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Abstract. Valproic acid (VPA) is an established drug in the
long-term therapy of epilepsy. Recently, VPA has demonstrated
antitumor activity as a histone deacetylase (HDAC) inhibitor.
In this study, the anticancer properties of VPA on neural crest-
derived human tumor cell lines G361 melanoma, US7TMG
glioblastoma and SKNMC Askin tumor cells were investigated.
The effect of VPA on cell growth, apoptotic activity and invasive
ability were evaluated. Firstly, VPA induced cell growth
inhibition and apoptotic activity, as demonstrated by
sulforhodamine B protein assay, annexin V assay and by
Western blot analysis for Bcl2 and Bax expression levels, in all
three cell lines. In addition, VPA led to a decrease of HDAC-1
protein level, as assessed by Western blot analysis. Treatment
with VPA caused a decrease in the invasive ability of all three
cell lines. Since the invasion process involves a complex system
of tightly regulated proteases, matrix metalloproteinases
(MMPs) and their tissue-specific inhibitors (TIMPs), the effect
of VPA on MMP and TIMP expressions was analysed. Exposure
to VPA resulted in a decrease of MMP2 and MMP9 activity and
expression level, as assesssed by gelatin zymography and
Western blot analysis. In addition, exposure to VPA led to
enhanced expression of TIMPI, as assessed by Western blot.
Taken together, our results, besides providing further evidence
that VPA may represent a promising therapeutic strategy in
cancer treatment, may help in the design of new protocols
geared at the treatment of neural crest-derived tumors.

Among anticancer drugs collectively named ‘targeted or
molecular therapies’, epigenetic drugs are candidates for potent
new drugs in cancer therapy. Differently from other agents
targeting a single gene product, epigenetic drugs have chromatin
as their target. Histone acetyltransferase and histone deacetylase
(HDAC) determine the acetylation status of histones and are
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therefore considered as key elements in the dynamic regulation
of gene expression (1-3). Since the recruitment of HDAC leads
to transcriptional repression, inhibitors of this enzymatic activity
can reverse aberrant repression in cancer cells and lead to re-
expression of epigenetically silenced genes involved in growth
and differentiation processes. Therefore, HDAC inhibitors are
considered as candidate drugs in cancer therapy (4-6). The
effectiveness of these enzyme inhibitors has been established by
many in vitro and in vivo experiments on a variety of tumor
types (7-9). We demonstrated previously that valproic acid
(VPA) and other short-chain fatty acids, as HDAC inhibitors,
can arrest cell growth and induce differentiation in human
neuroblastoma cells (10). The effectiveness of HDAC inhibitors,
expecially VPA, in neuroblastoma cells, prompted us to
investigate the anticancer activity of VPA in other neural crest-
derived malignancies, such as glioblastoma, melanoma and
Askin tumor. The extremely poor prognosis of patients affected
by these highly chemoresistant tumors has not significantly
improved in recent decades, therefore new approaches in
therapeutic regimens are mandatory. In this study, we
investigated the effect of VPA on cell proliferation, apoptotic
activity and invasive ability in glioblastoma (U87MG),
melanoma (G361) and Askin (SKNMC) tumor cells.

Materials and Methods

Cell culture and treatment. U§TMG human glioblastoma and G361
human melanoma cells, obtained from Interlab Cell Line Collection
(Genoa, Italy), and SKNMC Askin tumor cells, purchased from the
American Type Culture Collection (Rockville, USA) were maintained
in RPMI (Sigma, USA), supplemented with 10% fetal bovine serum
(FBS), 2 mM glutamine, 50 U/ml penicillin and 50 pg/ml
streptomycin and grown at 37°C in a humidified air with 5% CO,.
VPA (Sigma) was dissolved in the culture medium just before use to
obtain final concentrations in the range of 0.5-2.0 mM.

