


rVvpE. It was noted that ANXA2 coimmunoprecipitated with
caveolin-1, NOX2, and NCF1, and, importantly, that these inter-
actions were enhanced by the rVvpE treatment (Fig. 2H). This
means that lipid raft–mediated clustering of ANXA2, NOX2, and
NCF1 is required to trigger the bacterial signaling pathway in-
duced by rVvpE in INT-407 cells.

Regulatory effect of VvpE on ROS production and NF-kB
phosphorylation

Clustering of NOX enzymes facilitates the production of ROS,
which results in a prominent amplification of the transmembrane
signal (37). A significant increase in the ROS level appeared
after incubation with 10–50 pg/ml for 30 min compared with the
vehicle alone (Fig. 3A, left panel). The increase in ROS pro-
duction was transiently augmented between 0.5 and 1 h after
incubation with 50 pg/ml rVvpE (Fig. 3A, right panel). Addi-
tionally, a pretreatment with MbCD as well as silencing of
ANXA2 significantly blocked rVvpE-induced ROS production

(Fig. 3B). Antioxidant NAC was used as a positive control. The
inhibitory effects of MbCD and ANXA2 siRNA on ROS pro-
duction were further visualized by staining INT-407 cells with
a fluorescent dye, CM-H2DCFDA (Fig. 3C). Consistently, pre-
treatment with the NAC significantly blocked the necrotic cell
death (Fig. 3D) as well as the production of IL-1b in INT-407
cells (Fig. 3E). These data suggest an involvement of ROS
production in promoting necrotic cell death and proinflammatory
response induced by rVvpE. We further examined the role of
rVvpE in activation of NF-kB, which is a direct transcriptional
target for necrotic signaling pathway as well as inflammation. As
shown in Fig. 3F, NF-kBp65 phosphorylation increased between
1 and 3 h after incubation with 50 pg/ml rVvpE. The increased
accumulation of NF-kBp65 phosphorylation in the nucleus was
further confirmed by immunofluorescence staining and coun-
terlabeling with PI (Fig. 3F, right panel). Additionally, the
phosphorylation of NF-kBp65 evoked by a treatment with rVvpE
was markedly inhibited by pretreatment with the MbCD and

FIGURE 3. Regulatory effect of VvpE on ROS production and NF-kB phosphorylation. (A) Dose responses of rVvpE for 1 h (left panel) and time

responses of 50 pg/ml rVvpE (right panel) in ROS production are shown. n = 4. Cells were transfected with ANXA2 siRNA for 24 h or pretreated with

MbCD (0.1 mM) and NAC (10 mM) prior to rVvpE exposure for 1 h. (B) The level of ROS production is shown. n = 4. (C) ROS production (green) was

visualized by confocal microscopy. Scale bars, 100 mm. n = 3. Cells were pretreated with NAC prior to rVvpE exposure for 6 h. (D) FACS analysis and

quantitative analysis of the percentage of necrotic (Q1) cells are shown. n = 4. (E) The level of IL-1b protein was quantified by ELISA. n = 5. (F) Time

responses of rVvpE in the phosphorylation of NF-kBp65 are shown (left panel). p–NF-kBp65 (green) was detected by immunostaining with p–NF-kBp65

Ab in cells treated with rVvpE for 2 h (right panel). Scale bars, 50 mm (original magnification 3400). PI was used for nuclear counterstaining (red). n = 3.

(G) Cells were pretreated with MbCD or NAC prior to rVvpE exposure for 2 h. The phosphorylation of NF-kBp65 is shown. n = 4. (H) Cells were

transfected with ANXA2 siRNA prior to rVvpE exposure for 2 h. The phosphorylation of NF-kBp65 is shown. n = 4. INT-407 cells transfected with NF-

kBp65 siRNAwere incubated with rVvpE (50 pg/ml) for 6 h. (I) FACS analysis and quantitative analysis of the percentage of necrotic (Q1) cells are shown.

n = 4. (J) The level of IL-1b protein was quantified by ELISA. n = 5. (A, B, and D–J) Data represent mean6 SEM. *p, 0.01 versus control, vehicle alone,

or nontargeting siRNA plus vehicle. #p , 0.05 versus rVvpE. Cont, control; Veh, vehicle.
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NAC (Fig. 3G) as well as knockdown of ANXA2 (Fig. 3H).
These data represent evidence that the phosphorylation of NF-
kBp65 is regulated by ROS produced by the clustering of NOX
enzymes and ANXA2 in membrane lipid rafts. Knockdown of
NF-kBp65 by siRNA also showed a significant inhibitory effect
on the necrotic cell death (Fig. 3I) as well as the production of
IL-1b (Fig. 3J) in INT-407 cells.

