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Abstract. Vascular endothelial growth factor (VEGF) is a
potent inducer of angiogenesis in oral squamous cell carcino-
ma (OSCC). In this study, we used the novel DNA methyl-
transferase inhibitor zebularine (Zeb) to investigate epigenetic
influences on the secretion of VEGF-A in the OSCC cell line
HSC-3. Under normoxic conditions, we found that Zeb
inhibited secretion in a dose-dependent manner by reducing the
activity of hypoxia-inducible factor-1la (HIF-1c). Treatment of
the cells with the proteasome inhibitor MG132 protected the
HIF-1a protein from Zeb-mediated epigenetic regulation. In
addition, our study revealed that neither the PI3K/Akt nor the
pS3 signaling pathway is required for Zeb-induced HIF-1a
degradation. In short, Zeb influenced the stability of the HIF-1a
protein and the activity of its targets, such as VEGF, in HSC-3
cells in normoxic conditions. This study has laid the foundation
for a novel anti-cancer approach, which may find applications
in molecular staging.

Introduction

Oral squamous cell carcinoma (OSCC) is the most aggressive
malignant neoplasm of the head and neck region and remains
morbid and often fatal. The most important prognostic indicator
in cases of OSCC is metastasis to the cervical lymph nodes or
distant organs (1). It is widely recognized that the development
of OSCC, as of other cancers, involves a multistep process
characterized by the progressive accumulation of genomic
aberrations, including deletions and mutations in the genomic
sequence, or by epigenetic mechanisms (2). In particular,
epigenetic abnormalities in OSCC affect a number of genes
involved in crucial cellular pathways, such as the cell cycle,
apoptosis, angiogenesis and cancer cell invasion and metastasis
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(3). Recent work has demonstrated that epigenetic transcrip-
tional silencing by promoter methylation of tumor suppressor
genes in OSCC is a relatively common and important feature of
oral carcinogenesis (4). Epigenetic changes in cancer cells are
the consequence of a combination of alterations in chromatin
structure, including the hypermethylation of CpG islands and
the modification of histones (5). Epigenetic modifications, such
as the hypomethylation of cellular DNA by DNA methyltrans-
ferase (DNMT) inhibitors or the hyperacetylation of DNA-
associated histone proteins by histone deacetylase (HDAC)
inhibitors, are novel therapeutic strategies, particularly for
OSCC, which exhibits an inherent resistance to chemo-
therapeutic agents (6). While several well-tolerated HDAC
inhibitors, such as suberoylanilide hydroxamic acid (SAHA),
have already become available, the application in vivo of
DNMT inhibitors, such as 5-aza-cytidine (5-aza-CR) and
5-aza-2'-deoxycytidine (5-aza-CdR), has been limited due to
low stability in neutral solutions and high toxicity (7). Recently,
zebularine (Zeb), a newer cytidine analog, was established as
a novel and orally available inhibitor of DNMT with a pref-
erential response in cancer cells. It has been shown to be
more stable and less toxic than other DNMT inhibitors, leading
to the re-expression of epigenetically silenced genes (8.9). For
this reason, Zeb was evaluated in this study as an epigenetic
anti-cancer agent against OSCC.

Established chemotherapy regimens for OSCC include a
combination of 5-fluorouracil with platinum-containing drugs
such as cisplatin and carboplatin. However, treatment of OSCC
with these drugs does not always substantially induce a positive
response. Despite recent advances in the management of
cancer, most patients with advanced OSCC develop local or
regional recurrence and metastatic disease leading to a poor
survival rate (1). Angiogenesis is required at almost every
step of tumor progression and metastasis. Thus, the inhibition
of angiogenesis is considered to be one of the most promising
strategies in the development of novel anti-neoplastic therapies.
Angiogenesis is defined as the de novo formation of blood
vessels from a pre-existing vasculature by sprouting and matu-
ration. These processes are tightly controlled by pro-angiogenic
and anti-angiogenic factors and their receptors, which regulate
one or more of the key events involved (10). The appearance
of new blood vessels in malignant tumors is known as the
angiogenic switch (11). Because genetic aberrations of tumor
suppressor genes and oncogenes influence angiogenesis, the
angiogenic switch occurs when tumor cells acquire genetic
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changes that make them switch to the angiogenic phenotype.
As a result, tumor cells produce pro-angiogenic factors such
as vascular endothelial growth factor (VEGF) and basic
fibroblast growth factor, and shift to a positive balance in
favor of angiogenesis.

The VEGF family consists of at least seven members
(VEGF-A, -B, -C and -D, viral VEGF, snake venom VEGF
and placental growth factor), Of these, VEGF-A is known to
play an important role in tumor angiogenesis (12). Tumor cells
are able to secrete VEGF in an autocrine or paracrine fashion
to stimulate the proliferation and attraction of endothelial
cells (13). This secretion is generally regulated by local oxy-
gen concentration. VEGF stimulates endothelial cells to
secrete proteases and plasminogen activators, resulting in the
degradation of the vessel basement membrane, in turn allow-
ing cells to invade the surrounding matrix. After subsequent
migration and proliferation, cells finally differentiate to form
anew vessel.