Sulforhodamine (SRB) assay. The SRB assay is based on the ability
of SRB dye to bind protein basic amino acid residues. The amount of
dye incorporated by the cells indicates the cell number. Cells were
plated in 96-well plates (100 pl/well) and treated with VPA in the
range 0.5-2.0 mM for 1, 4 and 6 days. At the end of treatment, cell
culture medium was removed and RPMI was added (50 ul/well).
Cells were fixed using 25 pl/well 50% aqueous trichloroacetic acid
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for 1 h at 4°C, rinsed with water several times and incubated with
50 pl/well sulforhodamine B solution (0.4%) (Sigma) for 30 min.
After rinsing with 1% acetic acid and solubilizing in 10 mM Tris for
5 min, the absorbance of each well was measured in a microplate
reader (Bio-Rad, Hercules, CA, USA) at 570 nm. The results were
expressed as a percentage of that of the controls (untreated cells).

MTT assay. The effect of VPA on cell viability was also evaluated
by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay (11).

Annexin V apoptosis detection assay. Experiments were performed
on cells seeded in 6-well plates with slides, at a density of 8x104
cells/well, treated for one day with VPA in the range 0.5-1.0 mM.
Samples were prepared using 0.5 pg of Annexin V FITC (Bender
MedSystems, Austria) for 15 min at the dark. After incubation, the
cells were fixed with paraformaldehyde at 4°C for 30 min and
marked with 10 pl (1 pg/ml) of propidium iodide per 100 ul assay
buffer. After washing with phosphate-buffered saline (PBS) and
water, samples were observed under fluorescence microscope using
a dual filter set for FITC and rhodamine. Apoptosis was evaluated
by counting FITC-labelled cells in five random fields and expressed
as percentage of total cell number in comparison to untreated cells.

Zymography. MMP2 and MMP9 activity was determined by gelatin
zymography (12). Cells were seeded and after 18 h were placed in
serum-free medium (RPMI) with VPA at 1 or 2 mM, or not (control)
for 24 h. After centrifugation (300 x g for 10 min), the supernatant
was separated and protein concentration determined using 10 ug per
lane, with sample buffer (Tris-HCl 1 M, pH 6.8, sodium dodecyl
sulphate (SDS) 2%, glycerol 10%, applied to 10% SDS-
polyacrylamide gel containing 1 mg/ml gelatin (Sigma). After
electrophoresis, SDS was removed from the gel by washing twice with
2.5% Triton X-100 for 1 h. After a brief rinse, the gel was incubated at
37°C for 18 h in buffer at pH 7.6, containing 100 mM Tris-HCI, 10
mM CaCl,, 20 mM NaCl. The gel was stained with 1% Coomassie
Brilliant Blue R250 for 2 h and then treated with destaining solution
(40% methanol, 10% acetic acid, 50% distilled water). The MMP
activities, indicated by clear bands of gelatin digestion on a blue
background, were quantified by using densitometric image analysis
software (Image Master VDS; Pharmacia Biotech, Uppsala, Sweden).

Western blot analysis. To determine HDAC-1, MMP2, MMP9, TIMP1,
TIMP2, Bax and Bcl2 protein levels, the cells were plated and treated
with VPA as described above for zymography. The cells were detached
and were collected by centrifugation at 300 x g for 10 min and pellets
were resuspended in lysis buffer (20 mM Tris-HCI, pH 7.5, 0.5 mM
EDTA, 0.5% Triton X-100, 5 uM Na3VO,) and sonicated on ice in the
presence of protease inhibitors. Protein concentration was determined
by the method of Lowry (13). Cell lysates (50 pg of protein per lane)
were size fractioned in 10% SDS-polyacrylamide gel, prior to transfer
to Hybond TM-C Extra membranes (GE Healthcare, UK) by standard
protocols. Membranes were blocked for 2 h with 5% milk in transfer
buffer saline (TBS) at RT. The membranes were incubated overnight at
4°C with anti-HDAC-1 (Epigentek, USA), anti-MMP2, anti-MMP9,
anti-TIMP1, anti-TIMP2 (all Santa Cruz Biotechnology, USA), anti-
Bax or anti-Bcl2 (Sigma) primary antibody dissolved in TBS-5% milk.
The membranes were washed twice with TBS-5% milk and were
incubated for 1 h with the respective peroxidase-conjugated antibodies.
The primary antibodies were diluted 1:500 and the antirabbit
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Figure 1. Effect of VPA (mM) on HDAC-1 protein levels, as assessed by
Western blot in cell lysates of G361, SKNMC and US87MG cells after 24 h
of treatment. Densitometric data are expressed as the percentage of treated
samples with respect to control (CTR). Each bar represents the mean
(+SEM) of three independent experiments; *p<0.05 compared to control.