Regulatory effect of VvpE on the interaction of NF-kB with the
IL-1b promoter

To determine whether NF-kB directly regulates IL-1b mRNA
expression, we performed IL-1b promoter region analysis using
Alggen Promo (28, 29). The IL-1b promoter located between the
transcription start site and 2500 bp upstream contains two pu-
tative NF-kB binding sites and three methylation sites, including
one site that was placed next to methylation sites (Fig. 4A). We
first performed a ChIP assay followed by qRT-PCR in INT-407
cells treated with rVvpE to determine the regulatory effect of
VvpE on the binding of NF-kB to the IL-1b promoter. We tested
two sets of primers that include two putative NF-kB binding sites
at the region proximal to 2500 bp of the start site of the IL-1b
promoter. We found that all primer sets result in an amplicon
from the anti–pNF-kB65 immunoprecipitates, and, importantly
that the interaction of NF-kB with the IL-1b promoter was en-
hanced by the rVvpE treatment in only the primer set ranging
between 2347 and 2174 bp (Fig. 4B). Interestingly, however,
the level of NF-kB binding to the IL-1b promoter was signifi-
cantly inhibited by knockdown of ANXA2 and by pretreatment
with the MbCD and NAC (Fig. 4C, 4D). These results suggest
that rVvpE transcriptionally regulates the NF-kB binding to the
unique region of the IL-1b promoter, which was regulated by
necrotic signaling pathway as well as inflammation. Because of
the inhibitory role of promoter methylation on the gene tran-
scription, we postulated that rVvpE could affect the methyl-
ations, which negatively regulate the interaction of NF-kB with
the IL-1b promoter. We determined the methylation status fol-
lowing the treatment with rVvpE by means of MSP. A bisulfite
treatment converted cytosine residues in the genomic DNA to
uracil, which were amplified as thymine during the subsequent
PCR. We attempted to analyze the methylation status of the IL-
1b gene promoter at 2299 CpG sites due to their close distance
to putative NF-kB binding sites. As shown in Fig. 4E, primers
for 2299 CpG sites that specifically amplified either the meth-
ylated or unmethylated form of the IL-1b promoter produced
100-bp methylated bands from vehicle-treated INT-407 cells,
indicating that the IL-1b promoter was methylated in these
alleles. However, treatment with 50 pg/ml rVvpE for 2 h
markedly inhibited the level of IL-1b promoter methylation,
which was significantly blocked by knockdown of ANXA2 and
by pretreatment with the MbCD and NAC. Interestingly, the
levels of the phosphorylation of NF-kBp65 (Fig. 4F) and pro-
duction of IL-1b (Fig. 4G) were markedly enhanced by pre-
treatment with the DNA methylation inhibitor 5-Aza. These data
indicate that the hypomethylation of the IL-1b promoter is able
to affect the high level of the interaction of NF-kB with the
IL-1b promoter during necrotic cell death evoked by rVvpE.
V. vulnificus was known to stimulate the activation of caspase-1
and IL-1b via the NLRP3 inflammasome, which is one member
of NLR (38). Similar to the previous report (38), an increase in
active forms of IL-1b (17 kDa) and caspase-1 (10 kDa) was
observed after 6 h of incubation with 50 pg/ml rVvpE (Fig. 4H).
However, the activation of IL-1b by rVvpE was markedly
inhibited by transfection with siRNAs for NLRP3 and caspase-1
(Fig. 4I). Thus, these results indicate that rVvpE has the ability

to induce pyroptosis accompanied by NLRP3-mediated caspase-1
activation that results in maturation of IL-1b.

