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containing antibiotic for the indicated times, and
the levels of CagA, p53 expression, and LC3-| 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) KATOIII cells were transfected with the pCMV-
Neo-Bam WT p53 plasmid (p53-WT) or without
(Cont). Each cell after H. pylori (s1mi1VacA)
infection for 5 hr was incubated in a medium
containing antibiotic for the indicated times. CagA
levels and LC3-i to LC3-ll conversion were
examined. Data represent the mean =+ SD of three
independent assays; *p < 0.01; lipofect indicates
KATOIlll cells treated with only Lipofectamine
2000.

(E) AGS cells infected with H. pylori (s1m1VacA)
for 5 hr were incubated in a medium containing
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p53-knockdown using small interfering RNAs (siRNAs) acceler-
ated LC3-Ito LC3-ll conversion, thereby enhancing CagA degra-
dation in AGS cells after H. pylori ATCC700392 (s1imiVacA)
infection (Figure 4C). Moreover, in KATOIll cells, which are
genetically deficient of p53 (053~ KATOIll cells), LC3-l to
LC3-ll conversion was clearly detected at 24 hr after the eradica-
tion of H. pylori ATCC700392 (s1m1VacA), and intracellular
CagA levels were significantly decreased, as compared with
537/~ KATOII 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 1M nutlin-
3, and the levels of CagA, p53 expression, and
LC3-1 to LC3-Il conversion were examined. Data
represent the mean = 8D 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 uM nutlin-3 repressed p53 downregu-
lation and LC3-I to LC3-1i 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 Cagh 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 intracellular
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 (s1m1VacA), 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 (s1miVacA) was significantly increased, as
compared to AGS cells without H. pylori exposure (Figure 5B).
Conversely, in AGS cells after H. pylori F57 (VacA-negative),
ot210 (s1m2VacA), or SS1 (s2m2VacA) infection, no increase in
DCF fluorescence was observed (Figure S3A). These results
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 M acetovanillone or 20 yM MnTMPYP;
therefore, LC3-I to LC3-1l conversion was not repressed (Fig-
ure 5C). Conversely, p53 downregulation was inhibited by treat-
ment with 10 mM NAC, and LC3-! to LC3-ll 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 NAC, a cysteine prodrug, replenishes intra-
celiular 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 m1VacA. 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 (s1m1VacA) infection. Although Akt
expression was unaltered, the levels of phosphorylated Akt at
Thr308 and Serd73 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 intraceliular ROS, we examined the effect of NAC
on Akt phosphorylation. Treatment with 10 mM NAC inhibited
Akt phosphorylation at Ser473, but not at Thr308 (Figure 6A);
therefore, Akt phosphorylation at Serd73 was dependent on
accumulation of intracellular ROS after H. pylori ATCG700392
(s1m1VacA) 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 Serd73 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, LC3-1 to LC3-ll conversion in AGS celis
at 15 and 24 hr after the eradication of H. pylori ATCC700392
(s1m1VacA) was repressed by LY294002 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 Cagh in CD44v2-
Expressing Gastric Cancer Stem-like Cells

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 Intraceliular GSH Levels Trigger Autophagy, Causing CagA Degradation
(A) AGS cells at 24 hr after H. pylori (sIm1VacA) eradication were stained with CM-H,DCFDA and MitoTracker Red FM and examined by fluorescence

microscopy. Scale bar = 50 um.
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(B) Flow cytometry of AGS cells at 15 and 24 hr after H. pylori (s1m1VacA) 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 cel| associated with
the inhibition 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
(lshimoto 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 CD44v3 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 CD44vS were not decreased at 15 or
24 hr after the eradication of H. pylori 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, LC3-1to LC3-ll 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-lI (Figure 7D).

To assess the effect of CD44v9-expression on the accumula-
tion of intraceliular 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 811 and S3D indicated that binding of m1VacAto 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 (s1m1VacA) for 5 hr were incubated in a medium containing antibiotic for the indicated times with 250 uM acetovanillone (NOX
inhibitor), 20 uM MnTMPyP (MnSOD mimic), or 10 mM NAC. p53 expression and LC3-1} formation were examined. Data represent the mean + SD of three
independent assays; *p < 0.05, **p < 0.01, compared to AGS cells 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 1M acetovanillone (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 cells 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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Figure 6. Akt Phosphorylation in Response o Iniracellular ROS Accumulation Coniributes to Induction of Autophagy, Causing CagA
Degradation

(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 uM 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 § hr were incubated in a medium containing antibiotic for the indicated times with 10 pM LY294002 (Akt-phosphorylation
inhibitor), and LC3-1l 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-99 (right panel). Scale bar = 50 pm. See also Figure S4.

the binding to LRP1 of m2VacA was not detectable by immuno-  autophagy was the lack of binding ability to LRP1, unlike
precipitation assay (Figure S1l). It has been reported that the m1VacA.

mid-region of VacA has an important role in the binding of Our observations indicate that m1VacA reduces intracellular
VacA to host cells (Cover and Blanke, 2005). Therefore, these  CagA levels via the induction of autophagy (Figure 3). Intracel-
findings suggest that the reason m2VacA could not induce 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 NCTC11637. Our data
showed that both of these types of CagA were degraded by
autophagy induced by mi1VacA (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 CD44v39-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.
CD44v83 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 st al,,
2012). In addition, CagA oncogenic signals were maintained in
CD44v3-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 CD44v0-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

Ir Vitro H. pylori Infection Model

Cells were incubated with s1mtVacA 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, MnTMPyYP, 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. pyfori Culture Supernatants

s1m1VacA, VacA-negative, sim2VacA, and s2m2VacA H. pylori, normalized
t0 an ODggo 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 um filter units to
remove any bacteria, and diluted with fresh medium.

