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Abstract

Purpose During tumorigenesis, tumor suppressor and
tumor-related genes are commonly silenced by aberrant
DNA methylation in their promoter regions, which is one
of the important determinants of susceptibility to 5-fluoro-
uracil (5-FU) in oral squamous cell carcinoma (OSCC)
cells. Here, we examine the chemotherapeutic efficacy of
epigenetic agents on 5-FU cytotoxicity.

Method We investigated the effect of a DNA methyltrans-
ferase (DNMT) inhibitor, zebularine (Zeb), on the chemo-
sensitivity of 5-FU and cisplatin (CDDP) by MTT and
TUNEL methods, and compared the molecular mechanism
of action with those of a GSK3p inhibitor, LiCl, and an
Hsp90 inhibitor, 17-AAG.

Results A significant apoptotic effect by a combination of
Zeb or 17-AAG was found in CDDP treatment; however,
considerable suppression of 5-FU-induced apoptosis was
observed after incubation with Zeb, 17-AAG, or LiClL
Zeb’s suppressive effects were associated with activation of
the cAMP/PKA/CREB pathway, differing from mecha-
nisms of 17-AAG and LiCl. Suppression of 5-FU-induced
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apoptosis by Zeb was not associated with increased Bcl-2
and Bcl-xL expressions dependent on transcription factor
CREB, and with the expression level of thymidylate syn-
thase.

Conclusions 1In the present study, we identified a more
detailed mechanism of action by which Zeb suppresses
5-FU-induced apoptosis. These results indicate that combi-
nation therapies have to be carefully investigated due to
potential harmful effects in the clinical application of
DNMT inhibitors.
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Introduction

Oral squamous cell carcinoma (OSCC) represents the sixth
most common type of cancer in the world. Despite multiple
modalities of treatment, such as surgery, radiation, and
chemotherapy, OSCC continues to have one of the lowest
5-year survival rates. 5-Fluorouracil (5-FU) and cisplatin
[cis-dichlorodiamineplatinum (CDDP)] are frequently used
in combination therapy for the treatment of OSCC [l1].
Apoptosis could represent the final common step in the
cytotoxicity exerted by a number of anti-cancer drugs with
different mechanisms [2]. Altered expression based on gene
mutations, gene amplifications, or epigenetic changes that
influence apoptotic proteins can provide OSCC cells with
resistance to chemotherapeutic drugs [3]. Previously, we
have showed the epigenetic influence on the sensitivity of
oral carcinoma cell lines to 5-FU or CDDP by evaluating
apoptotic inducibility. The level of methylated cytosine in
DNA was decreased to 34% of control cells in zebularine
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(Zeb, 1Cyy)-treated cells. Zeb had chemosensitive efficacy
with CDDP, whereas Zeb showed inhibitory effect with
5-FU [4]. Furthermore, no decrease in S-phase cells by Zeb
was observed, suggesting no involvement of cell cycle
arrest as a mechanism of the suppressive action of Zeb
to S-phase active 5-FU. However, these results could not
fully explain the suppressive action mechanism of Zeb.

The fluoropyrimidine drug 5-FU is used in the treatment
of head and neck, gastrointestinal, and breast cancers
[5]. 5-FU is converted intracellularly, and forms a stable
ternary complex with thymidylate synthase (TS), resulting
in enzyme inhibition, followed by DNA damage. In addi-
tion, non-TS-directed mechanisms of cytotoxicity have also
been described for 5-FU, such as mis-incorporation of
fluoronucleotides into DNA and RNA [6]. The major limi-
tation to the clinical use of 5-FU is acquired or inherent
resistance, which is thought to mediate therapeutic efficacy
in cancer chemotherapy. One of the most proximal regula-
tors of the apoptotic program is Bcl-2, which provides
resistance to a wide variety of cell death stimuli, including
classical chemotherapeutic drugs [7]. Furthermore, in vitro
and in vivo studies have demonstrated that increased TS
expression correlates with increased resistance to 5-FU [8].
Other upstream determinants of 5-FU chemosensitivity
include the 5-FU-degrading enzyme dihydropyrimidine
dehydrogenase (DPD) [6]. To overcome 5-FU resistance in
OSCC, 5-FU is usually used in combination with other
agents, which quench these resistance determinants via
novel mechanisms.