Essential role of VvpE in promoting inflammation-related
intestinal injury

To evaluate the functional relevance of V. vulnificus VvpE, 7-wk-
old ICR mice were inoculated i.g. with boiled V. vulnificus (con-
trol), V. vulnificus (WT), and a mutant deficient in vvpE gene in
V. vulnificus (vvpE mutant) at 1.1 3 106 CFU/ml for 18 h, after
which the level of bacterial colonization was monitored. The WT
colonization in ileum increased by 3.2 6 0.3 (3106 CFU/g tissue)
(Fig. 5A). However, when the mice were inoculated with vvpE
mutant, the levels were diminished by 2.4 6 0.2 (3106 CFU/g
tissue), compared with the WT. We found that all of the mice
given oral administrations of WT had survived by 18 h postin-
jection (data not shown). These results indicate that VvpE con-
tributes to the intestinal colonization of V. vulnificus in vivo. We
further found that WT strongly induces the phosphorylation of
NF-kBp65 (Fig. 5B) and the expression of proinflammatory
cytokines, including IL-1b, IL-6, and TNF-a (Fig. 5C) in the
mouse intestine. However, unlike WT, the mice infected with
vvpE mutant almost completely maintained the levels of NF-
kBp65 phosphorylation and proinflammatory cytokines to the
normal level. These results indicate that VvpE is a critical elastase
that promotes intestinal inflammatory responses. In response to an
inflammation-related injury, intestinal epithelial cells at the wound
edge proliferate and migrate to cover denuded surfaces and re-
establish the critical barrier function (39). Thus, we have further
investigated whether VvpE also has a virulence effect on cell
proliferation during inflammatory processes. We found that the
number of proliferating cells identified by Ki67 labeling was
significantly decreased in the intestinal crypt of mice infected with
WT compared with control mice (Fig. 5D). However, the cyto-
toxic effect of WTwas negated by infection with the vvpE mutant,
suggesting that VvpE regulates host cell death as well as inflam-
matory response in intestinal epithelial cells. To assess the level of
enterocyte migration, BrdU pulse chase experiments were per-
formed in mice inoculated i.g. with control, WT, or vvpE mutant at
1.1 3 106 CFU/ml for 18 h (Fig. 5E). Two hours after the BrdU
injection, BrdU-labeled intestinal epithelial cells of control mice
were located at the bottom of the ileum crypt. Subsequently, the
cells migrated upward and moved farther along the crypt villus
axis, reaching about two thirds of the location of the villi at 48 h.
In comparison, mice infected with WT had fewer BrdU+ intestinal
epithelial cells present at the ileum crypt and showed a reduced
rate of migration compared with the control. Interestingly, the
mice that received the vvpE mutant were still keeping the mi-
gratory behavior of intestinal epithelial cells at physiological
levels. Thus, these results indicate that VvpE plays an important
role in inflammation-related injury related to cell proliferation and
migration in intestinal epithelial cells. To verify the role of VvpE
in wound recovery, we further examined the ability of 50 pg/ml
rVvpE to regulate cell motility for 6 h using an in vitro wound-
healing migration assay. As shown in Fig. 5F, 1% FBS signifi-
cantly induced cell motility of INT-407 cells. In contrast, the cell
migration–promoting activity of FBS was attenuated by a rVvpE
treatment. We also visualized the ability of VvpE to regulate cell
motility by staining the cells with calcein AM in an Oris cell
migration assay (Fig. 5G). In contrast to the control, 1% FBS
significantly induced the translocation of cell bodies into the de-
nuded area for wound healing, which was inhibited by a rVvpE
treatment. Additionally, Fig. 5H shows that rVvpE inhibited FBS-
induced cell migration, but this effect was silenced by the
knockdown of the expression of ANXA2, but not by ANXA4.
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Discussion
Our data in the present study demonstrate that VvpE is the
functional elastase of V. vulnificus that stimulates IL-1b secretion
by means of hypomethylation and NF-kB activation via lipid raft–
dependent ANXA2 recruitment and ROS signaling during the
pyroptosis of intestinal epithelial cells. The mechanism and out-
come of pyroptosis are distinctly different from these aspects of
apoptosis, which actively inhibit inflammation. We showed that