Elevated expression of VEGF has been observed in many
human cancers, including colorectal, breast, non-small cell
lung and ovarian cancers (14). In particular, all VEGF mem-
bers were expressed at different levels in OSCC, suggesting a
possible relationship between VEGF levels and the develop-
ment of cancer angiogenesis (15). Anti-angiogenic factors
have attracted special attention as potential new anti-cancer
agents possessing different modes of action than the drugs
currently used. It has been demonstrated that the tumor
suppressor gene p53 negatively regulates VEGF expression,
although its mutation is common in OSCC. In addition, the
p16™K4 gene, whose promoter is targeted by the predominant
methyltransferase gene DNMT1, is a negative regulator of
VEGF gene expression (16). In contrast, VEGF secretion is
positively affected in cancer cells by hypoxia-inducible
factor-1a (HIF-1a), a key transcriptional regulator regulated
by the PI3K (phosphatidylinotidol 3-kinase)/Akt (protein
kinase B) pathway (17).

Taken together, both activated oncogenes and inactivated
tumor suppressor genes contribute to the up-regulation of
VEGEF expression in cancer cells, where epigenetic abnormali-
ties contribute in several ways to oncogenesis and may activate
oncogenes or silence tumor suppressor genes. If the silencing of
certain genes by DNA hypermethylation is involved in VEGF
activation, thus playing a role in angiogenesis, then the
demethylation of anti-angiogenic genes by epigenetic inhibitors
should result in the down-regulation of VEGF transcription
and angiogenic potential.

In contrast to the increasing knowledge of epigenetic aber-
rations in cancer cells, almost nothing is known of the role of
DNA methylation and histone modifications in the regulation
of gene expression for angiogenesis. Because the regulation
of VEGF expression in OSCC cells is pivotal to angiogenic
properties, we investigated whether epigenetic mechanisms
are involved in the regulation of the secretion of VEGF-A in
the OSCC cell line HSC-3. For the epigenetic approach, we
used pharmacological means to restore DNA methylation,
and found that the secretion of VEGF and the activation of its
transcriptional regulator HIF-1a in HSC-3 cells is inhibited by
a demethylating agent (Zeb). Our results show that VEGF is
epigenetically regulated in an indirect manner through modi-
fications to the promoter of upstream genes.
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Materials and methods

Reagents. Zeb was obtained from Sigma (St. Louis, MO).
SAHA was obtained from Alexis Biochemicals (San Diego,
CA). The proteasome inhibitor MG132 and PI3K inhibitor
LY294002 were purchased from Calbiochem (La Jolla, CA).
All other chemicals used were commercially available.

Cell culture. HSC-3 cells (human OSCC), HSC-4 cells
(human OSCC) and A549 cells (human non-small cell lung
adenocarcinoma) were obtained from the Cell Resource Center
for Biomedical Research (Institute of Development, Aging and
Cancer, Tohoku University, Japan). These carcinoma cell lines
were cultured in RPMI-1640 medium (Nissui Pharmaceutical,
Tokyo, Japan) supplemented with 10 or 1% (v/v) heat-inacti-
vated fetal bovine serum (FBS; JRH Biosciences, Lenexa, KS),
100 U/ml penicillin and 100 xg/ml streptomycin (Invitrogen,
Carlsbad, CA). All cell lines were cultured at 37°C in a
humidified atmosphere of 5% CO,.

Cell viability assays. Cell viability was evaluated by the trypan
blue exclusion assay. The cytotoxic effects of Zeb were also
determined using a cell counting kit (Dojindo Lab, Kumamoto,
Japan). Cells were seeded in 96-well plates (1x10* cells/well)
for 24 h and treated with Zeb for 48 h. Cell viability was deter-
mined using the MTT (WSTS) assay. Absorbance (450 nm)
was directly proportional to the number of living cells in
culture.

Analysis of DNMT activity. To quantify the DNMT activity
of cells, we used a DNA methyltransferase activity assay kit
(Epigentek Inc., Brooklyn, NY). Briefly, cells were incubated
for 48 h with or without Zeb (220 uM; ICs;), then nuclear
protein was extracted using a nuclear extraction kit (Active
motif, Carlsbad, CA). Nuclear extracts from untreated and Zeb-
treated cells were incubated in wells coated with a cytosine-
rich DNA substrate. DNMT transfers a methyl group from
S-adenosylmethionine to the 5' position of cytosine bases to
methylate the DNA substrate. The methylated DNA can be
recognized with anti-5-methylcytosine antibody. The ratio or
amount of methylated DNA, which is proportional to enzy-
matic activity, can be colorimetrically quantified through an
ELISA reaction.

Global DNA methylation. To quantify the global DNA
methylation of cells, a DNA methylation quantification kit
(Epigentek Inc.) was used. In this assay, DNA was immobi-
lized on a strip with high affinity for the DNA. The methylated
fraction of DNA was recognized by 5-methylcytosine anti-
body and quantified through an ELISA reaction. Results are
expressed as the absolute percentage of 5-methylcytosine.