Screening for factors to overcome resistance to chemo-
therapy is vitally important, since this could avoid subject-
ing patients to unnecessary, ineffective, and potentially
toxic treatment. Two deviating DNA methylation patterns
have been observed in cancer cells: wide areas of global
hypomethylation along the genome that can result in proto-
oncogene activation, and localized areas of hypermethyla-
tion in CpG islands or within gene promoter regions that
result in gene silencing [9]. Promoter hypermethylation has
been detected in OSCC for a number of genes in pathways
regulating apoptosis, proliferation, invasion, metastasis,
and angiogenesis [10, 11]. This epigenetic process occurs
during the S phase and is catalyzed by the DNA methyl-
transferase (DNMT) family of enzymes, which catalyze the
transfer of methyl groups to the carbon-5 position of
cytosines in CpG islands [12]. DNA methylation, although
heritable, is reversible, making it a therapeutic target. The
re-expression of epigenetically silenced genes following
treatment with the demethylating agent could provide a
means to increase sensitivity for anti-cancer drugs [13].
Several DNA cytosine methylation inhibitors, such as
5-aza-cytidine (5-CR), 5-aza-2'-deoxycytidine (5-aza-
CdR), and Zeb, have been evaluated as experimental thera-
peutics. Among these, a cytidine analog Zeb, which is a
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DNMT and a cytidine deaminase inhibitor, has been shown
to be more stable and less toxic than the other two [14].
Indeed, DNA in treated cells becomes progressively
hypomethylated after each round of cell cycle in the pres-
ence of Zeb. The reversal of gene methylation and epige-
netic silencing by DNMT inhibitors has the potential to
influence tumor growth, sensitivity to anti-cancer drugs,
and ultimately the clinical outcome, which provides the
foundation for the use of such inhibitors in novel cancer
therapy strategies [13].

Although most reports on these inhibitors assume high
target specificity, many of these inhibitors in fact have
pleiotropic effects. In addition, 5-aza-CdR has been shown
to be capable of transcriptionally activating genes with
unmethylated promoters [15], suggesting that this agent can
induce chromatin remodeling independently of its effects
on cytosine methylation. Similar studies have also been
performed using Zeb [16]. It is likely that downstream
events that are unrelated to demethylation also play key
roles in determining the cellular response to epigenetic
inhibitors. Thus, the identification of these defects would
greatly facilitate the development of new therapeutic strate-
gies to improve the efficacy of conventional chemotherapy.

The use of combination chemotherapy is accepted as the
standard for most human malignancies, but little attention
has been paid to negative interactions. The actual mecha-
nisms of action of 5-FU and Zeb in combination in OSCC
have not yet been elucidated in detail. Here, we examine
the anti-apoptotic effects of Zeb on 5-FU cytotoxicity,
which is involving in apoptosis, apoptosis-related proteins,
and the cAMP/PKA/CREB pathway in the well-established
OSCC cell line HSC-3. The results of the study provide
strong molecular evidence that Zeb works as a suppressive
agent in combination with 5-FU, but not with CDDP.

Materials and methods
Reagents

5-FU (Kyowa Hakko Kogyo, Tokyo, Japan) and CDDP
(Nippon Kayaku, Tokyo, Japan) were used in this study.
Zebularine and 17-allylamino-17-demethoxygeldanamycin
(17-AAG) were purchased from Sigma (St Louis, MO,
USA). The PI3K inhibitor LY294002, GSK3p inhibitor
LiCl, and dibutyryl (db)-cAMP were obtained from Calbio-
chem (La Jolla, CA, USA). All other chemicals used in this
study were commercially available.

Caspase inhibitors

Inhibitors for pan-caspase (z-VAD-fmk), caspase-3 (z-DEVD-
fmk), caspase-9 (z-LEHD-fmk), caspase-8 (z-IETD-fmk) and
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caspase-12 (z-ATAD-fmk) were purchased from MBL
(Nagoya, Japan), and 20 uM of these inhibitors was added
to dimethyl sulphoxide (DMSO). Cells were pretreated
with these inhibitors for 1 h at 37°C. 5-FU was then added,
followed by incubation for 72 h, after which apoptosis was
evaluated. A DMSO control was also included as a control
for the given concentration of each inhibitor.