rVvpE induces pyroptotic cell death coupled with the production

of IL-1b via lipid rafts. These findings differed from those pre-

viously reported and revealed that the effect of that VvhA, one of

the major toxins of V. vulnificus, on cytotoxicity is independent of

the action of lipid rafts (40). Thus, the results of our present study

suggest that V. vulnificus uniquely regulates intestinal cell death

and inflammation by producing the VvpE with modes of action

that differ from those of other secreted proteins. In fact, many

FIGURE 4. Regulatory effect of VvpE on the interaction of NF-kB with the IL-1b promoter. (A) The sites for NF-kB binding and methylaton in the IL-1b

promoter are shown. The open boxes and shaded boxes represent the consensus sequences of NF-kB and the methylation site, respectively. (B) INT-407 cells treated

with rVvpE for 2 h were fixed with formaldehyde, and cell extracts were immunoprecipitated (IP) with anti-p–NF-kBp65 to detect bound IL-1b promoter DNA

fragments (2347 to –174 or2488 to2327 bp). A representative agarose gel following RT-PCR is shown. n = 3. Normal mouse IgG or anti-RNA polymerase II Ab

was used as negative or positive control for the ChIP, respectively. (C) Cells were transfected with ANXA2 siRNA or pretreated with MbCD or NAC prior to rVvpE

(50 pg/ml) exposure for 2 h. The binding of p–NF-kBp65 to IL-1b promoter was determined by ChIP. A representative agarose gel following RT-PCR is shown. n = 3.

(D) The level of p–NF-kBp65 binding to IL-1b promoter was quantified by qRT-PCR. Anti-RNA polymerase II Ab was used internal control. n = 4. (E) Genomic

DNA of the cells transfected with ANXA2 siRNA or pretreated with MbCD or NAC prior to rVvpE (50 pg/ml) exposure for 2 h was prepared. Changes in the IL-1b

promoter methylation status at 2299 CpG site was determined by MSP analysis (left panel). The relative level of IL-1b methylation is shown, compared with the

unmethylated form (right panel). n = 4. The phosphorylation of NF-kBp65 (F) and the production of IL-1b (G) in cells pretreated with 5-Aza (1 mM) for 30 min

prior to rVvpE exposure are shown. (H) Time responses of 50 pg/ml rVvpE in expression of active IL-1b and cleaved caspase-1 are shown. n = 3. (I) Cells were

transfected with NLRP and caspase-1 siRNAs prior to rVvpE (50 pg/ml) exposure for 6 h. The expression of active IL-1b is shown. n = 3. (D–G) Data represent

mean 6 SEM. *p , 0.05 versus vehicle alone or nontargeting siRNA plus vehicle. #p , 0.05 versus rVvpE. Veh, vehicle.
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studies have reported that several enteric bacterial pathogens, in-
cluding H. pylori vacuolating toxins (41) and the enterotoxin
Clostridium perfringens (42), may interact with a detergent-
resistant cellular membrane composed of relatively abundant
cholesterol as an initial attachment platform and therefore having
a cytotoxic effect on intestinal physiological functions. Therefore,
the findings in the present study suggest that lipid rafts are a
functional mediator that initiates the virulence effect of rVvpE to
induce host cell death as well as inflammation. Concerning the
pathogenic mechanism of VvpE, we subsequently showed the
unique involvement of lipid raft–dependent ANXA2 recruitment
and ROS production in the regulation of IL-1b secretion during
pyroptotic cell death. The importance of ANXA2 in microbial
pathogenesis is underscored by the finding that E. coli (EPEC)
adherence induces the concentration of cholesterol and GPI-
anchored proteins at sites of bacterial contact, where ANXA2 is
recruited to the cytoplasmic membrane surface, possibly stabi-
lizing raft patches and their links to the actin cytoskeleton beneath

adhering to EPEC (34). Thus, these results present the possibility
that rVvpE influences the structure and localization of ANXA2
through lipid rafts to promote proinflammatory signaling in in-
testinal epithelial cells. Compelling evidence further supported the
critical role of ANXA2 in inflammatory myopathies (43) as well
as in inflammatory bowel disease (44). Taken together, our finding
that VvpE induces proinflammatory responses via an ANXA2-
dependent mechanism provides information about the important
mechanisms of pathogen-induced cell death during V. vulnificus
infection. Increasing evidence has suggested that lipid rafts are
clustered to form a redox signaling platform through gp91phox