Immunchistochemisiry

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 ethano! 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 polyclonal antibody (bK-300, 1:1000, Santa Cruz
Biotechnology), followed by the addition of secondary antibodies conjugated
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Figure 7. Accumulation of Intraceliular CagA Is Detected in CD44vS-Expressing Gastric Cancer Stem-like Cells

(A) MKN28 cells were transfected with the pRC/CMV-CD44s or pRC/CMV-CD44v expression plasmid; ceils 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 stmiVacA and sTm2VacA H. pyloriinfection for 5 hr, the cell lysates were
incubated overnight with anti-LRP1 monoclional 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 Immunocytochemisiry

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% paraformaide-
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-98 (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 pM 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 uM 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 Coutter, Brea, CA) and analysis software
(Summit V6.0.2.11185) (Beckman Coulter).

GSH Assay

Intracellular GSH levels were determined using a GSH-Glo Gilutathione
Assay Kit (Promega, Madison, WI). The cells (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 ImagedJ 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 1 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-oid 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 Keic 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
4l 4™ edition). The study protocol was approved by the ethics committees of
Keio University School of Medicine and registered with the UMIN Clinical Trials
Registry (UMIN000001057; http://www.umin.ac.jp/ctr/). The study was per-
formed in accordance with the principles of the Declaration of Helsinki.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures and Supplemental Experi-
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(B) MKN28 cells were transfected with the pRC/CMV-CD44s or pRC/CMV-CD44v expression plasmid; cells infected with H. pyfori (stm1VacA) 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 5 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 cells were transfected with the pPRC/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 intracelluiar CagA, pAkt (Serd73), pMDM2, p53, and LC8-1i 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 intraceliular CagA and green indicates CD44v9. Nuclei (blue) were stained with DAPI.
Scale bar = 20 um.

(F) immunostaining of L.C3 and CD44v9 in human gastric adenocarcinoma. The left panel indicates a CD44v3-negative region and the right panel indicates
a CD44v8-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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Redox regulation in stem-like cancer cells by CD44 variant

isoforms

O Nagano', S Okazaki' and H Saya'?

Increasing evidence indicates that several types of solid tumor are hierarchically organized and sustained by a distinct population of
cancer stem cells (CSCs). CSCs possess enhanced mechanisms of protection from stress induced by reactive oxygen species (ROS)
that render them resistant to chemo- and radiotherapy. Expression of CD44, especsally variant isoforms (CD44v) of this major €SC
marker, contributes to ROS defense through upregulation of the synthesis of reduced glutathione (GSH), the primary intracellular
antioxidant. CD44yv interacts with and stabilizes xCT, a subunit of the cystine-glutamate transporter xc(-), and thereby promotes
cystine uptake for GSH synthesis. G|ven that cancer cells are often exposed to high levels of ROS during tumor progression, the
ability to avoid the consequences of such exposure is required for cancer cell survival and propagation in vivo. CSCs, in which
defense against ROS 'is enhanced by CD44v are thus thought to drive tumor growth, chemoresistance and metastasis. Therapy
targeted to the CD44v-xCT system may therefore i impair the ROS defense ability of CSCs and thereby sensitize them to currently

available treatments.
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INTRODUCTION

Tumor formation, relapse, and metastasis are thought to be driven
by cancer stem cells (CSCs), a subpopulation of cancer cells that
give rise to a hierarchical organization of tumors."? CSCs are
selectively capable of self-renewal and tumor initiation, and they
generate the bulk population of nontumorigenic cells in a tumor
through differentiation. Given that cancer cells are exposed to
environmental stressors such as oxygen or nutrient deficiency, low
pH, inflammatory mediators and reactive oxygen species (ROS)
in vivo,** the ability to avoid the consequences of such exposure is
required for the maintenance of CSCs. Furthermore, the efficacy of
cancer therapies including radiation therapy and anticancer drugs
is attributable in part to the production of ROS and the
consequent induction of oxidative stress in cancer cells> CSCs
are generally more resistant to oxidative stress provoked by
chemo- or radiotherapy compared with non-stem-like cancer cells,
however.>® The targeting of antioxidant systems in CSCs that
possess the ability to avoid the adverse consequences of oxidative
stress might therefore be expected to improve the efficacy of
cancer treatment. This review summarizes current knowledge of
the role of variant (v) isoforms of CD44 in redox regulation in
cancer cells and in resistance to cancer therapy.

The CSC marker CD44 and its variant isoforms

The most widely expressed cell surface markers of CSCs in solid
tumors are CD133, CD24, CD44, CD166, CD29 and EpCAM (CD326),
with CD44 being the most prevalent of these CSC markers. !
CD44 is thus htghI%/ expressed in CSCs derived from solid tumors
including breast,'* prostate,’”® colon,'® head and neck™ and
pancreatic'® cancer.

