LRP1 Mediates VacA-induced Autophagy and Apoptosis
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FIGURE 1. Purification of p500 from AZ-521 cells by MAA-agarose col-
umn. g, after biotinylation of surface proteins, AZ-521 cells were solubilized
and immunoprecipitated with heat-inactivated (/A) or wild-type VacA (A) as
described under “Experimental Procedures.” Immunocomplexes were sepa-
rated by SDS-PAGE in 6% gels and transferred to PYDF membranes. VacA-
binding proteins were detected with streptavidin-HRP. b, proteins immuno-
precipitated (/P) with heat-inactivated or wild-type VacA were separated by
SDS-PAGE in 6% gels and transferred to PYDF membranes, which were incu-
bated with MAA-lectin conjugated to digoxigenin and then with anti-digoxi-
genin Fab fragments conjugated to alkaline phosphatase, followed by re-
action with 4-nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl
phosphate. ¢, biotinylated AZ-521 cell lysates were incubated overnight with
a MAA-agarose column (2 ml bed volume), which was washed with 20 ml of
Sol buffer. Bound proteins were eluted, concentrated, and separated by SDS-
PAGE as described under “Experimental Procedures.” MAA-lectin blotting is
shown in the left panel and Coomassie Brilliant Blue (CBB) staining in the right
panel. The stained p500 protein band was hydrolyzed with trypsin and sub-
jected to LC-MS/MS analysis. The procedures described in a-c were repeated
at least three times with similar results. /8, immunoblot.
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VacA Induced Formation of Autophagosomes and Autolyso-
somes in AZ-521 Cells—To determine whether VacA induces
autophagic vacuoles, AZ-521 cells were incubated with 120 nm
VacA. We microscopically observed that active VacA (A) is
sufficient to trigger autophagic vacuoles such as autophago-
somes containing LC3-II after a 4-h incubation, followed after
by 12 h incubation by formation of autolysosomes as detected
by LysoTracker (Fig. 4A4). Cells incubated with heat-inactivated
VacA (IA) showed low or undetectable levels of these
autophagic vacuoles after 12 h incubation. Furthermore, con-
focal microscopy analysis showed that intracellular VacA par-
tially co-localized with LC3-1I and LRP1, consistent with the
conclusion that LRP1 plays an important role in VacA-induced
autophagosome formation. However, LRP1 knockdown with
siRNA suppressed VacA co-localization with LC3-II, suggest-
ing that LRP1 is essential for formation of autophagosomes in
response to VacA (Fig. 4B).

Vacuoles Caused by VacA Are Characterized as Autophago-
somes and Autophagolysosomes— Confocal microscope visual-
ization of LC3-II, VacA, and LRP1 revealed that vacuoles
caused by VacA are of at least two different types; one type
consists of autophagic vacuoles such as autophagosomes and
autophagolysosomes and the second type lacks LC3-1I (Fig.
5A). These observations support previous findings that VacA-
dependent autophagosomes and large vacuoles are distinct
intracellular compartments and autophagy is independent of
the formation of large vacuoles by VacA (29). Interestingly,
some vacuoles observed with RPTP revealed small light vacu-
oles without LC3-1I (Fig. 5B) and dense vacuoles with RPTP«

ACEVEN

SEPTEMBER 7,2012-VOLUME 287-NUMBER 37

were devoid of LC3-1I (Fig. 5C). Although little is known about
the physiological importance of the autophagy-dependent deg-
radation of mitochondria (mitophagy) (39), several studies have
suggested that PINK1/parkin-dependent mitophagy selectively
degrades mitochondria (40), implying that mitophagy contrib-
utes to mitochondrial quality control. As shown in Fig. 5D, after
10 h incubation mitochondria were not observed in vacuoles
with LC3-II. Furthermore, recent studies revealed that p62
binds to LC3 on the autophagosome membrane to target aggre-
gates to autophagosomes for degradation (41). After 24 h incu-
bation, VacA, not heat-inactivated VacA, induced formation of
puncta, which were colocalized with LC3-1I and p62 (Fig. 5E).

Among VacA-binding Proteins, LRP1, but Not RPTPs and FN,
Mediates VacA-dependent Autophagy—To assess which VacA-
binding proteins were responsible for VacA-induced autophagy,
we examined the effect of silencing and knockout of the genes for
RPTPB, RPTPa«, and fibronectin. Although LRP1 silencing
blocked VacA-stimulated generation of LC3-II as shown in Fig.
3b, silencing these other genes did not show a similar effect,
suggesting that only LRP1 may be critical for VacA-induced
autophagy (Fig. 6).

LRP-1, but Not RPTPs, Mediates Cleavage of Caspase-7 and
PARP Caused by VacA—Excessive autophagy can cause cell
death (34, 42). Furthermore, VacA-induced cell death may occur
through a programmed necrosis pathway in a caspase-independ-
ent process in AZ-521 cells (27). Therefore, we examined whether
VacA-induced cell death resulted from autophagy via an LRP1-de-
pendent pathway. Western blot analysis showed that LRP1 silenc-
ing blocked VacA-induced generation of LC3-II as well as cleav-
ages of effector caspase-7 and PARP, suggesting that VacA binding
to LRP-1 is responsible for not only autophagy butalso for apopto-
sis in AZ-521 cells (Fig. 7).

Effects of AtgS Silencing, Z-VAD-fmk and Necrostatin-1 on
VacA-induced LC3-II Production and Cleavage of PARP—To
further examine the link between autophagy and apoptosis, the
effects of Atg5 silencing with siRNA, general caspase inhibitor
(Z-VAD-fmk) and RIPK inhibitor (Necrostatin-1) on LC3-II
generation, and PARP cleavage was evaluated. Silencing of the
Atg5 gene inhibited generation of LC3-1I as well as PARP cleav-
ages in response to VacA (Fig. 8), whereas both inhibitors,
Z-VAD-fmk and Necrostatin-1, which interfere with apoptosis
(43), did not inhibit VacA-induced autophagy, suggesting that
VacA-induced autophagy precedes apoptosis in AZ-521 cells.
Necrostatin-1, which inhibits necroptosis (44), did not interfere
with VacA-induced generation of LC3-1I and PARP cleavage.