peroxidase-conjugated antibody was diluted 1:1000 with 5% milk in
TBS-1% Tween. The proteins were detected by luminol (GE
Healthcare, UK). Bands were quantified by using a densitometric
images analysis software (Image Master VDS). The amount of protein
in each lane was the same, as confirmed by loading with actin (Sigma).

Invasion assay. Invasion of cells into Matrigel was determined using
Boyden chambers (NTG, Italy) with polycarbonate membrane, 8.0-
um pore size (NTG). The filter was coated with 12.5 ug of Matrigel
(Sigma). After 2 h, cells treated or not with VPA (1.0-2.0 mM) for
24 h, were seeded into the upper part of each chamber (4x105
cell/well in 800 pl in serum-free RPMI). In the lower part, 200 ul
RPMI with 10% FBS were added as chemoattractant. After
incubation for 8 h at 37°C, non-migratory cells on the upper surface
of the filter were wiped with a cotton swab, while cells migrated on
the lower surface of the filter were fixed and stained with toluidine
blue. The invasion activity was evaluated by counting cells in five
random fields using microscopy at x100 magnification.

Statistical analysis. Data were expressed as the mean (+SEM).
Differences were analyzed by Student’s #-test and considered statically
significant at p<0.05 between the control and experimental samples.

Results

Western blot analysis revealed that treatment with VPA led to a
decrease in HDAC-1 expression level: this decrease was dose
dependent and occurred in all treated cell lines (Figure 1). The
effect of VPA on G361, SKNMC and U887MG cell growth, as
measured by SRB assay, is shown in Figure 2. VPA
dramatically inhibited cell proliferation in all three cell lines.
These data were confirmed by MTT assay (data not reported).
Growth inhibition was accompanied by changes indicating that
cells underwent apoptosis: Annexin V staining showed an
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Figure 2. Effect of different doses (mM) of VPA on G361 (A), SKNMC (B)
and US7MG (C) cell growth as assessed by SRB assay with respect to the
control (100%). Each bar represents the mean (+SEM) of six replicate
cultures from three independent experiments; *p<0.05 compared to control.

increased rate of apoptosis in cells treated with VPA, ever at low
concentration (0.5 mM), in all three cell lines with respect to
the controls (Figure 3). Since Bcl2 overexpression and Bax
underexpression have been demonstrated in many cancer cells,
where their modulation is indicative of apoptosis, we evaluated
the effect of VPA on these factors. Western blotting analysis
demonstrated that exposure to VPA modified the basal level of
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Figure 3. Apoptosis induction after 24 h exposure to VPA (mM) in G361,
SKNMC and US7MG cells as assessed by annexin V assay. Apoptosis
was evaluated by counting FITC-labeled cells in at least five random
fields expressed as percentage of total cells. CTR: Untreated cells. Each
bar represents the mean (+SEM) of four experiments, performed in
duplicate; *p<0.05, **p<0.01 compared to control.
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Figure 4. Western blot analysis of Bcl2 and Bax protein level in G361,
SKNMC and US87MG cells after 24 h exposure to VPA (mM).
Densitometric data are expressed as the percentage of treated samples
with respect to the control (CTR). Each bar represents the mean (+SEM)
of three independent experiments; *p<0.05 compared to control.
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Figure 5. Matrigel invasion assay on G361, SKNMC and US7MG cell lines after 24 h treatment with VPA (mM). Cells migrated through the matrigel-
coated membranes were fixed, stained, photographed and counted under light microscopy; bar: 200 um. Densitometric data are expressed as the
percentage of treated samples with respect to control (100%). Each bar represents the mean (+SEM) of three experiments, performed in duplicate;