Measurement of VEGF-A and VEGF-C secretion. ELISA Kkits
for VEGF-A165 and -C (R&D System, Minneapolis, MN)
were used. Cells (2x10* cells/well) were seeded in 12-well
flat-bottomed culture plates and incubated in medium with
10% FBS for 24 h, then treated with Zeb (120 yM) for 48 h.
The cells were washed and incubated in medium with 1%
FBS for 2-4 days. The amounts of VEGF secreted were
determined by ELISA according to the manufacturer's
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phorylated Akt relative to the total amount of Akt in HSC-3
cells was measured using an ELISA kit (Active Motif). Cells
were seeded in 96-well plates (2x10* cells/well). After stimu-
lation, the cells were fixed with 4% formaldehyde in PBS for
20 min at room temperature and washed three times with
PBS containing 0.1% Triton X-100. Endogenous peroxidase
was quenched with 1% H,0, and 0.1% azide, blocked with
antibody-blocking buffer for 1 h and incubated overnight with
various dilutions of primary antibody at 4°C. After being
washed, cells were incubated with secondary antibody for 1 h
at room temperature and washed again. Cells were incubated
with developing solution for 2-20 min at room temperature in
the dark, and then stop solution was added. Absorbance was
measured at OD s,,.

HIF-1a assay. To analyze HIF-1a/hypoxia response element
(HRE) interaction, an ELISA-based assay was performed
according to the manufacturer's instructions (Active Motif).
Nuclear extracts (5 pg) were incubated in 96-well plates pre-
coated with the HRE consensus oligonucleotides. HIF-1a
antibody was added to the reactions and an HRP-conjugated
secondary antibody was used to quantify the HRE-binding
activity of the nuclear extracts. Results are expressed as the
absorbance at 450 nm.

Statistical analysis. Data are presented as the means = SD.
Multiple comparisons were performed by Scheffe's test.
P-values <0.05 were regarded as significant.

Results

Secretion of VEGF-A under serum-starved conditions. To
assess whether serum or serum-derived growth factors affect
the secretion of VEGF, HSC-3 cells (OSCC, mutant p53) were
incubated for 4 days in medium supplemented with 1% FBS
(serum-starved conditions). The cultured supernatants were
then collected from the wells and the VEGF in the medium
was measured using an ELISA for human VEGF-A. The base-
line VEGF level was relatively high even under non-starved
conditions (10% FBS). Under serum-starved conditions,
there was a significant increase in the amount of VEGF
secreted into culture supernatants (Fig. 1A). We next
assessed whether VEGF was secreted under serum-starved
conditions in a time-dependent manner. The cultured medium
from HSC-3 cells was incubated for different periods and
was assayed for secreted VEGF. VEGF levels increased
progressively, with production detectable as early as day 1
and reaching maximum secretion at day 4 (Fig. 1B). It was

Figure 1. VEGF-A secretion in serum-starved conditions. HSC-3 cells
(2x10* cells/well) were cultured in 10% serum medium for 24 h. (A) After
removal of the medium, cells were cultured in 1% (starved) or 10% (complete)
serum medium for 4 days. (B) Cells were cultured in 1% serum medium for
1-4 days. The cultured medium was collected and VEGF-A was measured by
ELISA. Cells were counted at the end of culture and results were normalized
to cell counts (1x10%). “P<0.05 compared to 10% serum medium.

A 20, B 1.0,
- =2
o >
e 15 g
% ©
A s

o 10 Z 05
3 o
i o
> 2
3 5 :
= o

o g

— Zeb — Zeb

Figure 2. Effects of Zeb on DNA methylation and DNMT activity. HSC-3
cells (1x10° cells/dish) were cultured with Zeb (220 uM) for 48 h. (A) DNA
was purified from untreated and Zeb-treated cells, and the global DNA
methylation of cells was quantified. Results are expressed as an absolute
percentage. (B) In addition, nuclear protein was extracted and DNMT activity
measured. The effect of Zeb on DNMT activity is shown as a ratio relative to
the untreated control. Results are representative of three independent experi-
ments.

concluded that serum starvation promoted the secretion of
VEGEF in the human OSCC cell line (HSC-3).

Effects of Zeb on DNA methylation and DNMT activity. To
confirm a possible basis for the gene induction effects of
Zeb, we examined the reduction in global DNA methylation
levels and DNMT activity elicited by Zeb treatment. In a
previous study, we had examined the anti-proliferative effects
of Zeb to determine cellular inhibitory concentrations (IC)
against HSC-3 cells after 48 h of treatment (9). The IC values
were as follows: IC,,, 120 yM and ICy,, 220 M. Zeb treat-
ment (ICs,) was able to consistently reduce the methylation
levels of DNA in HSC-3 cells (Fig. 2A). In a similar fashion,
DNMT enzymatic activity under the same conditions was
44% lower in Zeb-treated cells (Fig. 2B).