Effect of Anion Channel Blockers, NPPB and DIDS, on VacA-
induced LC3-II Production—To assess whether membrane
channels formed by VacA may also be involved in autophagy
(29), we tested the effects of pretreating AZ-521 or AGS cells
with chloride channel blockers, NPPB and DIDS, which are
known to block both VacA-mediated channel activity and cel-
lular vacuolation (45). AZ-521 cells were pretreated for 30 min
with 100 um NPPB or 100 um DIDS prior to incubation with
VacA for 6 h. Both NPPB and DIDS inhibited VacA-induced
LC3-11 generation in AZ-521 cells (Fig. 9a), but not in AGS cells
under these conditions (Fig. 95).
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FIGURE 2. LRP1-dependent VacA internalization and vacuolation in AZ-521 cells. A, confocal microscopic analysis of VacA binding to AZ-521 cells via LRP1.
Nontargeting (NC) or LRP1 siRNA-transfected AZ-521 cells were incubated with Alexa 555-labeled VacA (red) for 30 min at 4 °C orfor 1 h at 37 °C, fixed with 4%
paraformaldehyde, and reacted with anti-LRP1 antibodies (green) as described under “Experimental Procedures.” The nuclei were stained with DAPI. A merged
picture shows co-localization of VacA and LRP1 in AZ-521 cells. Bars represent 20 um. Experiments were repeated two times with similar results. B, silencing of
LRP1 gene inhibited VacA-induced vacuolation. The indicated siRNA-transfected AZ-521 cells were incubated with 120 nm heat-inactivated (/A) or wild-type
VacA (A) for 18 h at 37 °C. Vacuolating activity was evaluated by neutral red uptake assay as described under “Experimental Procedures.” Data are presented as
mean * S.D. and significance is (¥) p < 0.01 (n = 3). Experiments were repeated three times with similar results.
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FIGURE 3. VacA induced generation of LC3-Il in an LRP1-dependent manner. a, AZ-521 cells were incubated with 120 nm heat-inactivated (IA) or wild-type
VacA (A) for the indicated time points and harvested for immunoblotting (/B) with the indicated antibodies. Quantification of VacA-induced LC3-ll levels in
AZ-521 cells was performed by densitometry (bottom panel). Data are presented as mean * S.D. of values from two experiments. Experiments were repeated
two times with similar results. b, the indicated siRNA-transfected AZ-521 cells were incubated with 120 nm heat-inactivated or wild-type VacAfor4-5hat 37 °C
and the cell lysates were subjected to immunoblotting with the indicated antibodies. a-Tubulin served as a loading control. Quantification of VacA-induced
LC3-Il levels in AZ-521 cells was performed by densitometry (bottom panel). Data are presented as mean * S.D. and significance is (¥) p < 0.01 (n = 4).
Experiments were repeated four times with similar results.

DISCUSSION prising residues 312—821) (10, 46, 47). Vacuolization of epithe-

VacA has two functional domains, an N-terminal 33.4-kDa  lial cells by VacA is strictly dependent on the formation of
domain (named p33, p34 or p37, comprising residues 1-311)  anion-selective membrane channels, which are targeted to late
and a C-terminal domain of 54.8 kDa (named p55 or p58, com-  endosomes after internalization of the toxin (45, 48). The pore
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FIGURE 4. VacA induced formation of autophagic vacuoles in AZ-521 cells via LRP1. A, VacA-induced formation of autophagosomes and autolysosomes in
AZ-521 cells. AZ-521 cells were incubated with 120 nm heat-inactivated (/A) or wild-type VacA (A) for the indicated time points and fixed for immunofluores-
cence staining with LC3B (green) antibodies as described under “Experimental Procedures.” The acidic autophagolysosomes were stained by LysoTracker, as
described under “Experimental Procedures.” A merged picture shows co-localization in AZ-521 cells. The nuclei were stained with DAPI. Bars represent 20 pum.
Experiments were repeated two times with similar results. 8, induction of autophagy by VacA in an LRP1-dependent manner. The indicated siRNA-transfected
AZ-521 cells were incubated with 120 nm Alexa 555-labeled VacA (red) for 10 h at 37 °C and fixed for immunofluorescence staining with anti-LC3B (green) or
anti-LRP1 (blue) antibodies as described under “Experimental Procedures.” A merged picture shows co-localization in AZ-521 cells. The nuclei were stained with
DAPI. Bars represent 20 um. Experiments were repeated two times with similar results.

and channel forming by the N-terminal p33 domain alone indicated that both p33 and p55 are required to form a func-
drives pleiotropic cellular activities of VacA; i.e. vacuolation, tional channelin the inner mitochondria membrane and trigger
mitochondria damage, apoptosis (10, 47), autophagy (28, 29), ~apoptosis (49). In addition, it is now widely accepted that the
and programmed necrosis (27), suggesting that VacA may be C-terminal p55 domain of VacA plays an essential role in its
characterized as a pore-forming toxin (47). Another study has  binding to target cells (50, 51).
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The present study defines a novel role for VacA signaling
through LRP1 in AZ-521 cells, inducing autophagy and apopto-
sis (Fig. 7). LRP1 is a large endocytic receptor belonging to the
LDL receptor family. This membrane protein consists of a 515-

A LC3HI Alexa555-VacA

kDa heavy chain containing the extracellular ligand-binding
domains and a noncovalently associated 85-kDa light chain,
which consists of a transmembrane domain and a short cyto-
plasmic tail. LRP1 functions as a clearance receptor mediating
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FIGURE 5—continued

the uptake and catabolism of various ligands from the pericel-
lular environment, e.g LRP1 binds to apolipoprotein E-rich
lipoproteins, lipoprotein lipase, «,-macroglobulin, lactoferrin,
and tissue plasminogen activator; it functions in lipoprotein
metabolism, degradation of proteases and proteinase/inhibitor
complexes, activation of lysosomal enzymes and cellular entry
of viruses, and bacterial toxin such as Psexdomonas exotoxin A
(52). LRP1 has also been shown to function in the turnover of
fibronectin (53).

This is the first study to provide evidence that LRP1 mediates
autophagy. In AZ-521 cells, VacA triggered formation of
autophagosomes, followed by autolysosome formation, con-
sistent with the observations in AGS cells (29). Because LRP1
knockdown with siRNA resulted in inhibition of VacA-induced
LC3-1I generation and cleavage of both caspase 7 and PARP,
induction by VacA of both autophagy and apoptosis occurred
via, at least in part, association with LRP1. VacA also promoted
formation of vacuoles containing RPTPS and RPTP«, which