Cell culture

HSC-3 cells (human oral squamous cell carcinoma) were
obtained from the Cell Resource Center for Biomedical
Research (Institute of Development, Aging and Cancer,
Tohoku University, Japan). Cells were cultured in RPMI
1640 medium supplemented with 10% (v/v) heat-inacti-
vated fetal bovine serum, 100 units/ml penicillin, and
100 pg/ml streptomycin (Invitrogen, Carlsbad, CA). Cells
were maintained in a humidified atmosphere of 95% air and
5% CO, at 37°C.

Cell viability assays

Cell viability was evaluated by the trypan blue exclusion
assay. Cytotoxic effects were determined with the MTT
(WSTS) assay (Dojindo Lab, Kumamoto, Japan). Absor-
bance (450 nm) was directly proportional to the number of
living cells in culture.

TUNEL assay

Apoptotic cells were assayed by the TUNEL method using
the Mebstain apoptosis kit direct (MBL) for flow cytomet-
ric analysis (FACSCalibur, Bectone-Dickinson, San Jose,
CA, USA).

Measurement of intracellular caspase activity

Intracellular caspase activities were measured using car-
boxyfluorescein-labeled fluoromethyl ketone caspase inhib-
itors (Cell Technology, Mountain view, CA, USA). Treated
cells were labeled and analyzed by flow cytometry to deter-
mine the percentage of intracellular active cells for caspase-
3, -8 or -9.

Assay for phosphorylated CREB and activated NF-xB

Phosphorylated (activated) CREB (p-CREB) was measured
with a p-CREB assay kit specific for the Ser'**-phosphory-
lated segment of amino acids 128-141 of CREB (Active
Motif, Carlsbad, CA, USA). Nuclear cell extracts (5 pg/
well) were added to wells coated with an oligonucleotide
containing the CRE site (5'-TGACGTCA-3’) and incu-
bated for 3 h. After washing, p-CREB antibody was added

and incubated for 1 h, followed by the addition of horserad-
ish peroxidase (HRP)-conjugated secondary antibody. Col-
orimetric reactions were measured at 450 nm. The nuclear
cell extract of db-cAMP treatment was used as a positive
control. Activated NF-xB was measured with an NF-xB
assay kit specific for the p65 subunit (Active Motif).
Nuclear cell extracts were added to 96-well plates coated
with an oligonucleotide containing the NF-xB consensus
site (5'-GGGACTTTCC-3"). A nuclear extract of Jurkat
cells treated with 12-O-tetradecanoyl-phorbol-13-acetate
(TPA) and calcium ionophore (CI) was used as a positive
control.

Measurement of GSK3f§ phosphorylation

The amount of phosphorylated glycogen synthase kinase
38 (GSK3p) in cells was measured with a cell-based
ELISA kit (Active Motif). After stimulation, cells were
fixed with 4% formaldehyde in PBS for 20 min and washed
three times with PBS containing 0.1% Triton X-100.
Endogenous peroxidase was quenched with 1% H,0, and
0.1% NaNj,, blocked with antibody-blocking buffer for 1 h,
and incubated overnight with the primary antibody at 4°C.
Cells were incubated with the secondary antibody for 1 h
and washed. Absorbance was measured at OD,5,.

Measurement of protein kinase A (PKA) activity

An ELISA kit for PKA activity (Assay designs, Ann Arbor,
MI, USA) was used. Cells were stimulated and total cell
lysates were prepared. Cell lysates were incubated in a
96-well plate pre-coated with the substrate, readily phos-
phorylated by PKA. ATP was then added to initiate the reac-
tion. An HRP-conjugated phospho-specific antibody was
added to wells. Absorbance was measured at 450 nm. Results
were normalized to the amount of total protein (1 pg).

Western blotting

After the indicated treatments, equal amounts of cell lysates
(15-20 pg) were mixed with Laemmli sample buffer (2%
SDS) and placed in a heat block at 95°C for 5 min. Samples
fractionated by SDS-PAGE (12-15%) were electrotrans-
ferred to PVDF membranes. The membranes were blocked
with blocking agent in TBS-T buffer, and blotted with the
indicated antibodies. Immunoblots were developed using
HRP-conjugated secondary antibodies, followed by detec-
tion with enhanced chemiluminescence (GE Healthcare,
Piscataway, NJ, USA). The antibodies against p16, Hsp90,
Bcl-2 and Bcel-xL (BD Biosciences, San Jose, CA, USA),
Hsp70 (Santa Cruz Biotech, Santa Cruz, CA, USA), TS
(Ana Spec, San Jose, CA, USA), f-actin (BioVision,
Mountain View, CA, USA), and HRP-conjugated sheep
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anti-mouse IgG (GE Helthacre), were used for immuno-
blotting experiments.