CD44 is a single-pass type | transmembrane protein and
functions as a cellular adhesion molecule for hyaluronic acid, a
major component of the extracellular matrix."”~"° It exists in
numerous isoforms that are generated through alternative
splicing of CD44 precursor mRNA.'® Epithelial splicing regulatory
protein 1 (ESRP1) and ESRP2 were recently shown to have a key
role in the inclusion of variant exons in the mature forms of CD44
MRNA® Whereas the standard isoform of CD44 (CD44s) is
expressed predominantly in hematopoietic cells and normal
epithelial cell subsets, CD44v isoforms, which contain additional
insertions in the membrane-proximal extracellular region, are
highly expressed in epithelial-type carcinomas. Expression of
CD44v in some tissues appears to relate to tumor progression, in
particular to the metastatic potential of some cancers.?'™2*

Although the functional relevance of CD44 expression in CSCs
remains to be established,”’ CD44 is thought to be associated with
features of CSCs that are shared with normal stem or progenitor
cells, such as interaction with the corresponding niche,®?® the
potential for cell migration and homing,”?° the capacity for
defense against ROS*%*! and resistance to apoptosis.>** Indeed,
RNA interference-mediated depletion of CD44 has revealed that
CD44 expression influences the stem-like properties of CSC
populations isolated from human breast® prostate®® and
colon®* cancers, suggesting that CD44 is a potential target for
CSC-directed therapy.

Genetic ablation of CD44 in a colon cancer model, the Apc
mouse, was shown to attenuate the formation of aberrant crypts,
implicating CD44 in tumorigenesis.® In contrast, genetic ablatron
of CD44 in a breast cancer model (MMTV- PyVmT mouse)* or a
gastric cancer model (K719-Wnt1/C2mE mouse)*® did not reduce
the incidence of tumor formation, suggesting that CD44 is not
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required for onset of tumor formation in these mice. The CD44
dependence of tumor initiation might thus be determined by
cellular context.

Although few studies have focused on the role of CD44v in
CSCs, it was recently reported that colorectal CSCs express CD44v
and that the induction of CD44v expression in these cells was
associated with activation of the proto-oncoprotein MET, implicat-
ing CD44v in regulation of signaling by MET and its ligand,
hepatocyte growth factor.” Given that MET promotes the invasive
growth of both stem cells and cancer cells,” such CD44v-
mediated MET activation might also enhance the invasive growth
potential of CSCs,

Promotion of the mesenchymal phenotype by CD44s

The epithelial-mesenchymal transition (EMT) is characterized by
the loss of epithelial characteristics and the gain of mesenchymal
attributes and is a key event in wound healing, tissue repair and
several diseases in adults.***® During the EMT, epithelial cells
downregulate cell-cell adhesion systems, lose their polarity, and
acquire a mesenchymal phenotype associated with increased
interaction with the extracellular matrix as well as an enhanced
migratory capacity.” Induction of the EMT in several epithelial-
type cells was recently found to be accompanied by a shift in
CD44 isoforms from CD44v to CD44s that occurs concomitantly
with downregulation of ESRP expression.**" Of note, CD44s has
been shown to promote the EMT through the activation of
signaling by transforming growth factor B**#° and the protein
kinase AKT.* Furthermore, CD44s interacts with its major ligand
(hyaluronic acid) more effectively than do CD44v isoforms.%°
Together, these observations implicate CD44s, but not CD44yv, in
the acquisition of mesenchymal properties, including enhanced
extracellular matrix interaction and transforming growth factor §
signaling, by cancer cells.

Regulation of CD44v by the EMT and hypoxia in cancer cells

CD44v is thus highly expressed in epithelial-type carcinomas, and
induction of the EMT is associated with a shift in CD44 isoforms
from CD44v to CD44s. Experimental induction of the EMT might
therefore be expected to elicit an isoform shift from CD44v to
CD44s in epithelial cell lines. However, CD44v expression does not
always appear to conform to EMT status in cancer cells, We
recently found that the expression of CD44 isoforms is not
associated with that of EMT markers in 4T1 metastatic mouse
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breast cancer cells, which include both CD44v* cells (which
predominantly express CD44v) and CD44v ™~ cells (which express
only CD44s)>? Furthermore, chromatin immunoprecipitation—
sequencing (ChiP-seq) analysis at the ESRPT gene locus revealed
the presence of histone H3 trimethylated at Lys* (H3K4me3), a
mark of active transcription, at the transcription start site in
C(D44v™ cells but the presence of H3K27me3, a mark of trans-
criptional repression, at this site in CD44v ™ cells,> suggesting that
CD44v expression is regulated by histone modification at the
ESRP1 locus rather than by EMT status in 4717 cells. Together, these
findings suggest that CD44v is not a specific marker for epithelial
cancer cells and CD44s is not a specific marker for mesenchymal
cancer cells.

Tumor hypoxia has emerged as an important factor in
the induction of a pathological EMT leading to cancer
progression.>*** Hypoxia and hypoxia-inducible factor-1o. were
recently shown to stimulate CD44v expression in MDA-MB-231
and SUM-149 breast cancer cells,”® which exhibit a mesenchymal
phenotype.”” (D44v expression in cancer cells could be thus
regulated by EMT independent mechanism. Furthermore, hypoxia
signaling promotes the attachment of sialyl Lewis X glycan to
CD44v, but not to CD44s, and the modifed CD44v may serve as a
ligand for E-selectin expressed in endothelial cells during cancer
metastasis.”®* The generation of such glycan-modified CD44v
concomitant with the EMT might thus have a role in the
promotion of cancer progression by tumor hypoxia.