FIGURE 5. Various vacuoles formed by VacA. A, small autophagic vacuoles induced by VacA contain LC3-II, LRP1, and toxin: AZ-521 cells were incubated with
120 nm Alexa 555-labeled VacA (red) for 10 h at 37 °C and fixed for immunofluorescence staining with anti-LC3B (green), or anti-LRP1 (blue) antibodies or the
nuclei were stained with DAPI as described under “Experimental Procedures.” A merged picture shows co-localization in AZ-521 cells. Solid arrows show VacA,
LC3B, and LRP1 colocalization to puncta. Bars represent 20 um. Experiments were repeated two times with similar results. B, VacA-induced light vacuoles
contain toxin and RPTP, and are different from autophagic vacuoles: AZ-521 cells were treated with 120 nm Alexa 555-labeled VacA (red) as similar to above.
Cells were fixed and stained for anti-LC3B (blue), anti-RPTP (green), and with DAPI. A merged picture shows co-localization in AZ-521 cells. Solid arrows show
VacA and RPTP colocalization to puncta. Bars represent 20 um. Experiments were repeated two times with similar results. C, VacA-induced dense vacuoles
contain toxin and RPTPe, and are different from autophagic vacuoles: AZ-521 cells were treated with 120 nm Alexa 555-labeled VacA (red) as similar to above.
Cells were fixed and stained for anti-LC3B (blue), anti-RPTP« (green), and with DAPI. A merged picture shows co-localization in AZ-521 cells. Solid arrows show VacA
and RPTP« colocalization to puncta. Bars represent 20 m. Experiments were repeated two times with similar results. D, VacA-induced autophagic vacuoles do not
contain functional mitochondria: AZ-521 cells were treated with 120 nm heat-inactivated (/A) or native VacA (A) for 10 h at 37 °Cand 100 nm MitoTracker (red) was added
to cells before fixation as described under “Experimental Procedures.” Cells were stained for anti-LC3B (green), anti-p62 (green), and with DAPL. Bars represent 20 pm.
Experiments were repeated two times with similar results. E, VacA induced p62 generation in a time-dependent manner. AZ-521 cells were treated with 120 nm
heat-inactivated or native VacA for the indicated time points at 37 °C. Cells were fixed and stained for anti-LC3B (red) and with DAPI. Merged and higher magnification
images of the outlined areas are shown. Bars represent 20 um. Experiments were repeated two times with similar results.
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FIGURE 6. Among VacA-binding proteins, LRP1, but not RPTPs and FN, mediates VacA-dependent autophagy. g, the indicated siRNA-transfected AZ-521
cells were incubated with 120 nm heat-inactivated (/A) or wild-type VacA (A) for 4-5 h at 37 °C and the cell lysates were subjected to immunoblotting (/B) with
the indicated antibodies. The knockdown levels of RPTP or RPTPa were detected by the antibodies (right panel). a-Tubulin served as a loading control. b, the
indicated NC or RPTPg siRNA-transfected AZ-521 cells were incubated with 120 nm heat-inactivated or wild-type VacA for 4-5 h at 37 °C and the cell lysates
were subjected to immunoblotting with anti-LC3B or anti-FN antibodies. a-Tubulin served as a loading control. ¢, AZ-521 cells were transfected with NC or FN
siRNA and treated with heat-inactivated or wild-type VacA for 4-5 h at 37 °C. Cell lysates were subjected to immunoblotting with the indicated antibodies.
a-Tubulin served as a loading control. A blot representative of at least three separate experiments is shown.
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FIGURE 7.LRP1, but not RPTPs, mediates VacA-dependent cleavage of caspase-7 and PARP. a, NC or LRP1 siRNA-transfected AZ-521 cells were incubated
with 120 nm heat-inactivated (/A) or wild-type VacA (A) for 6 h at 37 °C and the cell lysates were subjected to immunoblotting (/B) with anti-LC3B, anti-cleaved
PARP, anti-cleaved caspase-7, or anti-LRP1 antibodies. a-Tubulin served as a loading control. A blot representative of four separate experiments is shown.
Quantification of VacA-induced cleavage of PARP (cPARP) or caspase-7 (cCas7) levels in the indicated siRNA-transfected AZ-521 cells was performed by
densitometry (bottom panel). Data are presented as mean * S.D. and significance is (*) p < 0.01 (n = 4) and (**) p < 0.03 (n = 4). b, the indicated
siRNA-transfected AZ-521 cells were incubated with 120 nm heat-inactivated or wild-type VacA for 6 h at 37 °C and the cell lysates were subjected to
immunoblotting with anti-LC3B, anti-cleaved PARP, anti-RPTPaq, or anti-RPTPB antibodies. a-Tubulin served as a loading control. A blot representative of three
separate experiments is shown.

channel blockers inhibited LC3-II generation in response to
VacA (Fig. 9), suggesting that channel activity may be required

were characterized as light and dense vacuoles, respectively, by
confocal microscopy, and large vacuoles (Fig. 5). We observed

the presence in AZ-521 cells of large vesicles without autopha-
gosome markers in wild-type and Atgl2 knockdown AGS cells
(29). In general, vacuole formation caused by VacA is required
for VacA channel activity (54). Our studies using chloride chan-
nel blockers, NPPB and DIDS, to address the relationship
between VacA-induced autophagy and channel activity of
VacA in AZ-521 cells treated with VacA revealed that these

31112 JOURNAL OF BIOLOGICAL CHEMISTRY

for LRP1-dependent autophagy. More interestingly, VacA-in-
duced autophagy was not blocked by caspase inhibitor and
RIPK inhibitor, suggesting that VacA-induced autophagy via
LRP1 binding precedes apoptosis.

Autophagy is a degradation process that involves formation
of autophagosomes, which engulf cytoplasmic components,
and fuse with the lysosome/vacuole for degradation of con-
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FIGURE 8. Effects of Atg5 silencing, Z-VAD-fmk, and Necrostatin-1 on VacA-induced LC3-ll generation and PARP cleavage. g, the indicated
siRNA-transfected AZ-521 cells were incubated with 120 nm heat-inactivated (/A) or wild-type VacA (A) for 8-10 h at 37 °C and the cell lysates were subjected
to immunoblotting (/B) with anti-LC3B, anti-cleaved PARP, or anti-Atg5 antibodies. a-Tubulin, as a loading control. A blot representative of three separate
experiments is shown. Quantification of VacA-induced LC3-Il or PARP cleavage (cPARP) in the indicated siRNA-transfected AZ-521 cells was performed by
densitometry (bottom panel). Data are presented as mean = S.D. and significance is (*) p < 0.05 (n = 5)and (**) p < 0.01(n = 5). b, AZ-521 cells were pretreated
with 50 um Z-VAD-fmk (Z-VAD) or 50 um Necrostatin-1 (Necrostatin) for 30 min, and then 120 nm heat-inactivated or wild-type VacA were added to cells. After
a 10-h incubation at 37 °C, cell lysates were analyzed by Western blotting using antibodies against LC3B and cleaved PARP. a-Tubulin served as a loading
control. Data are representative of three separate experiments. Quantification of VacA-induced PARP cleavage (cPARP) levels in the indicated
siRNA-transfected AZ-521 cells was performed by densitometry (bottom panel). Data are presented as mean = S.D. and significance is (*) p < 0.01 (n = 3).
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FIGURE 9. Effect of anion-channel inhibitor on VacA-induced LC3-ll generation. AZ-521 (a) or AGS (b) cells were pretreated with 100 um NPPB or DIDS for
30 min at 37 °C and then incubated with 120 nm heat-inactivated (/A) or wild-type VacA (A) for 4 h at 37 °C. Cell lysates were subjected to immunoblotting (/B)
with anti-LC3B antibody or anti-a-tubulin antibody as a loading control. Quantification of VacA-induced LC3-1l levels in the cells was performed by densitom-

etry (bottom panel). Data are mean = S.D. of values from two independent experiments.

tents. This process is considered cytoprotective but in certain
settings excessive autophagy can cause cell death (34, 42). Little
information exists concerning the molecular mechanisms
underlying the regulation of apoptosis by autophagy. Our data
indicate that autophagy induced by VacA does not involve the
canonical pathway in which Beclin-1 initiates the generation of
autophagosomes by forming a multiprotein complex with class
1II PI3K, because 3MA, a class III PI3K inhibitor, and silencing
of Beclin-1 did not inhibit autophagy induced by VacA (supple-
mental Fig. S2). The detailed mechanism by which VacA
induces autophagy and apoptosis via LRP1 is not clear. Within
VacA-intoxicated cells that provoke death signaling via mito-
chondrial damage, cells attempt to limit damage by seeking

SEPTEMBER 7, 2012 -VOLUME 287+NUMBER 37

what catabolic benefits may be found in autophagy as indicated
by Terebiznik et al. (29). Therefore, once the stress-provoking,
death-signaling response to VacA is overwhelming, autophagy
is futile, and it is beneficial to induce apoptosis. Future studies
involving mouse models and human specimens will help to
determine whether LRP1 plays a critical role in the pathobiol-
ogy of H. pylori infection in vivo.
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Abstract

Introduction Ceramide has been suggested to play a role
in apoptosis during gastric ulcerogenesis. The present study
is designed to investigate whether accumulated ceramide
could serve as the effector molecules of ulcer formation in
a rat model of acetic acid-induced gastric ulcer.