Statistical analysis

Data are given as the means &+ SE. Multiple comparisons
were made by Scheffe’s test. P values less than 0.05 were
regarded as significant.

Results
Apoptosis of OSCC cells induced by 5-FU

OSCC cell line HSC-3 was treated with increasing concen-
trations of 5-FU for 72 h, and reduction in cell growth was
determined by MTT assay. 5-FU markedly inhibited cell
growth in a dose-dependent manner (Fig. 1a). The IC,,
value was calculated to be 250 pg/ml, which was used in
subsequent studies. Furthermore, we analyzed apoptotic
cells by TUNEL assay to investigate the cytotoxicity of
5-FU. Although 5-FU did not significantly increase apopto-
sis before 48 h (data not shown), 5-FU induced the accumu-
lation of apoptotic cells for 72 h, proportional to the growth
inhibitory effect of 5-FU (Fig. 1b). We next determined that
caspase-3, -8, and -9 activities were markedly increased
after 48-h treatment with 5-FU, respectively (Fig. 1c). Fur-
thermore, we confirmed the effect of caspase inhibitors on
the apoptotic potential of 5-FU against HSC-3 cells. As
shown in Fig. 1d, the preincubation of cells with 20 uM of
z-VAD-fmk, or caspase-3, -8, -9, or -12 inhibitors signifi-
cantly prevented the frequency of apoptosis induced by
treatment of cells with 250 pg/ml 5-FU for 72 h, respec-
tively. In contrast, death ligands, such as FasL and TRAIL,
were not involved in apoptotic death, because the use of
CHI11, a cross-linking antibody to Fas receptor, and of
recombinant human TRAIL, did not induce any changes in
the growth of HSC-3 cells (Figures S1A and B in Elec-
tronic supplementary material). These results suggest that
the cytotoxic effects of 5-FU may depend on a caspase-
driven pathway derived from cellular stress signals in
OSCC cells.

Suppressive effects of Zeb on apoptotic potential of 5-FU

Next, we studied the apoptotic modulation of Zeb in combi-
nation with 5-FU or CDDP, focusing on agents effective
against OSCC. Based on previous studies to obtain the
demethylation status and the minimum cytotoxic response
[4], we treated cells with 120 uM Zeb for 48 h, followed by
treatment with 250 pg/ml 5-FU for 72 h. Figure 2a shows
representative histograms of apoptotic cells for HSC-3 cells
after exposure to 5-FU with or without Zeb pretreatment.
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Unexpectedly, Zeb showed suppressive effects on the apop-
totic potential of 5-FU (apoptotic cells; 43.0% in 5-FU, and
26.8% in 5-FU with Zeb, respectively) (Figs.2a, 3a),
whereas Zeb showed enhancing effects on CDDP-induced
apoptosis for 48 h (Fig. 3b), indicating the presence of neg-
ative interaction between 5-FU and Zeb.

Suppressive effects of LiCl and 17-AAG on apoptotic
potential of 5-FU

It is known that LiCl confers resistance to apoptosis
induced by conventional chemotherapeutic drugs [17]. To
compare the mechanisms underlying Zeb’s suppression
with that of LiCl, cells were treated with 5-FU or CDDP in
the presence or absence of LiCl (10 mM) before being ana-
lyzed for TUNEL assay. Co-treatment with LiCl was found
to drastically decrease the apoptotic potential of both 5-FU
and CDDP (Figs. 2b, 3a, b). The addition of solvent alone
had no effect on 5-FU or CDDP sensitivity; therefore, we
conclude that Zeb and LiCl conferred survival advantage
through their properties affecting apoptosis.

The Hsp90 inhibitor 17-AAG causes the induction of
Hsp70, and inducible Hsp70 has been suggested to be
involved in cytoprotection against apoptosis [18]. HSC-3
cells were also treated with 17-AAG in combination
with 5-FU or CDDP. Apoptotic cells were then measured
with TUNEL assay. The combination (17-AAG/5-FU)
caused a profound reduction in apoptotic cells (Figs. 2c,
3a), whereas 17-AAG had significant enhancing effects on
CDDP-induced apoptosis (Fig. 3b), suggesting that cyto-
protective mechanism by Hsp70 may be informative in the
Zeb-induced suppression (Fig. 7c).