*p<0.05 compared to control.

these proteins: a significative dose-dependent increase of Bax
expression and a concurrent significant dose-dependent decrease
of Bcl2 occurred after VPA treatment in G361, SKNMC and
U8TMG cells (Figure 4). Invasion Matrigel assay was
performed in order to determine the ability of VPA to inhibit
tissue invasion (Figure 5). Our results showed that treatment
with VPA was followed by a decrease in the invasive activity in
all the three cell lines, expecially in G361 melanoma cells where
2.0 mM VPA caused a 50% reduction in the migrating cells
with respect to the controls. As invasiveness is mediated by the
effect of MMP, and in particular by MMP2 and MMP9, we
measured the activity of these two gelatinases. As detected by
gelatin zymography, a decrease in gelatinolytic activity of
MMP2 and MMP9 was observed after exposure to VPA in all
three cell lines (Figure 6). Furthermore, the expressions of
MMP2 and MMP9 in VPA-treated cells were reduced with
respect to controls, as shown by Western blot analysis (Figure
7). In order to determine whether the exerted effect of VPA on
MMPs was accompanied by an effect on TIMPs, we analysed
TIMP1 and TIMP2 expression level by Western blotting. As
shown in Figure 8, treatment with VPA produced an increase of
TIMP1 expression level in all three cell lines, while it did not
modify the basal level of TIMP2 (data not shown).

Discussion

Epigenetic therapy represents a novel and alternative therapeutic
approach in the treatment of cancer. Among epigenetic drugs,
inhibitors of HDAC have shown biological activity in several
studies on different tumors (4, 7, 8). HDAC inhibitors can
suppress the activity of multiple HDACs, leading to an increase
in histone acetylation. Histone acetylation can induce an
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enhancement of gene expression that elicits extensive cellular
morphological and metabolic changes, such as growth arrest and
differentiation in cancer cells, both in vivo and in vitro (14-16).
We reported previously that short-chain fatty acid HDAC
inhibitors, such as valproic acid, tributyrin and sodium butyrate,
induced differentiation and growth inhibition in neuroblastoma
cells, involving the cyclin-dependent kinase inhibitor
pZIWAF” CIP1 in their mechanism of action (10). These results
prompted us to investigate the anticancer activity of VPA in
other neural crest-derived human malignancies. In the current
investigation, we firstly evaluated the effect of VPA in inducing
growth arrest in G361 melanoma, US§7MG glioblastoma and
SKNMC Askin tumor cells. In all three cell lines, treatment
with VPA caused a pronounced dose dependent growth
inhibition. This effect was accompanied by a proapoptotic
action. During apoptosis, the exposure of phosphatidylserine
(PS) residues at the outer plasma membrane has been
demonstrated to occur early in the apoptotic process, preceding
the loss of plasma membrane integrity and DNA fragmentation
(17). Treatment with VPA increased PS exposure, as detected
by Annexin V assay, in all three cell lines. The induction of
apoptosis was confirmed by modulation of pro- and anti-
apoptotic factors, Bax and Bcl2 respectively. In particular, we
found that exposure to VPA enhanced the expression level of
Bax, whereas it induced down-regulation of Bcl2. Our
observation that VPA induced proapoptotic activity and
modulated apoptosis-related proteins is consistent with a
previously demonstrated role for VPA and other HDAC
inhibitors in affecting apoptotic pathways in cancer cells (18-
20). Invasion of tumor cells into normal tissue involves the
interaction of tumor cells with extracellular matrix and
surrounding cells, and their ability to secrete matrix-degrading
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Figure 6. Effect of VPA (mM) on MMP2 and MMP9 activity of G361,
SKNMC and U87MG cell, as assessed by zymography after 24 h of
treatment. Gelatin zymogram showed the MMP9 (91 kDa) and MMP2
(72 kDa) activity in serum-free conditioned media. Densitometric data
are expressed as the percentage that of treated samples with respect to
control (CTR). Each bar represents the mean (+SEM) of three
independent experiments; *p<0.05 compared to control.