Methods The effect of fumonisin B1, an inhibitor of ceramide
synthase, and of d,/,-threo-1-phenyl-2-hexadecanoylamino-
3-morpholino-1-propanol (PPMP) and N-butyldeoxynojiri-
mycin (NB-DNIJ), both inhibitors of glucosylceramide
synthase, on the accumulation of ceramide and formation
of gastric ulcer were examined in the rat model of acetic
acid-induced gastric ulcer.

Results Fumonisin B1 attenuated acetic acid-induced gas-
tric ulcer formation, associated with a decrease in the number
of apoptotic cells. Our results showed that it is neither the
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C18- nor the C24-ceramide itself, but the respective metab-
olites that were ulcerogenic, because PPMP and NB-DNJ
attenuated gastric mucosal apoptosis and the consequent
mucosal damage in spite of their reducing the degradation of
ceramide.

Conclusion The ceramide pathway, in particular, the
metabolites of ceramide, significantly contributes to acetic
acid-induced gastric damage, possibly via enhancing apop-
tosis. On the other hand, PPMP and NB-DNIJ treatment
attenuated gastric mucosal apoptosis and ulcer formation
despite increasing the ceramide accumulation, suggesting
that it was not the ceramides themselves, but their metabo-
lites that contributed to the ulcer formation in the acetic acid-
induced gastric ulcer model.

Keywords Ceramide - Glucosylceramide inhibitor -
Gastric ulcer - Acetic acid - Apoptosis

Introduction

While many factors have been thought to be involved in the
pathogenesis of gastric ulcers, the mechanism of ulcer for-
mation is not yet precisely understood. Gastric mucosal
apoptosis is known to be associated with the loss of mucosal
integrity and may play an important role in ulcer development
[1, 2]. Recently, enhanced apoptosis in the gastric epithelium
has been demonstrated to be of pathophysiological impor-
tance in various kinds of gastric lesions, such as stress-induced
ulcers [1], Helicobacter pylori-positive ulcers [3-5], non-
steroidal anti-inflammatory drug (NSAID)-induced ulcers [6],
and chemically induced ulcers, such as ethanol-induced ulcers
[7, 8]. Inflammatory cytokines, including tumor necrosis
factor (TNF)-o and interferon (IFN)-7, have been postulated to
play a role in gastric mucosal apoptosis [8].
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Recent studies have revealed that sphingolipids (cera-
mide, sphingosine, etc.) are highly bioactive compounds
that are involved in diverse cell processes, including cell-
to-cell interactions, adhesion, differentiation and oncogenic
transformation [9], as well as cell proliferation and apop-
tosis. Accumulation of the sphingolipid ceramide (Cer) is a
well-known phenomenon in cells undergoing apoptosis
[10, 11], and ceramide analogues have been reported to
induce apoptosis [12]. In addition to their direct action on
apoptosis, ceramides have also been suggested to have a
role in apoptosis induced by the addition of extracellular
agents, such as TNF-o [13, 14], IFN-y [15] or the anti-Fas
antibody [16].

Ceramide analogues have been demonstrated in vitro to
induce apoptosis in gastric mucosal cell lines. We previ-
ously reported that the subserosal injection of phorbol-12-
myristate-13-acetate (PMA) resulted in the formation of
gastric ulcers in the rat gastric mucosa [17], associated with
a significant increase in the cellular contents of ceramides
(C18 and C24 ceramide) [18]. The significant ceramide
accumulation was thought to have contributed to the
PMA-induced tissue damage in that rat model, possibly via
enhancing the apoptotic activity in the gastric mucosa,
because co-administration of caspase inhibitors or an
inhibitor of sphingolipid biosynthesis attenuated the for-
mation of the gastric ulcers, associated with a reduction in
the number of apoptotic cells [18]. However, it remains
unknown whether the ceramide-induced gastric mucosal
damage was evoked specifically only by the PMA injection
or whether the ceramide pathway is also, in general,
involved in the formation of gastric ulcers induced by
various factors. It is also important to elucidate what kind
of downstream molecules may be involved in gastric ulcer
formation after ceramide activation.

Ceramide is produced from sphingosine (sphinganine)
by sphingosine N-acyltransferase (ceramide synthase),
which is potentially inhibited by fumonisin B1. Glucosyl-
ceramide synthase (GCS) is a ceramide glucosyl transfer-
ase that processes the sphingolipid ceramide [19]. This
conversion of ceramide to glucosylceramide is prevented
by d,1,-threo-1-phenyl-2-hexadecanoylamino-3-morpho-lino-
1-propanol (PPMP) and N-butyldeoxynojirimycin (NB-DNJ)
[20, 21]. The product, glucosylceramide, can be further
elaborated with a variety of oligosaccharides to become
glycosphingolipids called gangliosides such as GM3 (mon-
osialoganglioside 3) and GD3 (disialoganglioside 3) [19]
(Fig. 1).

To answer these questions, we investigated the ceramide
formation and induction of apoptosis and gastric mucosal
damage during the gastric ulcer formation process using a
rat model of acetic acid-induced gastric ulcer, which is a
representative experimental model of chronic gastric ulcer.
We also examined the effects of two different kinds of

glucosylceramide synthase inhibitors on the gastric ulcer
formation induced by acetic acid, to investigate whether it
was the ceramides themselves or their metabolites that
were involved in the pathogenesis of the gastric ulcers.

Materials and Methods
Animals and Ulcer Induction

Male Sprague-Dawlay rats, weighing 200-250 g and
maintained on standard laboratory chow (Oriental Yeast
Mfg., Ltd., Tokyo, Japan) were used for all the experi-
ments. All the animals were handled according to the
guidelines of the Animal Research Committee of Keio
University School of Medicine. The rats were denied any
food for 24 h prior to the experiments, but were allowed
access to tap water ad libitum. Gastric ulcers were induced
by injection of an acetic acid solution [22]. Vehicle (water)
was injected as a control. In brief, the abdomen of the
animals, under anesthesia with 30 mg/kg of pentobarbital
sodium, was opened via a midline incision. The stomach
was exposed and 50 pl of either 20 % acetic acid or vehicle
(water) was injected into the subserosa of the anterior wall
of the glandular stomach using a microsyringe, followed by
closure of the abdomen.

At different time intervals (24, 48, and 72 h) after the
injection of acetic acid or vehicle, the rats were sacrificed
with an overdose of sodium pentobarbital. Their stomachs
were quickly removed, opened along the greater curvature,
and rinsed with cold normal saline. The surface area of
each lesion in the gastric mucosa was assessed visually by
macroscopic examination. The ulcer area was calculated as
an area of similarity ellipse (ulcer area = m*a*b*1/4;
a major axis, b minor axis).