Role of signaling pathway in apoptotic suppression
of 5-FU by Zeb

We further studied the signaling processes controlling the
suppression of 5-FU-induced apoptosis by Zeb or LiCl.
First, to study the involvement of cAMP/PKA signaling in
the suppressive effect, we used the H89 compound, a
selective and potent inhibitor of PKA, for its ability to
affect 5-FU-induced apoptosis. H89 is known to bind the
ATP-binding site of PKA in competition with ATP. As
shown in Fig. 4a, H89 caused complete recovery of Zeb-
induced suppression, whereas H89 failed to do so in LiCl-
induced suppression. When PKA activity was monitored in
Zeb-treated HSC-3 cells, its activity was higher than in
untreated cells (Fig. 4b). In addition, we studied the effect
of a membrane-permeable PKA activator, db-cAMP, on the
apoptotic activity of 5-FU. The db-cAMP apparently inhib-
ited 5-FU-induced apoptosis in HSC-3 cells (Fig. 4c).
LY294002, a PI3K inhibitor, significantly enhanced 5-FU-
induced apoptosis (Fig. 4d), further supporting that Zeb’s
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Fig. 1 Effects of 5-FU on cell
growth and apoptosis in HSC-3
cells. a Cells were treated with
increasing concentrations of
5-FU for 72 h, followed by MTT
assay. Results in triplicate repre-
sent the percentages

(means =+ SE) of cell growth to
the untreated control. b Cells
were treated with 5-FU (250
pg/ml) for 72 h, followed by the
TUNEL method. Results show
flow cytometric histograms
depicting apoptotic cells in un-
treated (unshaded) or treated 0
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(20 uM) or DMSO alone were
treated with 5-FU and evaluated
by TUNEL assay. Fluorescence-
positive cells, including the
apoptotic subpopulation, were
quantified. Results are expressed
as the means =+ SE of triplicate
experiments. * P < 0.05 versus
5-FU alone
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suppressive effect on 5-FU-induced apoptosis is in part
mediated via cAMP-dependent PKA activation as a puta-
tive downstream effector of the PI3K signaling pathway.
These results are supported by studies using interfering
pharmacologic agents that either stimulated (db-cAMP) or
repressed (H89) cAMP accumulation in target cells [19].

Induction of phosphorylated CREB by Zeb

One of the main downstream effectors of the cAMP/PKA
signaling pathway is CREB, which is indicative of
increased CRE-dependent transcription. To further study
the mechanism of the suppressive activities of Zeb, we
examined the effect of Zeb, LiCl, and cAMP on p-CREB
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protein expression. Activation of CREB in total cell
extracts was assessed by ELISA using the anti-p-CREB
antibody raised against Ser'*-phosphorylated CREB. The
results showed that Zeb treatments caused a significant
increase in the expression of p-CREB protein (Fig. 5a),
despite being in the presence of 5-FU (Supplementary
Fig. S2). In contrast, Zeb treatment did not result in the
activation of another important transcription factor, NF-xB
(Fig. 5¢). In the presence of LiCl or db-cAMP, a substantial
increase of p-CREB was induced, compared with untreated
cells (Fig. 5b).

To confirm whether GSK3 is involved in apoptotic sup-
pression induced by Zeb or LiCl, we examined the modula-
tion of the phosphorylation of GSK3f by Zeb or LiCl.
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Fig. 2 Suppressive effects of Zeb on apoptotic potential of 5-FU.
HSC-3 cells were treated with 5-FU alone (unshaded) or combination
treatments (shaded) for 72 h. Zeb (120 pM) (a) was added 48 h before
5-FU treatment, and 10 mM LiCl (b) or 10 pM 17-AAG (c¢) was added
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Fig. 3 Effects of each compound on 5-FU- or CDDP-induced apopto-
sis. HSC-3 cells were treated with 5-FU for 72 h (a) or CDDP (5 pg/
ml) for 48 h (b) alone or in combination with Zeb, 17-AAG or LiCl,
following by TUNEL assay. Fluorescence-positive cells, including the
apoptotic subpopulation, were quantified. The effects of combination
treatments are shown as ratios relative to 5-FU or CDDP alone. Results
represent the means + SE of triplicate experiments. * P < 0.05 versus
each drug alone

Incubation with LiCl for 4 h increased p-GSK3p (Fig. 6a),
while Zeb did not increase p-GSK3 (Fig. 6b). This observa-
tion is consistent with previous findings that LiCl directly
or indirectly inhibited GSK3 [20].

