been proposed to describe
the underlying pathophysiology of functional dyspep-
sia symptoms, including dysmotility and/or hyper-
sensitivity in the upper gastrointestinal tract.’ In some
cases, these abnormalities might have a postinfectious
cause.5” Although a variety of bacterial infections have
been implicated in the pathogenesis of this disorder,?
H. pylori is one of the most likely causes, as it is the most
common chronic infection worldwide and primarily
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involves the gastric mucosa. Moreover, large popula-
tion-based studies have shown that this bacterium is
found more frequently in the gastric mucosa of patients
with dyspepsia than in that of healthy individuals.’
Trials conducted to evaluate the efficacy of H. pylori
eradication treatment for functional dyspepsia have
yielded conflicting results, but eradication of this bac-
terium is suggested to be effective in at least a subset of
patients with this disorder.'®"! This Review outlines the
evidence that H. pylori is involved in the pathogenesis
of functional dyspepsia.

Pathogenesis

Inflammation and microcirculation

H. pylori colonization evokes a considerable level of
inflammation in the gastric mucosa.'? Reactive oxygen
species, which are released from polymorphonuclear
neutrophils after activation by H. pylori colonization,
are potential toxic factors involved in H. pylori-induced
gastric mucosal injury.!*> Moreover, polymorpho-
nuclear cell infiltration of the gastric mucosa leads to
the development of the initial lesions of H. pylori infec-
tion, namely chronic active gastritis (Figure 1). The
inflammation caused by infection with H. pylori leads
to gastric microcirculatory disturbances including leu-
kocyte rolling, adhesion and extravasation. Moreover,
unstable microvascular flow dynamics (such as
ischaemia-reperfusion) also promote leukocyte recruit-
ment, generating a vicious cycle between inflamma-
tory lesion formation and further ischaemia-associated
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