Administration of Various Inhibitors

To examine the changes in the gastric mucosal ceramide
contents in this model, an inhibitor of sphingolipid biosyn-
thesis, fumonisin B1 (FB1), was injected concomitantly
(0.036-0.09 g/kg body weight) (Sigma) [23] with the acetic
acid into the gastric subserosa. To determine the role of
glucosylceramide in the acetic acid-induced ulcer formation,
we used two types of inhibitors of glucosylceramide syn-
thase, namely, d,1,-threo-1-phenyl-2-hexadecanoylamino-3-
morpholino-1-propanol (PPMP) (0.0127-1.27 g/kg body
weight) (Sigma-Aldrich) and N-butyldeoxynojirimycin
(NB-DNJ) (0.11-11 g/kg body weight) (Sigma-Aldrich),
which prevent the conversion of ceramide to glucosylcera-
mide [20, 21]. These inhibitors were also injected concom-
itantly with acetic acid into the gastric subserosa. To prevent
any systemic effects of the ceramide inhibitors as well as any
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Fig. 1 Pathway of ceramide
metabolism
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possible interaction with acetic acid, ceramide inhibitors
were injected locally with acetic acid by mixing just before
the injection. -

Determination of the Ceramide Contents
in the Stomach

The time-course of changes of the ceramide contents in
the stomach was examined. The excised stomachs were
cut along the greater curvature and rinsed with physio-
logical saline. Approximately 0.5 g of the tissue sample
including the ulcer lesions was removed and minced, and
lipid extraction was performed using a modified version
of the method described by Bligh and Dyer [24]. After
extracting the major lipids, the neutral lipids, including
the ceramides, were separated by high-performance thin-
layer chromatography (HPTLC) (Silicagel 60, Merck,
Germany). The dried lipids were then resolved by thin-
layer chromatography using petroleum ether/diethyl ether
(7:3) as the first solvent, and chloroform/methanol (95:5)
as the second solvent. After separating the lipids, the
HPTLC plate was sprayed with a primulin reagent until it
was thoroughly wet and then air-dried completely. The
lipids were visualized under UV light at 365 nm and
analyzed with a densitometer (Fluorchem™ 8000, Alpha
Innotech Co., San Leandro, CA, USA). Furthermore, the
glucosylceramide and GM3 contents in the stomach were
also examined according to the above-mentioned proce-
dure. After the glycosphingolipids were separated by
TLC, chloroform/methanol/0.2 % aqueous CaCl,(60/35/8,
by volume) was used as the developing agent for the
TLC plates. GM3 was visualized by spraying the plate
with orcinol-H,SO, reagent. The lipids were visualized
under UV light at 365 nm.
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Determination of the Degree of Apoptosis in the Gastric
Mucosa

Apoptosis was determined by immunohistochemical
staining with a polyclonal antibody to ss-DNA. The area of
the stomach containing the ulcer was rapidly excised and
processed using routine techniques, followed by embed-
ding in paraffin. Sections (4-pm thick) were then prepared
and mounted on glass slides. Deparaffinized sections were
treated with 3 % hydrogen peroxide for 20 min to block
endogenous peroxide. Then, after blocking with 10 % non-
immune serum for 10 min at room temperature, the sec-
tions were incubated for 40 min at room temperature with a
primary antibody (anti-ss-DNA, polyclonal rabbit, DAKO,
Carpinteria, CA, USA) diluted 1:100 with 0.1 % bovine
serum albumin (BSA) in 0.05 M tris-buffered saline (TBS).
The slides were washed three times with 0.05 M TBS-
Tween for 5 min, followed by incubation for 30 min with
rabbit peroxidase (DAKO). After washing for 5 min in
TBS-Tween, the sections were stained using a diam-
inobenzidine reagent kit (Kirkegaard & Perry Laboratory
Inc., Gaithersburg, USA) and observed under a microscope
(Nikon ECLIPSE-E-600, Tokyo, Japan). Negative controls
containing non-immune rabbit serum with omission of the
primary antibody were also prepared. Staining for all
antibodies was assessed in a blinded manner by the same
observer.

Statistical Analysis
All results were expressed as the mean = SEM. Differ-
ences among groups were evaluated using one-way anal-

ysis of variance (ANOVA) and Fisher’s post hoc test.
Statistical significance was set at p < 0.05.
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Fig. 2 a Time-course of changes in the area of the mucosal lesions
after subserosal injection of 20 % acetic acid (50 pl). * p < 0.05 vs.
0h,#p <0.05vs.24 h, T p < 0.05 vs. 48 h. Each bar indicates mean
value with SEM of six animals. b Inhibitory effects of different
concentrations of fumonisin B1 (FB1; 0.036-0.09 g/kg body weight)
on acetic acid-induced gastric ulcer formation at 72 h after the
injection. Vehicle (water) was injected as a control. The ulcer index is
expressed as the area of the mucosal lesions (mm?). * p < 0.05 vs.
control. # p < 0.05 vs. acetic acid alone. T p < 0.01 vs. FB1 (0.036
g/kg body weight). Values are mean £+ SEM in six animals. ¢ Effects
of FB1 on the number of apoptotic cells appearing in the gastric
mucosa at 72 h after acetic acid administration. The apoptotic cell
number was determined in sections stained immunohistochemically

Results

Effect of Fumonisin B1 on Acetic Acid-Induced Ulcer
Formation

Figure 2a shows the time-course of changes in the area of
the mucosal lesions, and Fig. 2b shows the inhibitory
effects of different concentrations of fumonisin B1 (FBI;
0.036 and 0.09 g/kg body weight) on the area of the lesions
after 72 h. The ulcers produced by the acetic acid injection
began to form at the injection site in the stomach, expanded
to their maximum size after 72 h, and healed gradually
from day 5 to day 8 (data not shown). The ulcer formation
was significantly inhibited by FB1 at the dose of 0.09 g/kg.

Figure 2c shows the number of apoptotic cells in the
gastric mucosa at 72 h after the acetic acid injection
as assessed immunohistochemically by light microscopy.
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with a polyclonal antibody against ss-DNA, and expressed as the
average number of positively stained cells per microscopic field
(x400). FB1 at 25 uM significantly attenuated the increase in the
number of apoptotic cells induced by acetic acid administration.
* p < 0.05 vs. control (vehicle); # p < 0.05 vs. acetic acid alone.
Values are mean 4 SEM in six animals. d, e Ceramide contents in the
gastric mucosa at 72 h after acetic acid subserosal injection, and the
inhibitory effect of FB1. Four samples were loaded on HPLC plates
and densitometric analysis of the C18- (d) and C24- (e) ceramide
contents was performed as described in “Materials and Methods”.
* p < 0.05 vs. control. # p < 0.05 vs. acetic acid alone. Values are
mean = SEM in six animals

A significant increase in the number of apoptotic cells was
observed at 72 h after the acetic acid injection. FB1 at
0.036 g/kg did not significantly inhibit the acetic acid-
induced apoptosis at 72 h, but the drug at 0.09 g/kg sig-
nificantly attenuated the increase in the frequency of
apoptosis induced by acetic acid at 72 h, which is consis-
tent with the inhibition of ulcer formation by the drug.
Figure 2d, e shows the C18- (2d) and C24- (2¢) ceramide
contents in the gastric mucosal lesions at 72 h after the
acetic acid injection, and the inhibitory effect of FB1 on the
accumulation of ceramides. The amounts of both the C18
and C24 ceramide were significantly increased at 72 h after
the acetic acid injection, but not at 24 or 48 h after the
injection (data not shown). The increase in the contents of
the C18 and C24 ceramides in response to acetic acid
injection was significantly attenuated by co-injection of
FB1 (0.09 g/kg).
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Fig. 3 Representative
macroscopic findings were
shown. a Acetic acid-induced
gastric ulcer 72 h after
subserosal injection. b Acetic
acid-induced ulcer formation
72 h after subserosal injection
was attenuated by the
application of fumonisin B1
(0.09 g/kg body weight).