(NOX2) coupling with cytosolic factors that include p47phox

(NCF1), p67phox (NCF2), and small GTPase Rac1 (45-47), and
that these processes subsequently produce superoxides and other
ROS (45). Although in most cell types, mitochondrial ROS are
thought to be the largest contributor to intracellular ROS pro-
duction (48), our result showed that the sequestration of choles-
terol by MbCD attenuates intracellular ROS production and

FIGURE 5. Essential role of VvpE in promoting inflammation-related intestinal injury. (A) Mice (n = 10) were received i.g. inoculation of boiled V. vulnificus

(control), V. vulnificus (WT), and a mutant deficient in vvpE gene in V. vulnificus (vvpEmutant) for 18 h and sacrificed. Note that the mice were given BrdU (50 mg/kg)

by i.p. injections for 2 or 48 h prior to the sacrifice. Colonization activities in ileum tissue were determined. n = 10. (B) The phosphorylation level of NF-kBp65 and

(C) the expression levels of proinflammatory cytokines (IL-1b, IL-6, and TNF-a) in ileum tissue are shown. (D) Expression of Ki67 (green) in ileum and jejunum

was examined by confocal microscopy. PI was used for nuclear counterstaining (red). Scale bar, 100 mm (original magnification 3200). The mean numbers of

Ki67-labeled cells per crypt are shown in the bar graph (bottom panel). n = 5. (E) Migration of proliferating enterocytes along the crypt/villus axis was determined

by BrdU pulse-chase for indicated times in ileum. The extent of cell migration was quantified by measuring the distance between the crypt base and the highest

labeled cell along the crypt-villus axis. Scale bars, 100 mm (original magnification 3200). n = 5. (F) Migration of INT-407 cells cotreated with rVvpE (50 pg/ml)

and 1% FBS into the nude area at 6 h is shown. Cell migration was measured by using wound-healing migration assay. The extent of wound closure was quantified.

Full recovery of the wound was considered as 100%. n = 3. (G) Migration of cells cotreated with rVvpE (50 pg/ml) and 1% FBS from cell seeding zone to detection

zone was measured by using Oris cell migration assay. n = 3. Scale bar, 100 mm. (H) Cells transfected with siRNAs for nontargeting (nt) control, ANXA2, and

ANXA4 were coincubated with rVvpE (50 pg/ml) and 1% FBS for 6 h. Cell migration was measured by using Oris cell migration assay. n = 3. (B–E) Data represent

mean 6 SEM. *p , 0.05 versus control, p , 0.05 versus WT. (F–H) Data represent mean 6 SEM. *p , 0.01 versus vehicle. #p , 0.05 versus 1% FBS alone.
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pyroptotic cell death induced by rVvpE. Hence, the current find-
ings further indicate that epithelial ROS generated by NOX within
lipid rafts may influence on the mitochondrial ROS production
and thereby contribute to increased total intracellular ROS gen-
eration, leading to pyroptotic cell death.
The ROS generated by a bacterial infection have been shown to