Effects of Zeb on VEGF-A and -C secretion in carcinoma cell
lines. To study the effects of an epigenetic inhibitor (Zeb) on
the secretion of VEGF, we first determined the dose-response
effects of Zeb on the serum-starved secretion of VEGF-A in
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Figure 3. Dose-dependent reduction of VEGF-A secretion by Zeb. HSC-3
cells were cultured for 24 h then treated with Zeb (0-250 xM) for 48 h. After
the medium was removed, cells were further cultured in serum-starved medi-
um with or without the same doses of Zeb for 4 days. The cultured medium
was collected and VEGF-A was measured by ELISA. Results represent the
mean = SD of values per 1x10° cells from three independent experiments.
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Figure 4. Effects of Zeb and SAHA on the secretion of VEGF-A and -C. (A)
HSC-3 cells were cultured with or without Zeb (120 M) for 48 h. After the
medium was removed, cells were treated with Zeb or SAHA (1.5 M) in
serum-starved medium for 4 days. (B) After pre-culture, Zeb was added to
A549 (200 M) or HSC-4 cell culture (15 uM). Cells were cultured in serum-
starved medium for 4 days. The cultured medium was collected and VEGF-A
and -C were measured by ELISA. Results represent the mean + SD of values
per 1x10° cells from three independent experiments. “#*P<0.05 compared to
each medium alone.
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HSC-3 cells. At increasing concentrations, Zeb significantly
inhibited the secretion of VEGF-A in a dose-dependent manner
(Fig. 3). The secretion was reduced by 60% at IC,, and 65% at
ICs.

We also examined the levels of VEGF-C in the cultured
medium of HSC-3 cells after treatment with Zeb or SAHA.
Zeb significantly reduced the amount of VEGF-C as well as
VEGEF-A secreted. For both VEGF-A and -C secretion, treat-
ment with the HDAC inhibitor SAHA (IC,,, 1.5 uM) resulted
in less extensive reduction than did treatment with Zeb
(Fig. 4A). We then examined the effects of Zeb on VEGF-A
levels in the cultured medium of other carcinoma cell lines.
As shown in Fig. 4B, the level of VEGF-A in A549 cells
(wild p53) was closer to that of the OSCC cell line HSC-3.
However, the OSCC cell line HSC-4 (mutant p53) secreted
less VEGF. Secretion-reducing effects of Zeb were observed
in A549 cells. We conclude that these epigenetic agents
strongly inhibit the secretion of VEGF in carcinoma cell lines
containing OSCC, regardless of p53 status.

Role of Akt kinase in VEGF-A reduction elicited by Zeb. We
focused on the mechanisms responsible for the Zeb-induced
reduction in the secretion of VEGF-A in HSC-3 cells, initially
by checking whether a reduced response of the Akt pathway
could account for this effect. A significant suppression of Akt
phosphorylation was observed after 4 h of treatment with the
PI3K-specific inhibitor LY294002 (30 M), while no effect
was exhibited on the total protein levels of Akt (Fig. 5A).
When the Akt signaling pathway was inhibited by LY294002
in HSC-3 cells, a reduction in the level of secretion was
detected in a dose-dependent manner (Fig. 5B).

To study the effect of Zeb on the activation of Akt, cells
were treated with Zeb and levels of phospho-Akt protein were
measured. Zeb (IC,,) had only a weak effect on the phospho-
rylation of Akt, while an apparent effect on the secretion of
VEGF was detected under the conditions (Fig. 5A). Taken
together, our findings suggest that, in HSC-3 cells, a Zeb-
induced reduction in the secretion of VEGF-A does not occur
via the PI3K-Akt pathway, although the pathway does regu-
late basal secretion.
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Figure 5. Role of Akt kinase in VEGF-A reduction elicited by Zeb. (A) Measurement of total and phosphorylated Akt. HSC-3 cells were cultured with or without
Zeb (120 uM) for 48 h. After the medium was removed, cells were cultured in serum-starved medium with Zeb or LY294002 (30 #M) for 4 h and fixed. Total
and phoshpo-Akt were assayed in triplicate. Results represent the mean + SD of values of OD,,. (B) Effect of a PI3K inhibitor on VEGF-A secretion. Cells were
cultured in serum-starved medium with or without LY294002 (0-30 M) for 4 days and VEGF-A was measured by ELISA. Results represent the mean + SD
of values per 1x103 cells from three independent experiments. “P<0.05 compared to medium alone.
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Figure 6. Role of HIF-1a in VEGF-A reduction elicited by Zeb. HSC-3 cells
were cultured with or without Zeb (220 uM) for 48 h. After the medium
was removed, cells were cultured in serum-starved medium with Zeb or
LY294002 (30 uM) for 4 h, and nuclear proteins were extracted. Each sample
was added to 96-well plates coated with oligonucleotide containing an HRE
site, and assayed. Nuclear protein from COS-7 cells treated with CoCl, was
assayed as a positive control. Results represent the mean + SD of OD,5 values
from three independent experiments. "P<0.01 compared to medium alone.