Modulation of the activity of cell surface proteins by CD44v

An emerging concept in signal transduction is that CD44 functions
as a co-receptor.”® A complex of CD44s and a phosphorylated ERM
(ezrin/radixin/moesin)  protein initiates activation of the
transforming growth factor B receptor and the downstream
SMAD signaling complex, thereby contributing to acquisition of
the mesenchymal phenotype.” In addition, several variant-
specific domains of CD44 isoforms interact with other cell
surface proteins at the plasma membrane (Figure 1). The
CD44v3 isoform, (which includes the sequence encoded by
variant exon 3) undergoes heparin sulfate modification and
interacts with various growth factors, including heparin-binding
epidermal growth factor-like growth factor and basic fibroblast
growth factor.?® Furthermore, such interaction of the pro form of
heparin-binding epidermal growth factor-like growth factor with
CD44v3 promotes its cleavage by matrix metalloproteinase 7,

SMAD signaling

Regulation of cell surface proteins by CD44. A complex of CD44s and a phosphorylated ERM (ezrin/radixin/moesin) protein initiates

activation of the TGFf receptor (TGFBRIl) and the downstream SMAD signaling complex, thereby contributing to acquisition of the
mesenchymal phenotype. The CD44v3 isoform interacts with the pro form of heparin-binding epidermal growth factor-like growth factor and
thereby promotes its conversion to the active form by MMP7. CD44v6 acts as a co-receptor of the receptor tyrosine kinase MET and thereby
promotes signaling by HGF. CD44v3 also interacts with monocarboxylate transporter-1 and monocarboxylate transporter-4, which are
responsible for lactate transport, and may thereby contribute to the glycolytic phenotype of cancer cells. CD44v6 and CD44v9 interact with
FAS and inhibit programmed cell death induced by FAS ligand (FASL).
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yielding the active form of the growth factor that binds to and
activates signaling by the receptor tyrosine kinase ERBB4.5" The
CD44v3-mediated activation of heparin-binding epidermal growth
factor-like growth factor and its presentation to ERBB4 may
therefore contribute to the efficient activation of ERBB4 signaling.
The CD44v6 isoform has been shown to act as a co-receptor
of the receptor tyrosine kinase MET.%? CD44v3 also interacts with
monocarboxylate transporter-1 and monocarboxylate transporter-
4, both of which are responsible for the transport of lactate in
breast cancer cells.®® On the other hand, CD44v6 and CD44v9
interact with the death receptor FAS (CD95) in lipid rafts and
thereby interfere with death receptor signaling and inhibit
apoptosis.® CD44v isoforms may thus setve to modulate the
functions of various plasma membrane proteins, including
receptor tyrosine kinases, transporters, and a death receptor in
cancer cells rather than as mediators of extracellular matrix
interaction, with the latter function being subserved primarily by
CD44s.

The importance of redox regulation in CSCs

Moderate levels of ROS stimulate cell proliferation, whereas high
levels that overwhelm the cellular antioxidant capacity trigger cell
death. Increased levels of ROS also promote aging of hemato-
poietic stem cells,**% whereas high ROS levels in Drosophila
sensitize hematopoietic progenitors to the induction of
differentiation.’® The accumulation of ROS in stem cells may
thus reduce their self-renewal capability through the activation of
aging- or differentiation-related signaling pathways, such as those
mediated by p16™“® and the retinoblastoma protein®®® or by
p38 mitogen-activated protein kinase.**®° Both CSCs of breast
cancer and normal mammary stem cells possess an enhanced ROS
defense capability compared with their non-stem cell
counterparts.”® Strategies to abrogate ROS defense in CSCs
might thus be expected to result in the eradication of these
ROS-resistant cells and thereby to provide a basis for the
development of efficient cancer therapies.

It is also possible that CSCs are located in a hypoxic
microenvironment and therefore show resistance to chemo- or
radiotherapy,®”° the cytotoxicity of which requires the availability
of local oxygen.”! A more thorough understanding of the CSC
niche and elucidation of the mechanisms underlying redox
regulation in CSCs may thus lead to improved therapeutic
approaches for cancer.

Major sources of ROS in cancer

Mitochondrial respiration is a major source of ROS in most
mammalian cells.”*”®* However, most cancer cells metabolize
glucose predominantly via aerobic glycolysis and therefore might
not rely on mitochondrial respiration for energy production.”® In
such cancer cells, generation of ROS likely results both from
increased metabolic activities due to aberrant growth factor and
cytokine signaling and to oncogene activation’>™”7 as well as from
increased activity of ROS-producing enzymes such as NADPH
oxidase, cyclooxygenases and lipoxygenases.”””® In the tumor
microenvironment, ROS also can be derived from extrinsic sources.
Tumor-infiltrating inflammatory cells such as macrophages and
neutrophils generate ROS as a result of NADPH oxidase
activation.”®”

Cancer therapies including chemo- and radiation therapy also
induce ROS generation.” Indeed, the mechanism of action of
radiotherapy relies primarily on the production of ROS.”"#° Given
that radiation induces mitotic cell death in dividing celis?'#?
most proliferative tumor cells are more sensitive to radiotherapy
than quiescent normal cells. Anticancer drugs, including the
anthracyclines and platinum coordination complexes, also exert
their anticancer effects as well as toxic side effects through ROS
generation.®

© 2013 Macmillan Publishers Limited
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Cancer cells that are often exposed to high levels of ROS
derived from intrinsic or extrinsic sources thus likely require a well-
organized antioxidant defense system for their survival in vivo
(Figure 2).

Redox adaptation in cancer cells

Oxidative stress occurs when the production of ROS exceeds the
capacity of the cellular defense system, which consists of redox
enzymes and other antioxidant molecules. Oncogenic cell
proliferation is coupled to the generation of ROS%%* and
cancer cells have therefore evolved mechanisms to protect
themselves from oxidative stress and have developed
adaptation strategies, including the upregulation of both
antioxidants and prosurvival molecules® One consequence of
such redox adaptation is that ROS-inducing cancer therapies alone
may not be sufficient to damage CSCs, in which the upregulation
of antioxidant capacity is especially pronounced.