Expression of apoptosis-related proteins by each inhibitor

To identify a possible mechanism by which active CREB
might protect cells from 5-FU-induced apoptosis, we ana-
lyzed the effect of these apoptotic inhibitors on the expres-
sion of apoptosis-related proteins. A previous report
suggested that CREB increases the expression of Bcl-2,
which plays an important role in resistance to apoptosis
[21]; therefore, we analyzed the expression of Bcl-2 by
Western blot analysis with a specific antibody. The results
showed that treatment with Zeb or 5-FU did not increase
Bcl-2 protein expression, whereas Bcl-2 was higher in
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1 h before 5-FU treatment. Apoptotic cells were evaluated by TUNEL

assay. Results show flow cytometric histograms depicting apoptotic
cells
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Fig. 4 Role of cAMP/PKA pathway in apoptotic suppression by Zeb
and LiCl. a HSC-3 cells were pretreated with H89 (10 pM) for 1 h prior
to 5-FU. Treatments with indicated combinations were performed as in
Fig. 3. Results show the percentage of apoptotic cells and represent the
means + SE of triplicate experiments. * P < 0.01 versus 5-FU/Zeb. b
Cells were treated with or without Zeb (220 uM), and PKA activity was
measured at the indicated times. Results are expressed as the amount
(ng) of active PKA per 1 pg of total protein. ¢, d Cells were treated with
db-cAMP (500 uM) or LY294002 (30 uM) for 1 h prior to 5-FU treat-
ment. Results show percentage of apoptotic cells, and represent the
means + SE of triplicate experiments. * P < 0.01 versus 5-FU alone

LiCl-treated cells than in control cells (Fig. 7a); however,
each treatment did not modify the expression of a Bcl-2
family member, Bcl-xL, in cells (Fig. 7a). Kinetic studies
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Fig. 6 Induction of p-GSK3p by LiCl. HSC-3 cells were treated with
LiCl (a) or Zeb (b) for the indicated periods, and fixed. p-GSK3/ was
assayed in triplicate and reactions were measured at 450 nm. Results
are shown as ratios relative to untreated cells in each period. Results
represent the means + SE of triplicate experiments. * P < 0.01 versus
untreated cells

of the expression of tumor suppressor pl6 demonstrated
that p16 was not elevated with the addition of Zeb during
periods tested (Fig. 7b).

We performed similar immunoblot analysis for the
expression of chemoresistance genes. The expression of
Hsp90 protein decreased in cells before or after treatment
with Zeb or 17-AAG (Fig. 7¢). Treatment of cells with
17-AAG markedly increased the expression of Hsp70. In
addition, Zeb caused an apparent induction of Hsp70 in
Zeb-treated cells. In TS expression, pretreatment of cells
with 17-AAG nearly abolished their expression. These
data also suggest the role of Hsp70 and Hsp90 as negative
regulators of the apoptotic pathway in cells treated with
5-FU/Zeb.

229
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cells. ¢ Nuclear proteins of Zeb-treated cells were extracted. Each sam-
ple was added to 96-well plates coated with oligonucleotide containing
the NF-xB consensus site. Nuclear protein from Jurkat cells treated
with TPA/CI was assayed as a positive control. Results represent the
means £ SE of OD,s, values from triplicate experiments. * P <0.05
versus untreated cells