Role of HIF-1a in VEGF-A reduction elicited by Zeb. In
normoxic conditions, HIF-1a is continuously expressed and
simultaneously degraded through the ubiquitin-proteasome
pathway, and the binding of HIF-1a to the promoter region of
VEGFs stimulates expression (18). To study the inhibitory
effect of Zeb on HIF-1a activity in normoxic conditions, cel-
lular protein was extracted from nuclei and analyzed by
ELISA. As shown in Fig. 6, the nuclear localization of HIF-1a
was significantly decreased in Zeb-treated cells, whereas
control cells showed relatively high levels of HIF-1a activity.
COS-7 cells treated with the hypoxia-mimetic CoCl, showed
similar levels of secretion to control cells. The activity of
HIF-1a was substantially reduced in the presence of PI3K
inhibitor. These results suggest that activation of the PI3K/
Akt pathway is necessary for HIF-1a protein to accumulate,
whereas Zeb decreases levels of HIF-1a protein by a different
mechanism than that of PI3K inhibitor.

Promotion of HIF-1a degradation by Zeb. 1t is possible that
the Zeb-mediated inhibition of HIF-1a is due to the promo-
tion of HIF-1a degradation. To test this possibility, the effect
of Zeb on the degradation pathway of HIF-1a was investigat-
ed in the presence or absence of the proteasome inhibitor
MG132. As shown in Fig. 7A, the level of HIF-1la activity
was significantly decreased by Zeb in a dose-dependent man-
ner, significantly increased by combined treatment with Zeb
and MG132, and was only slightly increased by treatment
with MG132 alone. The Zeb-induced reduction of VEGF
secretion returned to the control level in the presence of
MG132 (Fig. 7B). Taken together, these findings indicate
that Zeb treatment induces a reduction in the levels of both
VEGF and HIF-1a, and that Zeb inhibits VEGF expression
through proteasome-based ubiquitination of the HIF-1a path-
way in OSCC cells.

Discussion
The malignant potential of OSCC is closely associated with

local expansion and lymph node metastasis (1). Extended
local invasion involves important surrounding structures,
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Figure 7. Promotion of HIF-1a degradation by Zeb. (A) Effect of MG132 on
HIF-1a activity. HSC-3 cells were treated with Zeb (0-220 yM) in the absence
or presence of MG132 (1 uM) for 48 h. After the medium was removed, cells
were cultured in serum-starved medium with Zeb and/or MG132 for 4 h.
Nuclear proteins were added to 96-well plates coated with oligonucleotide
containing an HRE site, and assayed. Results are representative of three
independent experiments. (B) Effect of MG132 on VEGF-A secretion. Cells
were cultured in serum-starved medium with or without Zeb and/or MG132
for 4 days, and VEGF-A was measured by ELISA. Results represent the
mean + SD of values per 1x103 cells from three independent experiments.
“P<0.05 compared to medium alone; “P<0.05 compared to Zeb alone.

which makes it difficult to complete tumor resection and
reduces cancer curability (19). Angiogenesis is a major event
in the progression of OSCC, during which several angiogenic
factors are recruited (10). One factor known to be involved in
tumor-associated angiogenesis is VEGF, reported to be highly
expressed in 43% of OSCCs (20). The tumor microenviron-
ment is best characterized as a fluctuation of hypoxic and
nutrient-deprived conditions, which leads to epigenetic and
genetic adaptations of clones and increased invasiveness and
metastasis. Recently, it was demonstrated that the demethyla-
tion of VEGF-C by 5-aza-CdR can activate the expression of
VEGF-C mRNA in gastric cancer cell lines (21). In contrast,
5-aza-CdR inhibited the production of VEGF protein by
human lung cancer cell lines, especially in hypermethylated
cells (22). Because 5-aza-CdR is a generalized non-specific
cytotoxic agent, in addition to being a demethylating agent,
differences between these two will be important to the under-
standing of the mechanisms underlying the epigenetic changes
caused by demethylating agents. In this study, we used the low
toxic agent Zeb and observed that treating HSC-3 cells with it
reduced the secretion of VEGF-A (and VEGF-C) through the
augmentation of the proteasome-dependent degradation of
HIF-1a. This might also play a pivotal role in the prevention
of angiogenesis.