¢, d Representative
hematoxylin-eosin (H&E)-
stained histopathological
findings were shown. ¢ Acetic
acid-induced ulcer 72 h after
subserosal injection (x 10).

d Acetic acid-induced ulcer
72 h after subserosal injection
was attenuated by fumonisin B1
(0.09 g/kg body weight)
application (x 10)

AA alone

Figure 3a shows the representative macroscopic findings
of acetic acid (AA)-induced gastric ulcer. As shown in
Fig. 3b, AA-induced ulcer formation was attenuated by the
application of FBI1. Figure 3¢ shows the representative
histopathological (hematoxylin-eosin staining) finding of
AA-induced ulcer. As in Fig. 3d, such AA-induced-ulcer
was attenuated by FB1 application.

Effect of PPMP on Acetic Acid-Induced Ulcer
Formation

Figure 4a shows the effect of the glucosylceramide syn-
thase inhibitor, PPMP, on acetic acid-induced gastric ulcer
formation. PPMP at concentrations of over 0.127 g/kg
body weight attenuated the sizes of the acetic acid-induced
gastric mucosal lesions at 72 h after treatment.

Figure 4b shows the effect of PPMP on the number of
apoptotic cells in the gastric mucosa at 72 h after acetic acid
injection. Co-injection of PPMP with acetic acid at doses of
over 0.127 g/kg significantly inhibited the acetic acid-
induced increase in the number of apoptotic cells which is
consistent with the inhibition of ulcer formation by the drug.
Figure 4c, d shows a quantitative analysis of the contents of
the C18- (4¢c) and C24- (4d) ceramide after acetic acid
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injection and the effect of PPMP. The increase in the
amounts of both the C18- and C24-ceramide observed at
72 h after acetic acid injection was further enhanced by the
concomitant injection of PPMP, and significantly greater
amounts of the ceramides were found in the lesions fol-
lowing injection of PPMP at doses higher than 0.127 g/kg.

Effect of NB-DNJ on Acetic Acid-Induced Ulcer
Formation

Figure 5a shows the effect of another glucosylceramide
synthase inhibitor, NB-DNJ, on acetic acid-induced gastric
ulcer formation. Co-injection of NB-DNJ with acetic acid at
doses of over 1.1 g/kg body weight significantly attenuated
the formation of the gastric mucosal lesions observed at 72 h
after the acetic acid injection. Figure 5b shows the effect of
NB-DNIJ on the number of apoptotic cells appearing in the
gastric mucosa at 72 h after the acetic acid injection.
Co-injection of NB-DNJ at doses of over 0.11 g/kg body
weight significantly attenuated the acetic acid-induced apop-
tosis in the gastric mucosa. Figure Sc, d shows the effect of
NB-DNIJ on the contents of the C18- (5¢) and C24- (5d)
ceramide at 72 h after acetic acid injection. The C18- and
C24-ceramide contents significantly increased following
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Fig. 4 Each bar indicates mean value with SEM of six animals.
a Effect of the glucosylceramide synthase inhibitor, PPMP, on acetic
acid-induced gastric ulcer formation at 72 h after treatment. PPMP
(0.0127-1.27 g/kg body weight) was injected concomitantly with
acetic acid into the gastric subserosa. * p < 0.05 vs. acetic acid alone.
Values are mean &= SEM in six animals. b Effect of PPMP on the
number of apoptotic cells appearing in the gastric mucosa at 72 h
after acetic acid administration. PPMP (0.0127-1.27 g/kg body

co-injection of NB-DNJ (1.1 g/kg body weight) as compared
with that observed following the injection of acetic acid
alone, reflecting the decreased conversion of ceramide to
glycosylceramide in these situations.

Glucosylceramide and GM3 on Acetic Acid-Induced
Ulcer Formation

Figure 6 shows glucosylceramide and GM3 expressions in
acetic acid-induced ulcer formation. The glucosylceramide
levels were remarkably low in the acetic acid-induced ulcer
group than in the control group. The level of ganglioside
GM3 was observed to be high in the acetic acid-induced ulcer
group. The expression of GM3 was suppressed and that of
glucosylceramide were not restored by the treatment with
glucosylceramide synthase inhibitors (PPMP, NB-DNJ).

Discussion
Our present results showing that the blockade of ceramide

synthase by fumonisin B1 attenuates acetic acid-induced
gastric ulcer formation suggest the importance of de novo
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C24- (d) ceramide contents observed in the gastric mucosa at 72 h
after acetic acid administration. PPMP (0.0127-1.27 g/kg body
weight) was injected concomitantly with acetic acid into the gastric
subserosa. * p < 0.05 vs. acetic acid alone. Values are mean + SEM
in six animals

ceramide synthesis in the process of ulcer formation
induced by acetic acid. Although ceramides, which are
derived from the hydrolysis of sphingomyelin in response
to extracellular signals, appear to be important in most
pathways [10], ceramide synthase-mediated processes,
such as the acylation of sphinganine in the de novo bio-
synthetic pathway of sphingolipids as well as the reutili-
zation of sphingosine derived from sphingolipid turnover
[23, 25] may mainly account for the bioactive roles of
ceramides in ulcer formation. In this study, we demon-
strated an increase in the number of apoptotic cells in the
gastric mucosa at 3 h after the injection of acetic acid, with
subsequent extension of the lesion area containing apop-
totic cells toward the submucosa, as well as a significant
attenuation of the increase in acetic acid-induced apoptosis
by co-injection of fumonisin B1. These findings suggest
that the ceramide pathway may account for the acetic acid-
induced ulcer formation via enhancing apoptotic cell death
in the damaged mucosa. Our results also confirmed the
significant role of the ceramide pathway in other specific
experimental models of ulcers, such as PMA-induced
gastric ulcers, besides that in the prototype model, namely,
the model of acetic acid-induced ulcer [22].
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Fig. 5 Each bar indicates mean value with SEM of six animals.
a Effect of NB-DNJ on acetic acid-induced gastric ulcer formation at
72 h after NB-DNJ (0.11-11 g/kg body weight) concomitant admin-
istration of the NB-DNIJ with acetic acid into the gastric subserosa.
* p < 0.05 vs. acetic acid alone. Values are the mean = SEM in six
animals. b Effect of NB-DNJ on the number of apoptotic cells
appearing in the gastric mucosa at 72 h after acetic acid admin-
istration. NB-DNJ (0.11-11 g’kg body weight) was injected

glucosylceramide

GM3

control AA

PPMP  NB-DNJ

Fig. 6 Effect of PPMP (1.27 g/kg body weight) and NB-DNJ
(11 g/kg body weight) on the glucosylceramide and GM3 after
subserosal injection of 20 % acetic acid (50 pl). Representative
pictures of thin layer chromatography of the glucosylceramide (upper)
and GM3 (lower). Control: H,O (sterile water) injection

In the present study, we demonstrated that the product of
glucosylceramide synthase and not a ceramide itself indu-
ces apoptosis, and thus, glucosylceramide synthase inhib-
itors will decrease apoptosis. The reason for this decrease
might be that apoptosis is induced by the product of glu-
cosylceramide synthase.