Discussion

OSCC is a very aggressive tumor that is difficult to treat. In
this study, we compared the action of the epigenetic inhibi-
tor Zeb to that of the apoptotic inhibitors LiCl or 17-AAG
in the regulation of apoptosis induced by the chemothera-
peutic drug 5-FU. We have previously demonstrated that
histone deacetylase (HDAC) inhibitor SAHA, combined
with 5-FU, causes apoptotic enhancement in OSCC cell
line HSC-3 [4]. In contrast, Zeb/5-FU combination exhib-
ited lower apoptotic potential than 5-FU alone. Although
we addressed DPD activity, known to be a principal factor
in 5-FU resistance, these results could not fully explain the
suppressive action mechanism of Zeb. Therefore, to further
examine the possible mechanism underlying the suppres-
sive action, we analyzed the perturbations induced by Zeb
and/or 5-FU in the signaling pathway associated with apop-
tosis by specific inhibitors, and in some of its related mark-
ers by the immunoblot technique. We found that LiCl or
17-AAG did not account for the Zeb’s suppression in HSC-
3 cells, in spite of the observed suppression of apoptosis
induced by 5-FU. Eventually, our data suggest that Zeb-
induced activation of the cAMP/PKA/CREB pathway
suppresses 5-FU-induced apoptosis, but Zeb-induced sup-
pression is decisively distinct from that of LiCl or 17-AAG
(Figs. 4a, 6a, b, 7¢).

Elevation of intracellular cAMP levels can result in
either the stimulation or repression of a specific gene
expression. cCAMP binds to the regulatory subunit of PKA
and releases the active catalytic subunit. This subunit phos-
phorylates the transactivation domain of CREB. The tran-
scription factor CREB was found to occupy approximately
4,000 promoter sites, depending on the presence and meth-
ylation state of consensus cAMP response elements near
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Fig. 7 Expression of apoptosis-related proteins after treatment with
each compound. HSC-3 cells were treated with Zeb, LiCl, 5-FU or 17-
AAG for 24 h or for the indicated periods. Cell lysates were prepared,
and equal amounts of extracts were loaded for Western blotting analy-
sis for Bcl-2 and Bel-xL (a), p16 (b), and Hsp90, Hsp70, and TS (c).
f-actin was used as a loading control

B-actin

the promoter [22]. CREB and its associated proteins (Bcl-2,
Bcl-xL) play an important role in the resistance of cancer
cells to apoptosis induction, thus contributing to tumor
growth and metastasis. The expression of dominant-nega-
tive CREB led to a decrease in the tumorigenic and meta-
static potential of cancer cells in nude mice [21]. Our
results not only confirmed Zeb’s anti-apoptotic action, but
also provided insight into how Zeb mediates negative regu-
lation against the apoptotic inducibility of 5-FU. Phosphor-
ylation of CREB by Zeb increased in more resistant cells

@ Springer

compared to untreated cells against 5-FU insult. Further-
more, as a consequence of potent and specific PKA inhibi-
tory effects, H89 accelerated the apoptotic effects induced
by 5-FU when administered to cancer cells.

Prostaglandin E, (PGE,) may facilitate cancer progres-
sion by stimulating cell proliferation and survival, tumor
cell invasiveness, and production of angiogenic agents in
cancer cells. PGE, stimulates the cAMP/PKA pathway,
resulting in enhanced interaction between p-CREB and
p300 through receptor 2 (EP,) for PGE,. EP, expression
was often silenced in neuroblastoma cell lines through epi-
genetic mechanisms such as DNA methylation and histone
modification [23]. In addition, PGE,-dependent pro-onco-
genic actions have been demonstrated to be mediated
through EP, activation and cAMP increase [24]. PGE,
inhibits apoptosis through the activation of cAMP-depen-
dent PKA and stabilization of Ras-PI3K association [25].
Thus, we speculated that treatment of HSC-3 cells with Zeb
may result in the up-regulated expression of several genes,
including EP,, and can activate cAMP signaling in the inhi-
bition of apoptosis. A cAMP analog, db-cAMP, directly
increased intracellular cAMP, and inhibited apoptosis by
enhancing the downstream cAMP-dependent signaling
pathway (Fig. 4c). However, at the present time we have
had no concrete evidence as to the role of PGE, or its
receptors in the direct protection of the OSCC cells by Zeb.

We used LiCl in a comparative study on the suppression
of apoptosis in Zeb-treated cells. Lithium is known to be an
anti-apoptotic agent and is widely used in the treatment of
bipolar mood disorder. In addition to direct inhibition to
GSK3pf, LiCl activates PI3K/Akt signaling and subse-
quently inhibits GSK3f in order to induce binding activity
of p-CREB and the CREB responsive element of various
downstream anti-apoptotic genes [26]. LiCl has been
shown to decrease levels of p53 and Bax while increasing
levels of Bcl-2 [27]. Indeed, LiCl caused the up-regulation
of CREB-dependent gene transcription, resulting in the
expression of survival factor Bcl-2. However, we did not
observe phosphorylation of GSK3f (Fig.6b) and any
increases in the expression of Bcl-2 or Bel-xL in cells fol-
lowing Zeb treatment (Fig. 7a), thus showing that phos-
phorylation of CREB by LiCl is tightly dependent upon the
GSK3p inhibition for inducing chemoresistance.