proteases. Several models have been used to study migration
and invasiveness in cancer cells, the most widely used being the
Matrigel invasion assay. By using this test, we found that VPA
led to a dose-dependent decrease in cell migration in all three
cell lines, confirming the effectiveness of HDAC inhibitors at
reducing the invasive capacity (21). Since cell invasion involves
a complex system of tightly regulated proteases, the MMPs, and
their specific inhibitors, TIMPs, we analyzed the effect of VPA
on expression and activity of these proteins. In all three cell
lines, we found that exposure to VPA resulted in a decrease of
MMP2 and MMP9 expression and lytic activity, as
demonstrated by Western blotting and zymography. In addition,
exposure to VPA led to enhanced expression of TIMP1. These
results are consistent with a previously demonstrated role for
other HDAC inhibitors in inhibiting the in vitro migration of
cancer cells by concomitantly down-regulating protein level and
activity of MMPs and up-regulation of TIMP protein levels

1207 J CTR 3 VPA 1.0 [l VPA 2.0
S 1004 — —
o 804
o
3 60-
g2
= 404
=
® 207

0

G361 SKNMC UB7MG

1204
§ 100] - — -
e 807
o
3 604
o™
S 40-
s
® 207

G361 SKNMC Us7TMG
G361 SKNMC Us7TMG

CTR VPA1 VPA2 CTR VPA1 VPA2Z CTR VPA1 VPA2

WP [ w w— S e -
v N e o (D

ACHT- — — — o — — — —

Figure 7. Effect of VPA (mM) on MMP9 and MMP?2 protein levels as
assessed by Western blot of cell lysates of G361, SKNMC and US7MG
cells, after 24 h of treatment. Densitometric data are expressed as the
percentage that of treated samples with respect to control (CTR). Each
bar represents the mean (+SEM) of three independent experiments;
*p<0.05 compared to control.

(22). Furthermore, as HDAC inhibitors function by inhibiting
histone deacetylases, we analyzed the effect of VPA on these
protein levels by Western blot assay: we found that VPA
inhibited class I HDAC, a result in agreement with a previous
study (16). Several HDAC inhibitors are currently in phase I and
phase II clinical trials as cancer therapeutics, however, the use of
some of the established HDAC inhibitors is limited by their
toxicity (23, 24). In contrast with other HDAC inhibitors, VPA
is a clinically well-characterized and well-tolerated drug, and
its toxicological and pharmacological profiles have been well
studied both in adults and in children (25). Collectively, our
findings demonstrate the effectiveness of VPA in down-
modulating the malignant phenotype of neural crest-derived
cancer cells in different ways, including the inhibition of
growth, the induction of apoptosis and a reduction in the
invasive and metastatic potential, suggesting a role for VPA in
the treatment of neural crest-derived tumors.
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Figure 8. Effect of VPA (mM) on TIMPI protein levels as assessed by
Western blot of cell lysates of G361, SKNMC and US7MG cells after
24 h of treatment. Densitometric data are expressed as the percentage
that of treated samples with respect to control (CTR). Each bar
represents the mean (+SEM) of three independent experiments; *p<0.05
compared to control.
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