VEGF expression in tumor tissues is induced under
hypoxic conditions. This induction is a multistage process in
which HIF-1a plays an important role (17). Generally, oxygen
tension in normal tissues has a mean of approximately 7%
oxygen; in tumors, the mean oxygen tension is approximately
1.5%. HIF-1a is a transcription factor that activates the tran-
scription of many genes, including VEGF genes (18). HIF-1a
dimerizes with HIF-18 and translocates into the nucleus, where
the functionally active HIF-1a/HIF-16 complex activates the
transcription of VEGF genes. HIF-1a can transactivate the
hypoxia response element (HRE)-containing promoter of
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VEGF genes. In addition, HIF-1a expression can be induced
through the activation of PI3K/Akt or MAPK signaling,
which regulate tumor angiogenesis via HIF-1a/VEGF (23).
O,-dependent degradation of HIF-1a by the 26S proteasome
is regulated by the hydroxylation of specific proline
residues that are recognized by the von Hippel-Lindau
(VHL) tumor suppressor protein (24). VHL regulates in nor-
moxia the ubiquitin-mediated proteolysis of HIF-1a, and its
inactivation results in increased cellular HIF-1a expression.
Furthermore, the stability of the HIF-1a protein is also regu-
lated through an O,-independent pathway involving the inter-
action of HSP90 and receptor for activated C kinase 1
(RACK1) with the PAS domain (25). HSP90, as a molecular
chaperone, modulates the conformation of the HIF-1a/Arnt
heterodimer, making it suitable for interaction with HRE and
preventing it from undergoing proteasome-dependent degra-
dation (26). HSP90 and RACK1 compete to bind to the PAS-
A subdomain of HIF-1a. The binding of RACKI1 leads to the
ubiquitination and degradation of HIF-1a. Consequently,
agents that block HSP90 function and/or the PI3K-Akt and
MAPK signaling pathways may inhibit tumor angiogenesis
by decreasing HIF-1a and VEGF expression. For example, the
farnesyltransferase inhibitor SCH66336 inhibits the secretion
of VEGF by OSCC cells by inhibiting the interaction between
HIF-1a and HSP90, resulting in the proteasomal degradation
of HIF-1a (27). It has been shown that inhibition of PI3K by
LY294002 abrogated the expression of HIF-1a and VEGF in
prostate cancer cell lines (28). However, our results show that
treatment with Zeb inhibits basal VEGF secretion without
down-regulating phospho-Akt in HSC-3 cells (Fig. 5A).
Therefore, Zeb appears to affect the level of HIF-1a through
mechanisms other than the inactivation of PI3K-Akt.

In this study, we demonstrated the functional relevance of
HIF-1a in the down-regulation of VEGF expression in Zeb-
treated OSCC cells. In tumors, transcriptional silencing is
often associated with the aberrant methylation of the promoter
region of genes. The VHL tumor suppressor gene is disrupted
through the mutation or methylation of the promoter in most
sporadic clear cell renal carcinomas. The resulting loss of VHL
protein function is thought to stabilize HIF-1a, leading to the
induction of VEGF expression. Re-expression of VHL by
5-aza-CdR can modulate the expression of VEGF, indicating
that the promoter remains otherwise intact (29). Zeb treatment
globally changes the methylation of the genome and, therefore,
it is likely that in addition to affecting VHL it affects the
expression of many other genes. One specific CpG island in
the p16™K4 gene was found methylated in 20% of oral cyto-
logical samples of OSCC (30). Demethylating agents, such
as 5-aza-CdR, can decrease methylation levels and have been
shown to re-establish p16™K4 expression, consistent with the
inhibition of pl6™K4 expression by methylated promoter
sequences in OSCC cell lines (31). The continuous application
of Zeb to T24 human bladder carcinoma cells induced and
maintained p16™K% gene expression and sustained demethyla-
tion of the 5' region, preventing re-methylation (32). Another
study has also indicated that demethylation of the pl6™NK4a
gene results in down-regulation of VEGF expression in lung
cancer cell lines (22). The tumor suppressor p53 has been
identified as an important factor in VEGF expression under
both normoxic and hypoxic conditions (33). Thereafter, it was
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demonstrated that VEGF expression may also be regulated by
pl16™&4 via a p53-independent pathway (34). In our study, a
pS53-dependent pathway could not explain the inhibition of
VEGF secretion, because HSC-3 cells have a mutated, non-
functional p53. The exact mechanisms by which the expression
of the p16™X4 tumor suppressor gene causes the secretion of
VEGEF to decrease remain unclear. However, it is likely that G,
arrest, due to p16™&4 expression, suppresses the properties of
various factors related to VEGF secretion. The retinoblastoma
protein (pRb) is required for cell cycle arrest by p16™K4 Tt has
been demonstrated that enhanced expression of pRb2/p130
down-regulates VEGF expression in vitro as well as in a
nude-mouse xenograft model (35). These findings suggest
that p16™K4 may play a regulatory role in the secretion of
VEGF via the p16-pRb pathway. Further studies are required
to explore the mechanism linking the function of pl16™K4
with the secretion of VEGF.

Research has demonstrated that HDACI1 is hypoxia-
inducible, and that a HDAC inhibitor also serves as a potent
anti-angiogenic agent against cancer cells over-expressing
HDAC:S (36). In addition, HDAC inhibitors have been shown
to down-regulate hypoxia-response genes (VEGF) and
hypoxia-induced angiogenesis by the suppression of HIF-1a
activity (36,37). In this study, the HDAC inhibitor SAHA
reduced the secretion of VEGF-A, and may therefore inhibit
angiogenesis in OSCC (Fig. 4A). Their most likely mechanism
of action involves their effects on the HSP70/HSP90 axis,
where they prevent the proper folding and maturation of the
HIF-1a protein and thus promote its degradation by the pro-
teasome in an ubiquitin-independent process (38).