Several studies have indicated that TS expression or
activity functions as one of the key determinants of 5-FU
sensitivity, and preclinical in vitro and in vivo studies have
shown an inverse relationship between TS expression in
cancer cells and 5-FU sensitivity [28]. Hsp90 is a chaper-
one that is critically important for both tumor progression
and survival. Hsp90 is an exciting target for anti-cancer
drugs because most of the proteins that interact with Hsp90
are known to be in the cell cycle, signaling and chromatin-
remodeling pathways. Hsp90 interacts with client TS
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protein and facilitates its stabilization and activation [29].
Hsp90 inhibitor, 17-AAG, binds to Hsp90, which is a major
repressor of heat-shock transcription factor 1 (HSF1) [30].
By binding Hsp90, 17-AAG via HSF1 induces Hsp70,
which renders cells resistant to chemotherapy. Hsp70 can
inhibit the late stages of apoptosis, blocking events down-
stream from caspase-3. Although these findings are impor-
tant in terms of affecting 5-FU resistance, TS protein
expression was not changed by Zeb treatment. Inhibition of
the essential ATPase activity of Hsp90 by 17-AAG leads to
the degradation of TS protein by the ubiquitin-proteasome
pathway (Fig. 7c); however, these results also indicate that
the key target of 5-FU cytotoxicity in this cell line was not
TS inhibition. The combinations of anti-cancer drugs with
17-AAG may not always lead to enhancement of anti-can-
cer activity, although the mechanisms whereby 17-AAG
causes down-regulation of 5-FU-induced apoptosis have
been elusive.

Based on the potent pro-apoptotic and anti-angiogenic
effects, epigenetic inhibitors are being tested as potentially
important new chemotherapeutic agents for the treatment of
solid tumors [31]. DNA hypermethylation, particularly in
the GC-rich promoter region, results in transcription repres-
sion, which is often associated with a number of tumor sup-
pressor genes, including Rb, p15 and pl6 [32]. Several
DNA cytosine methylation inhibitors, such as 5-CR, 5-aza-
CdR, Zeb, and dietary polyphenols, are currently used to
inhibit cancer progression. 5-aza-CdR (also called decita-
bine) treatment resulted in the up-regulation of a number of
methylated genes; however, several unmethylated genes
were also found to be induced [33]. In contrast, only a small
number of genes were up-regulated by Zeb [34]. Among
tumor suppressor genes, we did not observe Zeb’s induc-
tion of p/6 as a demethylation marker in OSCC cells, and
its expression did not further increase upon treatment with
Zeb (Fig. 7b), confirming a report that aberrant methylation
of the p/6 gene was not detected in HSC-3 cells [35]. Cer-
tainly, DNA methylation and its associated silencing have
been shown to be involved in the development of drug
resistance [36], prompting investigations of the use of
hypomethylation therapy to re-sensitize malignant cells to
classical cytotoxic drugs. Although the combination of Zeb
with CDDP exerted significant anti-cancer effects against
the OSCC cell line, modulation of some genes was associ-
ated with survival responses to 5-FU [4]. Such global
hypomethylation by the epigenetic action in cancer cells
has been proposed to cause chromosomal instability, harm-
ful expression of endogenous viral sequences, and activa-
tion of oncogenes [37]; therefore, it will be important to
extend the present studies to cancer cells and assess the
consequences of hypomethylation for genomic expression.

In summary, combination treatment with both conven-
tional chemotherapeutic drugs and DNMT inhibitors

may provide a new treatment approach for cancer
patients in clinical practice. Identification of the mecha-
nisms altering chemosensitivity is important for better
understanding of the role of DNMT inhibitors in the tran-
scriptional regulation of tumor suppressor genes.
Reduced levels of drug-resistant genes may contribute to
improved chemosensitivity; however, in this and our pre-
vious study [4], we have described a more detailed mech-
anism of action by which Zeb suppresses SFU-induced
apoptosis. These findings have highlighted the clinical
application of DNMT inhibitors, although several inhibi-
tors have been shown to inhibit tumor xenograft growth
in vivo.
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