The adaptation mechanisms include upregulation of redox-
sensitive transcription factors, elevation of ROS-scavenging
capacity and altered regulation of redox-sensitive death or survival
factors. Reduced glutathione (GSH), a ubiquitous reducing thiol
peptide that serves as an important intracellular redox buffer, also
have a role in redox adaptation in cancer cells. Biosynthesis of GSH
is catalyzed by two sequential enzymatic reactions (Figure 3).%7%
First, glutamate-cysteine ligase, which consists of catalytic
glutamate-cysteine ligase and modifier glutamate-cysteine ligase
subunits, catalyzes the formation of y-glutamylcysteine from
glutamate and cysteine. Glutathione synthetase then couples
glycine to y-glutamylcysteine to form GSH. Tumor cells manifest
elevated levels of both GSH and GSH metabolic enzymes, which
confer resistance to cancer therapies®®® Natural compounds
such as B-phenylethyl isothiocyanate and pipelongumine have
recently been shown to influence GSH metabolism and to
selectively kill transformed cells without affecting normal
cells.*%°! The targeting of GSH metabolism may thus effectively
disable redox adaptation by cancer cells and thereby damage
those cells with active metabolism that leads to the production of
high levels of ROS.

The cystine-glutamate antiporter system xc(-)

System xc(-) is composed of a light-chain subunit (xCT or SLC7A11)
and a heavy-chain subunit (CD98hc or SLC3A2) and functions as a
NaT-independent transporter that mediates the exchange of
extracellular cystine (the predominant form of cysteine in plasma,
extracellular body fluids and cell culture medium) for intracellular
glutamate.”®* The availability of cysteine is rate limiting for GSH
synthesis,®™ with the activity of system xc(-) therefore being
essential for the GSH-dependent antioxidant system. Mice lacking
xCT appear healthy, but they have an increased plasma
concentration of cystine compared with their wild-type
littermates,® suggesting that xCT-mediated cystine transport
may be required for cells exposed to severe oxidative stress.
Indeed, transcription of the xCT gene is induced by oxidative
stress due to electrophilic agents, depletion of cystine, or oxygen,
with this effect being mediated through the binding of the
transcription factor Nif2 to its response element in the promoter
of the xCT gene.®® Furthermore, activating transcription factor 4,
which has a key role in the response of cells to multiple types of
stress,®” has been shown to upregulate xCT expression.”®*” These
various observations thus indicate that xCT contributes to the
protection of cells exposed to high levels of ROS.

xCT interacts with the type Il transmembrane protein CD98hc at
the cell surface.’®® Indeed, CD98hc is separately and covalently
linked to several light chains that function as amino acid
transporters at the plasma membrane, including LAT1, LAT2,
y+LAT1, y +LAT2, ASC-1 and xCT.'" The precise mechanism by
which CD98hc selects its binding partner to give rise to the
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Figure 2. Major sources of ROS in cancer. Most cancer cells metabolize glucose predominantly via aerobic glycolysis and therefore might not
rely on mitochondrial respiration, which results in ROS production. In such cancer cells, generation of ROS likely results both from increased
metabolic activities due to aberrant growth factor and cytokine signaling and to oncogene activation as well as from increased activity of
ROS-producing enzymes such as NADPH oxidase, cyclooxygenases and lipoxygenases. In the tumor microenvironment, tumor-infiltrating
inflammatory cells such as macrophages and neutrophils release ROS as well as inflammatory cytokines. Cancer therapies including chemo-
and radiation therapy also induce ROS generation.
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Figure 3. Stabilization of xCT and promotion of cystine uptake by CD44v. CD44v contributes to ROS defense by promoting the synthesis of
GSH, a primary intracellular antioxidant. CD44v interacts with and stabilizes xCT, a subunit of the cystine-glutamate transporter xc(-), and
thereby promotes the uptake of cystine for GSH synthesis. Glutamate-cysteine ligase catalyzes the formation of y-glutamylcysteine from
glutamate and cysteine, and glutathione synthetase then couples glycine to y-glutamylcysteine to form GSH.

encoded by variant exons 8- 10), which interacts with and
thereby . stabilizes xCT at the plasma membrane, resulting in
promotion of GSH synthesis®® (Figure 3). RNAi-mediated ablation
of CD44v thus reduced the cell surface expression of xCT and

different types of functional amino acid transporter has remained
unclear, however.

Stabilization of xCT and promotion of cystine uptake by CD44v

Expression of xCT at the surface of cancer cells was found to be
modulated by CD44v8-10 (an isoform that includes the sequence

Oncogene (2013), 1-8

thereby depleted intracellular cysteine without affecting the
intracellular content of other amino acids. CD44v thus has a key
role in the GSH-dependent antioxidant system in cancer cells

© 2013 Macmillan Publishers Limited
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through modulation of xCT-mediated cystine transport and
consequent GSH synthesis.

The monitoring of xc(-) transporter activity by positron emission
tomography with an '®F-labeled glutamate derivative was recently
shown to be beneficial for the detection of tumors in patients
with non-small cell lung cancer or breast cancer.'® The maximum
standardized uptake value for the tracer was found to be
significantly correlated with the intensity of immuno-
histochemical staining for xCT and CD44 in tumor specimens.
Although the expression of CD44v specifically was not examined
in this study, highly CD44-expressing cancer cells might thus
depend on the xc(-) transporter for their survival and propagation
in human tumors.