In our previous manuscript [18], we only examined the
increase in the ceramide (C18, C24) levels; we did not
evaluate the levels of the ceramide metabolites. However,
we showed that the increase in apoptosis in the gastric
mucosa corresponded with the increase in the levels of C18
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concomitantly with acetic acid into the gastric subserosa. * p <
0.05 vs. acetic acid alone. ¢, d Effect of NB-DNJ on the C18- (¢) and
C24- (d) ceramide contents observed in the gastric mucosa at 72 h
after acetic acid administration. NB-DNJ (0.11-11 g/kg body weight)
was injected concomitantly with acetic acid into the gastric subserosa.
* p < 0.05 vs. acetic acid alone. Values are mean & SEM in six
animals

and C24 ceramide in the stomach wall, and that apoptosis
was involved in the formation of gastric ulcers induced by
PMA (phorbol 12-myristate 13-acetate). Although we
previously suggested that ceramide or ceramide metabo-
lites could be ulcerogenic [18], which of the two is
ulcerogenic was not determined. In this context, in the
previous study, a possibility that ceramide or ceramide
metabolites could be a cause of ulcers was established. Our
present results indicated that it is neither the C18- nor the
C24-ceramide itself, but the respective metabolites that
may be ulcerogenic, because we found, to our surprise, that
glucosylceramide synthase inhibitors that reduce the deg-
radation of ceramide can also attenuate the gastric mucosal
damage induced by acetic acid. We used two types of
inhibitors, namely, PPMP, a synthetic inhibitor of gluco-
sylceramide synthase [26] and NB-DNJ, an N-alkylated
imino sugar that blocks the activity of ceramide-specific
glucosyltransferase which catalyzes the formation of glu-
cosylceramide [27], both of which inhibit the conversion of
ceramide to glucosylceramide. Indeed, the contents of the
C18- and C24-ceramides were significantly augmented in
the gastric mucosa when these inhibitors were injected
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concomitantly with acetic acid. On the other hand, the
acetic acid-induced tissue damage was attenuated with a
decrease in the number of apoptotic cells under this con-
dition, suggesting that inhibition of the synthesis of glu-
cosylceramide, a precursor for neutral glycosphingolipids
and gangliosides, effectively inhibits ulcer formation.

In the group of acetic acid-induced ulcer, while the glu-
cosylceramide was not increased, the GM3 was remarkably
accumulated as compared with the control group, suggesting
that ceramide seems to be rapidly metabolized to ganglioside
GM3 without accumulating intermediate metabolite such as
glucosylceramide. On the other hand, in the group of acetic
acid-induced ulcer treated with glucosylceramide synthesis
inhibitors, the levels of both glucosylceramide and GM3
were not restored to the control level because glucosylcera-
mide synthesis inhibitors could attenuate the pathway
upstream of the glucosylceramide.

In the present study, we examined only the glucosyl-
ceramide pathway, and not the other pathways such as the
sphingomyelin pathway. According to previous reports,
GD3, a downstream metabolite of ceramide, is a key sig-
naling intermediate leading to apoptosis [28], and the
recently characterized trafficking of ganglioside GD3 to the
mitochondria has revealed a novel function of this lipid as a
death effector [29]; thus, the glucosylceramide pathway
would be the main pathway, which is co-localized with the
other pathways such as the sphingomyelin pathway.

Glucosylceramide synthase is a constitutively expressed
type III integral membrane protein on the cytosolic side of
the cis/medial Golgi membrane [30]. After its translocation
to the Golgi lumen by an as yet undefined signaling
mechanism, glucosylceramide is further metabolized to
higher glycosphingolipids, including GM3 and GD3 gan-
gliosides [11, 31]. It has been suggested previously that
glycosylation of ceramide can protect cells from cancer
drug-induced apoptosis. Accumulation of glucosylcera-
mide was observed in multidrug-resistant tumor cells [32],
and overexpression of glucosylceramide synthase in MCF-
7 breast cancer cells conferred resistance to adriamycin and
TNF-¢ [33]. These findings would support the idea that
glycosylation of ceramide rather attenuates its capacity to
act as a second messenger in apoptosis, although recently,
it has been suggested that the natural ceramide species
accumulating during the execution phase of apoptosis are
not converted by glucosylceramide synthase to glucosyl-
ceramide, because this pool of ceramide is topologically
segregated from glucosylceramide synthase [11]. In any
event, the glucosylceramide formation per se does not
appear to be a potentially toxic mediator in the acetic acid-
induced gastric damage.

In addition to their role in the regulation of apoptosis,
ceramides also provide the carbon backbone for the syn-
thesis of complex glycosphingolipids within the Golgi
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network [34]. Inhibitors of glycosphingolipid biosynthesis
have been used successfully as therapeutic agents for gly-
cosphingolipid lysosomal storage diseases [35]. Healthy
mice treated with NB-DNJ exhibited 70 % peripheral
glycosphingolipid depletion [36], and clinical trials have
shown the efficacy of these agents in patients with type 1
Gaucher’s disease [37]. In addition, recently, ganglioside
GD3 (GD3), a sialic acid-containing glycosphingolipid, has
attracted considerable attention due to its emerging role as
an effector of cell death by activating the mitochondrial-
dependent apoptosis through sequential membrane perme-
ability transition induction, cytochrome c release, and
caspase activation [38]. De Maria et al. [39] showed that
GD3 ganglioside mediates the propagation of CD95 (Fas)-
generated apoptotic signals in hematopoietic cells, and that
the pharmacological inhibition of GD3 synthesis and
exposure to GD3 synthase antisense oligonucleotides pre-
vented CD95-induced apoptosis. Another group recently
demonstrated that the inhibition of glucosylceramide syn-
thase, which blunted TNF-stimulated GD3 levels, abol-
ished TNF-mediated apoptosis in human colon cancer cells
[40], and also that d-threo-PDMP, an inhibitor of gluco-
sylceramide synthase, blocked the TNF-o-induced trans-
location of GD3 to the mitochondria, thereby preserving its
predominant localization at the cell surface in rat hepato-
cytes [41]. Since we previously demonstrated that an
antibody against TNF-o significantly inhibited ulcer for-
mation in the PMA-induced gastric ulcer model [17], TNF-«
may also be involved in the process of acetic acid-induced
ulcer formation. These previous reports suggesting that
GD3 may play a significant role in TNF-o-mediated
apoptosis are in close concordance with our present data
indicating that inhibitors of glucosylceramide synthase
successfully prevented the apoptosis and uicer formation
induced by acetic acid in spite of the significant accumu-
lation of ceramide content observed in the gastric tissues.
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To gain a global view of epigenetic alterations around microRNA (miRNA) promoter regions, and to iden-
tify epigenetically regulated miRNAs, we developed a novel miRNA promoter microarray for chromatin
immunoprecipitation (ChIP)-on-chip assay. We designed a custom oligo microarray covering regions
spanning —10 to +2.5 kb of precursor miRNAs in the human genome, This microarray covers 541 miRNAs,