In conclusion, we have shown that epigenetics can play a
role in the regulation of the angiogenic factor VEGF. Our find-
ings reveal novel anti-angiogenic and anti-cancer activities of
Zeb in OSCC. Treatment with Zeb augmented proteasome-
mediated degradation of the HIF-1a protein, resulting in
decreased secretion of VEGF. Epigenetic restoring might
render cancer cells non-aggressive, and agents acting as DNMT
or HDAC inhibitors might be combined with established
chemotherapy for cancer. This work has laid the foundation
for a novel anti-cancer approach, whereby a DNMT inhibitor
can be used to modulate the angiogenic properties in OSCC.
Zeb has several features that make it suitable for clinical trials.

Acknowledgements

We thank Mr. D. Mrozek for editing the manuscript. This
study was supported in part by Grants-in-Aid for Scientific
Research (19791480 and 19791482) from the Ministry of
Education, Culture, Sports, Science and Technology, Japan.

References

1. Schliephake H: Prognostic relevance of molecular markers of oral
cancer - a review. Int J Oral Maxillofac Surg 32: 233-245, 2003.

2. Shaw R: The epigenetics of oral cancer. Int J Oral Maxillofac
Surg 35: 101-108, 2006.

3. Ha PK and Califano JA: Promoter methylation and inactivation
of tumour-suppressor genes in oral squamous-cell carcinoma.
Lancet Oncol 7: 77-82,2006.

4. Kato K, Hara A, Kuno T, Mori H, Yamashita T, Toida M and
Shibata T: Aberrant promoter hypermethylation of p16 and MGMT
genes in oral squamous cell carcinomas and the surrounding
normal mucosa. J Cancer Res Clin Oncol 132: 735-743, 2006.



MOLECULAR MEDICINE REPORTS 1: 465-471, 2008

B2 spANDIDOSPA and Baylin SB: The fundamental role of epigenetic

v.

10.
11.
12.
13.
14.

15.

16.

17.
18.
19.

20.

21.

22.

23.

¥ PUBLICATIONS in cancer. Nat Rev Genet 3: 415-428, 2002.

2uu v G and Otterson GA: The interaction of histone deacetylase
inhibitors and DNA methyltransferase inhibitors in the treatment
of human cancer cells. Curr Med Chem Anticancer Agents 3:
187-199, 2003.

. Brueckner B and Lyko F: DNA methyltransferase inhibitors: old

and new drugs for an epigenetic cancer therapy. Trends Pharmacol
Sci 25: 551-554,2004.

. Cheng JC, Yoo CB, Weisenberger DJ, et al: Preferential response

of cancer cells to zebularine. Cancer Cell 6: 151-158, 2004.

. Suzuki M, Shinohara F, Nishimura K, Echigo S and Rikiishi H:

Epigenetic regulation of chemosensitivity to 5-fluorouracil and
cisplatin by zebularine in oral squamous cell carcinoma. Int J
Oncol 31: 1449-1456, 2007.

Hasina R and Lingen MW: Angiogenesis in oral cancer. J Dent
Educ 65: 1282-1290, 2001.

Abdollahi A, Hlatky L and Huber PE: Endostatin: the logic of
antiangiogenic therapy. Drug Resist Updat 8: 59-74, 2005.
Yamazaki Y and Morita T: Molecular and functional diversity of
vascular endothelial growth factors. Mol Divers 10: 515-527, 2006.
Folkman J: Angiogenesis and apoptosis. Semin Cancer Biol 2:
159-167,2003.

Mukhopadhyay D and Datta K: Multiple regulatory pathways of
vascular permeability factor/vascular endothelial growth factor
(VPF/VEGF) expression in tumors. Semin Cancer Biol 14:
123-130, 2004.

Shintani S, Li C, Ishikawa T, Mihara M, Nakashiro K and
Hamakawa H: Expression of vascular endothelial growth factor
A, B, C and D in oral squamous cell carcinoma. Oral Oncol 40:
13-20, 2004.

Suzuki M, Sunaga N, Shames DS, Toyooka S, Gazdar AF and
Minna JD: RNA interference-mediated knockdown of DNA
methyltransferase 1 leads to promoter demethylation and gene
reexpression in human lung and breast cancer cells. Cancer Res
64: 3137-3143,2004.

Pugh CW and Ratcliffe PJ: Regulation of angiogenesis by
hypoxia: role of the HIF system. Nat Med 9: 677-684, 2003.
Semenza GL: Targeting HIF-1 for cancer therapy. Nat Rev Cancer
3:721-732,2003.

Sawair FA, Irwin CR, Gordon DJ, Leonard AG, Stephenson M
and Napier SS: Invasive front grading: reliability and usefulness
in the management of oral squamous cell carcinoma. J Oral
Pathol Med 32: 1-9, 2003.

Johnstone S and Logan RM: The role of vascular endothelial
growth factor (VEGF) in oral dysplasia and oral squamous cell
carcinoma. Oral Oncol 42: 337-342, 2006.