The role of CD44v-xCT in cancer metastasis

Cancer metastasis is now thought to result from the dissemination
of stem-like cancer cells and their colonization of tissue distant
from the primary tumor site.’®>'% Among human breast cancer
cell lines, CD44-positive cells with a high level of aldehyde
dehydrogenase activity (ALDH"PCD44* cells) show increased
tumor formation and lung colonization abilities compared with
ALDH'®"CD44'°% ~ cells.'® CD44-expressing cancer cells isolated
from lung metastases in a mouse xenograft model of human
breast cancer were also recently found to be highly enriched in
tumor-initiating cells.’®” Among prostate cancer cells, CD44
stem-like cells have been shown to possess metastatic activity,'%
and forced expression of mir-34a in such cells (in which the
abundance of this microRNA is reduced compared with that in
CD44-negative cells) was found to inhibit metastasis through
suppression of CD44 expression.®® Together, these observations
suggest that CD44 ™ stem-like cancer cells have an important role
in cancer metastasis.

CD44 and its variant isoforms have been implicated in multiple
steps required for cancer metastasis, including matrix invasion,
extravasation and colonization.'"'82%1%° Genetic ablation of CD44
in a mouse model of metastatic osteosarcoma (Trp53+/™
mouse) did not affect the incidence of primary tumor formation,
but it did abrogate metastasis, implicating CD44 in metastasis
rather than in tumor initiation in this model."'® On the other hand,
genetic ablation of CD44 in the MMTV-PyVmT mouse model of

Figure 4.
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breast cancer enhanced metastatic activi*cy.40 Furthermore,
forced expression of the microRNAs miR-373 and miR-520c,
which suppress CD44 expression, was found to confer
metastatic activity on MCF-7 breast cancer cells, which normally
show a nonmigratory and nonmetastatic phenotype.”"’ These
observations indicate that CD44 suppresses invasion and
metastasis in these breast cancer cells, The dependence of
metastasis on CD44 expression thus also seems to be dependent
on the cellular context, as appears to be the case for tumor-
initiating ability in CSCs. Alternatively, the shift in specific
splicing isoform expression rather than a change in baseline
CD44 transcription may be associated with those biologic
characteristics of CSCs.

In cancer metastasis, the disseminating cells are often exposed
to various environmental stressors including ROS. The ability to
avoid the consequences of such exposure is therefore required for
metastatic CSCs to successfully colonize secondary sites. The
redox protein thioredoxin-like 2 was recently shown to regulate
the growth and metastasis of human breast cancer cells. Knock-
down of redox protein thioredoxin-like 2 in human breast cancer
cell lines thus increased ROS levels and thereby reduced the
activity of the transcription factor NF-xB, resulting in inhibition of
tumor formation and lung metastasis.''® These results thus also
suggested that metastatic growth requires adequate ROS defense
ability. Neutrophils were also recently shown to accumulate in the
lungs before the arrival of metastatic cells as well as to inhibit lung
metastasis of mouse 4T1 metastatic breast cancer cells through
NADPH-dependent generation of H,0..'"® In the 4T1 mouse
model, we recently found that CD44v-expressing lung metastases
contain high levels of GSH, but not of its oxidized form glutathione
disulfide (glutathione-S-S-glutathione, GSSG), and that CD44v
expression enhanced xCT-dependent ROS defense and thereby
allowed cancer cells to evade metastatic stress and to colonize the
lung.>? In a mouse model of melanoma metastasis based on B16
melanoma cells, enhanced synthesis of GSH was found to
contribute to resistance to oxidative stress and thereby to
promote metastatic growth in the liver.”'*""® Collectively, these
observations suggest that neutralization of oxidative stress
through the action of the GSH-dependent antioxidant system or
other redox proteins at potential sites of metastasis may be
required for CSCs to establish metastatic lesions (Figure 4).

Lung

The role of CD44v-xCT in cancer metastasis. ESRP-regulated alternative splicing of CD44 mRNA results in CD44v expression in

metastatic CSCs. CD44v-expressing cancer cells possess an increased ability to defend against ROS as a result of enhanced xCT-mediated
cystine uptake and consequent GSH synthesis. Such cells with a high level of GSH are thus predominantly responsible for colonization of the
lung, a tissue that contains high levels of ROS (H,0,) produced by inflammatory cells such as neutrophils.
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Perspective

Conventional cancer therapies result in a transient reduction in
tumor mass through the killing of non-stem cancer cells.
Frequently, however, the cancer reemerges after a few months
or even years as a result of the failure to eliminate CSCs.
Furthermore, the formation of metastases is thought to result from
the dissemination of CSC-like cells and their colonization of
secondary sites. Future improvements in cancer treatment may
thus require the development of drugs that target signaling or
metabolic pathways that are activated specifically in CSC-like cells
rather than in non-stem cancer cells, the latter of which are
sensitive to currently available treatments.

Redox adaptation by cancer cells contributes to their survival
under conditions of persistent oxidative stress due to their
intrinsic active metabolism and extrinsic factors in the tumor
microenvironment, and it results in resistance to certain anticancer
agents. In CSCs, such redox adaptation may be potentiated as a
result of their enhanced antioxidant capacity. The targeting of
redox regulation in CSCs is thus a candidate approach to CSC-
directed therapy. The identification of the main pool of
antioxidants that maintains redox status in each type of CSC
might lead to the development of efficient therapies for
treatment-resistant cancers. In CD44v-expressing CSCs, xCT-
dependent cystine transport and consequent synthesis of GSH
appear to enhance ROS defense and contribute to redox
adaptation. Therapy targeted to the CD44v-xCT system may
therefore impair ROS defense ability as well as redox adaptation in
CSCs and thereby sensitize them to currently available treatments.
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Background: Homeostatic cell competitive system between cancerous cells and non-cancerous cells is considered as the

reason for tumor initiation.