induce the oxidative inactivation of several proteins harboring
oxidant-sensitive thiol groups and of the ubiquitin–proteasome
pathway (16), thereby activating many redox-sensitive proteins
that include regulators of MAPK pathways and focal adhesion
kinase, as well as several components involved in NF-kB activa-
tion (16). NF-kB is one of the master oxidative transcriptional
regulators of the host inflammatory signaling pathway and the cell
death pathway in response to bacterial pathogens by inducing the
expression of a proinflammatory mediator that orchestrates and
sustains the inflammatory response and causes tissue damage (1,
16). We found that rVvpE can induce the phosphorylation of NF-
kB through ROS production and that the inhibition of NF-kB
blocks rVvpE-induced cell death. Regarding the role of ROS in
NF-kB activation, earlier work showed that the JNK pathway
induced by ROS can influence NF-kB activation in promoting
apoptotic cell death (49). Additionally, pERK1/2 was reported to
have the ability to translocate into the nucleus, where it phos-
phorylates various substrates, such as transcriptional factors,
thereby transmitting the signals received by cell surface receptors
to the nucleus (50). Hence, it is conceivable that ROS induced by
rVvpE have a potential role in promoting the NF-kB pathway
through the activation of ERK1/2 and JNK. Based on these results,
we suggest that rVvpE stimulates ROS-mediated NF-kB activa-
tion in promoting the cell death of INT-407 cells. Whereas the NF-
kB binding activity of the IL-1b gene promoter is the critical
mechanism of the transcriptional regulation of IL-1b, the pro-
moter methylation of cytosine residues at CpG dinucleotides is
also an important posttranslational modification affecting NF-kB
transcription. The important finding of this study is that rVvpE
uniquely regulates the interaction between NF-kB and the IL-1b
promoter at the region between –297 and2286 bp upstream of the
transcription start while also inhibiting the methylation status of
the IL-1b gene promoter at the 2299 CpG site, located immedi-
ately before the 2297 bp site occupied by NF-kB. It is not clear
whether the regulatory effect of rVvpE in promoting the interac-
tion between NF-kB and the IL-1b promoter is a sequential result
of the hypomethylation of IL-1b promoter or, alternatively, an
independent process involving other cellular signaling events.
Although the effects of ROS on epigenetic modulation are still
poorly understood, it was clearly shown that ROS induced by
a H2O2 treatment regulate histone acetyltransferases and deace-
tylases, the key enzymes responsible for chromatin remodeling,
suggesting that posttranslational modifications affecting NF-kB
are also redox sensitive (51). Indeed, our data revealed that
hypomethylation by 5-Aza is closely related to high level of the
NF-kB activation and to IL-1b secretion. These data provide, to
our knowledge, the first evidence that a bacterial pathogen induces
the hypomethylation of the IL-1b promoter as well as the tran-
scriptional regulation of NF-kB to promote IL-1b production
during host cell death.
Given current in vitro observations that IL-1b production is

a hallmark of necrosis evoked by rVvpE, our in vivo study shows
that VvpE is an important secreted virulence factor of V. vulnificus
responsible for the inflammatory response, which stimulates NF-
kB activation and proinflammatory cytokine expression. Although
there are many limiting factors to understand why VvpE mutant
completely inhibits the NF-kB activation and proinflammatory
cytokine expression, it is possible that the VvpE would affect the

delivery of major toxins (e.g., VvhA, MARTXVv) for NF-kB ac-
tivation during intestinal infection of V. vulnificus. Alternatively,
exacerbation of the inflammatory response in the intestine may
reflect the altered proliferation and migration of intestinal epi-
thelial cells during intestinal wound repair (39). Similarly, a pre-
vious study showed that an intestinal infection of H. pylori inhibits
cell proliferation without affecting cell migration, thereby delay-
ing wound healing in intestinal inflammatory injuries (52).
However, the role of VvpE in promoting inflammation-related
events is not yet well understood. The salient finding of this
study is that VvpE is a functional elastase delaying the upward
movement of enterocytes along the crypt/villus axis while also
impairing enterocyte proliferation at the crypt part. These data
further indicate that severe inflammation mediated by VvpE may
interfere with epithelial cell migration and proliferation and that
this may inhibit the reestablishment of the intestinal barrier
function. In support of these findings, our in vitro results, verifying
that rVvpE inhibits serum-induced cell migration via an ANXA2-
dependent mechanism, provides good evidence that necrotic cell
death may result in a delay of wound recovery by rVvpE. Indeed,
an earlier study suggested that the silencing of ANXA2 enhances
the proliferation of colon epithelial cells and ameliorates gut in-
flammation, improving intestinal mucosal wound repair (44).
Hence, we suggest that ANXA2 plays a critical role as a host
mediator of VvpE and that it has unique biological properties
responsible for host cell death coupled with an inflammatory re-
sponse.
In conclusion, our results suggest that rVvpE induces NF-kB–

dependent IL-1b production via lipid raft–dependent ANXA2
recruitment and ROS production in intestinal epithelial cells.
Thus, highlighting the signaling pathways involved in the rVvpE-
stimulated cell death pathway may provide potential therapeutic
targets for strategic modulations of V. vulnificus infections.
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