Ke}’WOFdSI each of which is covered by approximately 100 probes (60-mer) over its 12.5-kb genomic position, that
N}’“"RNA}I_ includes predicted transcription start sites. Using this custom-made miRNA promoter microarray, we
E;:ilgé?ngiccslp successfully performed ChIP-on-chip assay to identify miRNAs regulated by histone modification. Fifty-

Histone modification three miRNAs (9.8%) showed increased levels of both histone H3 acetylation and histone H3-K4 methyl-
miR-9 ation in AGS gastric cancer cells treated with the DNA-methylation inhibitor 5-aza-2'-deoxycytidine and
the histone deacetylase inhibitor 4-phenylbutyric acid. One of these miRNAs, miR-9, is downregulated in
gastric cancer tissues and is activated by chromatin-modifying drugs, suggesting that it may be a poten-
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tial target for epigenetic therapy of gastric cancer.
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1. Introduction

MicroRNAs (miRNAs) are ~22 nucleotide (nt) non-coding RNAs
that can post-transcriptionally downregulate the expression of
various target genes. Currently, ~1500 human miRNAs have been
identified in the human genome, each of which potentially controls
hundreds of target genes. In animals, miRNA genes are generally
transcribed by RNA polymerase II (pol II) to form primary tran-
scripts (pri-miRNAs). Pol Il-transcribed pri-miRNAs are capped
with 7-methylguanosine and are polyadenylated. The nuclear
RNase III enzyme Drosha and its co-factor DGCRS8 process pri-miR-
NAs into ~60-nt precursor miRNAs (pre-miRNAs), which form an
imperfect stem-loop structure. Pre-miRNAs are transported into
the cytoplasm by exportin 5 and are subsequently cleaved by Dicer
into mature miRNAs, which are then loaded into the RNA-induced

silencing complex (RISC). The miRNA/RISC complex downregulates -

specific gene products by translational repression via binding to

Abbreviations: miRNA, microRNA; ChIP, chromatin immunoprecipitation; 5-
Aza-CdR, 5-aza-2'-deoxycytidine; HDAC, histone deacetylase; PBA, 4-phenylbutyric
acid.
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partially complementary sequences in the 3’-untranslated regions
of the target mRNAs or by directing mRNA degradation via binding
to perfectly complementary sequences.

MircoRNAs are expressed in a tissue-specific manner and play
important roles in cell proliferation, apoptosis, and differentiation
during mammalian development [1]. Links between miRNAs and
the development and progression of human malignancies, includ-
ing gastric cancer, are becoming increasingly apparent {2,3]. Be-
cause miRNAs can have large-scale effects through regulation of
a variety of target genes during carcinogenesis, understanding
the regulatory mechanisms controlling miRNA expression is
important. Epigenetic alterations such as DNA methylation and
histone modification play critical roles in chromatin remodeling
and regulation of gene expression in mammalian development
and human diseases, including cancer. We have recently reported
that some miRNAs are regulated by epigenetic alterations at their
CpG island promoters. Epigenetic treatment with chromatin-mod-
ifying drugs such as the DNA-demethylating agent 5-aza-2’-deox-
ycytidine (5-Aza-CdR) and the histone deacetylase (HDAC)
inhibitor 4-phenylbutyric acid (PBA) can reactivate some impor-
tant tumor suppressor miRNAs, and this may be a novel therapeu-
tic approach for human cancers [4-7]. To gain a global view of
epigenetic alterations around miRNA promoter regions and to
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identify epigenetically regulated miRNAs, we developed a novel
miRNA promoter microarray for chromatin immunoprecipitation
(ChIP)-on-chip assay and used it to identify candidate miRNAs reg-
ulated by epigenetic mechanisms in human gastric cancer cells.

2. Materials and methods
2.1. MicroRNA promoter microarray

As shown in Fig. 1, we designed a custom oligo microarray cov-
ering regions —10 to +2.5 kb surrounding the genomic positions of
pre-miRNAs in the human genome (NCBI36/hg18). Briefly, we first
downloaded genomic coordinates of pre-miRNAs from the Man-
chester (previously Sanger) miRBase v10.1. The set of genomic
coordinates at the 5’ end of the pre-miRNAs was positioned at zero,
and in silico pre-designed probes were searched to fit a 4 x 44K
microarray from the high-definition ChIP probe database in eArray
provided by Agilent Technologies (Tokyo, Japan). During the probe
search, the Tm filter was applied and no homology filter was ap-
plied. This microarray covers 541 miRNAs, and each miRNA, span-
ning an estimated 12.5kb of genomic sequence (including

n--.----nn.:---n------------ probes(GOmer)
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predicted transcription start sites (TSSs)), is covered by approxi-
mately 100 probes (60-mer).

2.2. Cell line and epigenetic treatment

The human gastric cancer cell line AGS was obtained from the
American Type Culture Collection (Rockville, MD). Cells were cul-
tured in RPMI1640 medium supplemented with 10% fetal bovine
serum. They were seeded at 1 x 10 cells per 100 mm dish 24 h be-
fore treatment with 5-Aza-CdR (3 uM, Sigma-Aldrich, St. Louis,
MO) and PBA (3 mM, Sigma-Aldrich). After 24 h, 5-Aza-CdR was
removed, while the cells were continuously exposed to PBA for
96 h.

2.3. ChIP-on-chip assay

The ChIP assay was performed as described previously [4] using
10 pl of anti-dimethylated histone H3-K4 (Upstate Biochemistry,
Lake Placid, NY) and 10 pl of anti-acetylated histone H3 antibodies
(Upstate Biochemistry). After ChIP assay, immunoprecipitated DNA
was amplified and labeled using Agilent genomic DNA labeling kit
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Fig. 1. A design of a custom oligo microarray covering from —10 to +2.5 kb surrounding the genomic positions of pre-miRNAs in the human genome. This microarray covers
541 miRNAs with 125 base spacing between the probes on average, and each miRNA is covered with approximately 100 probes (60-mer) on its 12.5-kb genomic position that

includes predicted TSSs.
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Fig. 2. A scheme of the experimental procedure for ChIP-on-chip assay with miRNA promoter microarray. AGS cells were treated with the DNA-methylation inhibitor 5-Aza-
CdR and the HDAC inhibitor PBA. After crosslinking and sonication, chromatin was immunoprecipitated using antibodies for histone H3 acetylation and histone H3-K4
methylation, and immunoprecipitated DNA was hybridized on the miRNA promoter microarray. Open circle, unmethylated DNA; filled circle, methylated DNA; Ac, histone H3

acetylation; K4, histone H3-K4 methylation.
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