Results: Exosomal tumor-suppressive microRNAs secreted by non-cancerous cells inhibit the proliferation of cancerous cells.
Conclusion: Exosomal tumor-suppressive microRNAs act as an inhibitory signal for cancer cells in a cell-competitive process.
Significance: This provides a novel insight into a tumor initiation mechanism.

Normal epithelial cells regulate the secretion of autocrine and
paracrine factors that prevent aberrant growth of neighboring
cells, leading to healthy development and normal metabolism.
One reason for tumor initiation is considered to be a failure of
this homeostatic cell competitive system. Here we identify
tumor-suppressive microRNAs (miRNAs) secreted by normal
cells as anti-proliferative signal entities. Culture supernatant of
normal epithelial prostate PNT-2 cells attenuated proliferation
of PC-3M-luc cells, prostate cancer cells. Global analysis of
miRNA expression signature revealed that a variety of tumor-
suppressive miRNAs are released from PNT-2 cells. Of these
miRNAs, secretory miR-143 could induce growth inhibition
exclusively in cancer cells in vitro and in vivo. These results sug-
gest that secretory tumor-suppressive miRNAs can act as a
death signal in a cell competitive process. This study provides a
novel insight into a tumor initiation mechanism.

Competitive interactions among cells are the basis of many
homeostatic processes in biology. In Drosophila, normal epi-
thelial cells compete with transformed ones for individual sur-
vival, which is a process called cell competition (1, 2). If a given
group of cells was exposed to some stress, it would be separated
into subpopulations of cells with different levels of damage. In
noncompetitive conditions, cells with severe damage die in a
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short time, whereas moderately damaged cells survive to the
next generation, indicative of the transduction of a negative
phenotype. On the other hand, in competitive conditions even
slightly damaged cells are eliminated from the cell group
because healthy cells, the “winners,” convey death signals to
damaged cells, the “losers,” and the losers reciprocally confer
growth signals to the winners. This feed-forward regulation
enables the cell population to eradicate abnormal cells and
maintain the same number of normal cells in a limited niche.

Oncogenesis is characterized by genetic and metabolic
changes reprogramming living cells to undergo uncontrolled
proliferation (3). This suggests that the abnormal cells that are
originally destined for elimination can survive and expand
against the cell competitive regulation, leading to the formation
of a tumor mass. Consistently with this concept, Bondar and
Medzhitov (4) showed that the cell competition process
involves p53, a tumor-suppressive gene, between the hemato-
poietic stem cells and progenitor cells, suggesting that gene
modifications of p53 could disturb the homeostatic mechanism
and give rise to tumor initiation. It is conceivable that p53 target
genes could be associated with intercellular communication
between winners and losers; however, this literature has not
answered the question of whether this regulatory system is
mediated by contact-dependent or contact-independent man-
ner. More than 10 years ago a pioneer study suggested that
non-cancerous cells co-cultured with cancer cells inhibit the
growth of cancer cells in vitro (5). This result indicated that
humoral factors could be involved in cell competition as inter-
cellular communicators (6).

Asrecently as a few years ago it was believed that RNAs could
not behave as extracellular signal molecules because of their
vulnerability to the attack of ribonucleases largely existing in
body fluid. Evidence is presently increasing to show that
miRNAs* contained in exosomes are released from mammalian

“The abbreviations used are: miRNA, microRNA; CM, conditioned medium;
luc, luciferase; MTT, 3-(4,5-dimethylthiazol-2-y})-2,5-diphenyltetrazolium
bromide; QRT-PCR, quantitative real time PCR.
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cells and act as a signal transducer (7). It is important that many
different tumor-suppressive miRNAs, such as miR-16 and miR-
143, are down-regulated in cancer cells, resulting in tumorigen-
esis, tumor progression, and metastasis (8—11). Taken to-
gether, these findings suggest that secretory miRNAs may have
favorable aspects for anti-proliferative signals mediating cell
competition.

In this report we show that miR-143 expression in normal
prostate cells, PN'T-2 cells, is higher than that in prostate cancer
cells, PC-3M-luc cells, and that miR-143 released from non-
cancerous cells transfers growth-inhibitory signals to cancer-
ous cells in vitro and in vivo. These results suggest that secretory
tumor-suppressive miRNAs might be a death signal from win-
ners to losers in the context of cell competition. Secretory
miRNAs can be conducive to the maintenance of normal
growth and development.

EXPERIMENTAL PROCEDURES

Reagents—Mouse monoclonal anti-KRAS (F234) (sc-30) was
purchased from Santa Cruz. Rabbit polyclonal anti-ERK5
(#3372) was purchased from Cell Signaling. Mouse monoclonal
anti-actin, clone C4 (MAB1501), was obtained from Millipore.
Mouse monoclonal ant-human-CD63 antibody (556019) was
purchased from BD Pharmingen. Peroxidase-labeled anti-
mouse and anti-rabbit antibodies were included in the Amer-
sham Biosciences ECL PLUS Western blotting Reagents Pack
(RPN2124) (GE Healthcare). Synthetic Caenorhabditis elegans
miRNA cel-miR-39 was synthesized by Qiagen (Valencia, CA).
Synthetic hsa-miR-143 (pre-miR-143), the negative control 1
(NC1), has-miR-143 inhibitor molecule (anti-miR-143), and
the negative control inhibitor molecule (anti-NC) were pur-
chased from Ambion (Austin, TX). GW4869 was purchased
from Calbiochem. Geneticin was purchased from Invitrogen.