Matsumura S, Oue N, Mitani Y, Kitadai Y and Yasui W: DNA
demethylation of vascular endothelial growth factor-C is associated
with gene expression and its possible involvement of lymphan-
giogenesis in gastric cancer. Int J Cancer 120: 1689-1695, 2007.
Miki K, Shimizu E, Yano S, Tani K and Sone S: Demethylation
by 5-aza-2'-deoxycytidine (5-azaC) of p16INK4A gene results in
down-regulation of vascular endothelial growth factor expression
in human lung cancer cell lines. Oncol Res 12: 335-342, 2001.
Blancher C, Moore JW, Robertson N and Harris AL: Effects of
ras and von Hippel-Lindau (VHL) gene mutations on hypoxia-
inducible factor (HIF)-1a, HIF-2a, and vascular endothelial growth
factor expression and their regulation by the phosphatidylinositol
3'-kinase/Akt signaling pathway. Cancer Res 61: 7349-7355,2001.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

471

Cockman ME, Masson N, Mole DR, et al: Hypoxia inducible
factor-a binding and ubiquitylation by the von Hippel-Lindau
tumor suppressor protein. J Biol Chem 275: 25733-25741,
2000.

Liu YV, Baek JH, Zhang H, Diez R, Cole RN and Semenza GL:
RACKI1 competes with HSP90 for binding to HIF-1a and is
required for O,-independent and HSP90 inhibitor-induced
degradation of HIF-1a. Mol Cell 25: 207-217,2007.

Isaacs JS, Jung YJ, Mimnaugh EG, Martinez A, Cuttitta F and
Neckers LM: Hsp90 regulates a von Hippel Lindau-independent
hypoxia-inducible factor-1a-degradative pathway. J Biol Chem
277:29936-29944, 2002.

Han JY, Oh SH, Morgillo F, Myers JN, Kim E, Hong WK and
Lee HY: Hypoxia-inducible factor 1a and antiangiogenic activity
of farnesyltransferase inhibitor SCH66336 in human aerodigestive
tract cancer. J Natl Cancer Inst 97: 1272-1286, 2005.

Zhong H, Chiles K, Feldser D, et al: Modulation of hypoxia-
inducible factor la expression by the epidermal growth factor/
phosphatidylinositol 3-kinase/PTEN/AKT/FRAP pathway in
human prostate cancer cells: implications for tumor angiogenesis
and therapeutics. Cancer Res 60: 1541-1545,2000.

Alleman WG, Tabios RL, Chandramouli GV, et al: The in vitro
and in vivo effects of re-expressing methylated von Hippel-Lindau
tumor suppressor gene in clear cell renal carcinoma with 5-aza-2'-
deoxycytidine. Clin Cancer Res 10: 7011-7021, 2004.

Ruesga MT, Acha-Sagredo A, Rodriguez MJ, et al: pl16™NK42
promoter hypermethylation in oral scrapings of oral squamous
cell carcinoma risk patients. Cancer Lett 250: 140-145, 2007.
Timmermann S, Hinds PW and Munger K: Re-expression of
endogenous pl16™4 in oral squamous cell carcinoma lines by
5-aza-2'-deoxycytidine treatment induces a senescence-like state.
Oncogene 17: 3445-3453, 1998.

Cheng JC, Weisenberger DJ, Gonzales FA, et al: Continuous
zebularine treatment effectively sustains demethylation in human
bladder cancer cells. Mol Cell Biol 24: 1270-1278, 2004.

Pal S, Datta K and Mukhopadhyay D: Central role of p53 on
regulation of vascular permeability factor/vascular endothelial
growth factor (VPF/VEGF) expression in mammary carcinoma.
Cancer Res 61: 6952-6957,2001.

Takeuchi H, Ozawa S, Shih CH, Ando N, Kitagawa Y, Ueda M
and Kitajima M: Loss of p16™&4 expression is associated with
vascular endothelial growth factor expression in squamous cell
carcinoma of the esophagus. Int J Cancer 109: 483-490, 2004.
Claudio PP, Stiegler P, Howard CM, et al: RB2/p130 gene-
enhanced expression down-regulates vascular endothelial growth
factor expression and inhibits angiogenesis in vivo. Cancer Res 61:
462-468,2001.

Kim MS, Kwon HJ, Lee YM, et al: Histone deacetylases induce
angiogenesis by negative regulation of tumor suppressor genes.
Nat Med 7: 437-443,2001.

Yang QC, Zeng BF, Shi ZM, et al: Inhibition of hypoxia-induced
angiogenesis by trichostatin A via suppression of HIF-1a activity
in human osteosarcoma. J Exp Clin Cancer Res 25: 593-599,
2006.

Kong X, Lin Z, Liang D, Fath D, Sang N and Caro J: Histone
deacetylase inhibitors induce VHL and ubiquitin-independent
proteasomal degradation of hypoxia-inducible factor 1a. Mol Cell
Biol 26: 2019-2028, 2006.


https://www.spandidos-publications.com/10.3892/mmr.1.4.465