Cell Culture—PNT-2 cells, immortalized normal adult pros-
tatic epithelial cell line, were purchased from the DS Pharma
Biomedical Co., Ltd. (Osaka, Japan). HEK293 cells, a human
embryonic kidney cell line (CRL-1573), were obtained from
American Type Culture Collection (Manassas, VA). HEK293
cells were cultured in Dulbecco’s modified Eagle’s medium
containing 10% heat-inactivated fetal bovine serum (FBS) and
an antibiotic-antimycotic (Invitrogen) at 37 °C in 5% CO,.
PNT-2 and the prostate cancer cell line, PC-3M-luc cells, con-
tinuously expressing firefly luciferase (Xenogen, Alameda, CA),
were cultured in RPMI containing 10% heat-inactivated FBS
and an antibiotic-antimycotic at 37 °C in 5% CO,.

Preparation of Conditioned Medium and Exosomes—Before
the collection of culture medium, cells were washed 3 times
with Advanced RPMI containing an antibiotic-antimycotic and
2 mM L-glutamine (medium A), and the medium was switched
to fresh medium A. After incubation for 3 days, medium A was
collected and centrifuged at 2000 X g for 10 min at room tem-
perature. To thoroughly remove cellular debris, the superna-
tant was centrifuged again at 12,000 X g for 30 min at room
temperature or filtered through a 0.22-um filter (Millipore).
The conditioned medium (CM) was then used for miRNA
extraction and functional assays as well as exosome isolation.

For exosome preparation the CM was ultracentrifuged at
110,000 X gfor 70 min at 4 °C. The pellets were washed with 11
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ml of PBS, and after ultracentrifugation they were resuspended
in PBS. The exosome fraction was measured for its protein con-
tent using the Micro BCA Protein Assay kit (Thermo Scientific,
Wilmington, DE).

Isolation of MicroRNAs—Isolation of extracellular and cellu-
lar miRNAs was performed using the miRNeasy Mini Kit (Qia-
gen). Two hundred microliters of conditioned medium or cell
lysate was diluted with 1 ml of Qiazol Solution. After 5 min of
incubation, 10 pl of 0.1 nM cel-miR-39 was added to each ali-
quot followed by vortexing for 30 s. Subsequent extraction and
filter cartridge work were carried out according to the manu-
facturer’s protocol.

Quantitative Real Time PCR (QRT-PCR)—The method for
QRT-PCR has been previously described (7). PCR was carried
out in 96-well plates using the 7300 Real Time PCR System
(Applied Biosystems). All reactions were done in triplicate. All
TagMan MicroRNA Assays were purchased from Applied Bio-
systems. Cel-miR-39 and RNU6 were used as an invariant con-
trol for the CM and cells, respectively.

Immunoblot Analysis—SDS-PAGE gels, SuperSep Ace
5-20% (194-15021) (Wako), were calibrated with Precision
Plus Protein Standards (161~ 0375) (Bio-Rad), and anti-KRAS
(1:100), anti-ERK5 (1:1000), anti-CD63 (1:200), and anti-actin
(1:1000) were used as primary antibodies. The dilution ratio of
each antibody is indicated in parentheses. Two secondary anti-
bodies (peroxidase-labeled anti-mouse and anti-rabbit anti-
bodies) were used at a dilution of 1:10,000. Bound antibodies
were visualized by chemiluminescence using the ECL PLUS
Western blotting detection System (RPN2132) (GE Health-
care), and luminescent images were analyzed by a
LuminoImager (LAS-3000; Fuji Film, Inc.). Only gels for CD63
(BD Biosciences) detection were run under non-reducing
conditions.

Plasmids—The primary-miR-143 expression vector was pur-
chased from TaKaRa BIO. For luciferase-based reporter gene
assays, pLucNeo was constructed by inserting a firefly lucifer-
ase gene derived from the pGL3-control (Promega) into the
PEYFP-1 vector (Clontech) at BglII and AfIII sites. The sensor
vector for miR-143 was constructed by introducing tandem
binding sites with perfect complementarity to miR-143 sepa-
rated by a four-nucleotide spacer into the Notl site of
psiCHECK2 (Promega). The sequences of the binding site are
as follows: 5'-AAACCTAGAGCGGCCGCGAGCTACAGTG-
CTTCATCICAAAGAATTCTTGAGCTACAGTGCTTCA-
TCTCAGCGGCCGCTGGCCGCAA-3’ (sense) and 5'-TTG-
CGGCCAGCGGCCGCTGAGATGAAGCACTGTAGCTC-
AAGAATTCTTTGAGATGAAGCACTGTAGCTCGCGGC-
CGCTCTAGGTTT-3' (antisense). The “seed” sequence of
miR-143 is indicated by bold italics. In a mutated miR-143 sen-
sor vector, the seed sequence, TCATCTC, was displaced
with GACGAGA. All the plasmids were verified by DNA
sequencing.

Transient Transfection Assays—Transfections of 10 nm miR-
143 mimic and 3 nM anti-miR-143 were accomplished with the
DharmaFECT Transfection Reagent (Thermo Scientific)
according to the manufacturer’s protocol. The total amounts of
miRNAs for each transfection were equally adjusted by the
addition of NC1 and anti-NC, respectively.
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