
Cancer Sci |  June 2008 | vol. 99 | no. 6 | 1218–1226 doi: 10.1111/j.1349-7006.2008.00793.x
© 2008 Japanese Cancer Association

Blackwell Publishing Asia

Valproic acid resensitizes cisplatin-resistant ovarian 
cancer cells
Ching-Tai Lin,1,4 Hung-Cheng Lai,2 Hsin-Yi Lee,2 Wei-Hsin Lin,1 Cheng-Chang Chang,2 Tang-Yuan Chu,2 Ya-Wen Lin,2 
Kuan-Der Lee3 and Mu-Hsien Yu2,4

1Department of Medical Research, Chang Gung Memorial Hospital, Chiayi 613; 2Department of Obstetrics and Gynecology, Tri-Service General Hospital, Taipei 
114; 3Chang Gung University College of Medicine, and Chang Gung Institute of Technology, Tao-Yuan 259; Department of Hematology and Oncology, Chang 
Gung Memorial Hospital, Chiayi 613, Taiwan

(Received November 5, 2007/Revised January 17, 2008/Accepted January 31, 2008/Online publication April 21, 2008)

Although certain inhibitors of histone deacetylases have been
shown to induce cytotoxicity alone or in combination with
chemotherapeutic agents in cancer cells, the molecular mechanism
is not clear. The goal of the present study was to determine whether
the antiseizure drug valproic acid (2-propylpentanoic acid; VPA),
which is also able to inhibit histone deacetylase, exhibits synergistic
cytotoxicity with cisplatin, and the possible pathways for this. Our
results clearly show that VPA not only exhibits synergistic cytotoxicity
with cisplatin in all of the ovarian carcinoma cells tested, but also
can resensitize the cells that have acquired resistance to cisplatin.
Consistent with the increased cytotoxicity, cotreatment with VPA was
shown to upregulate the cisplatin-mediated DNA damage revealed
by phosphorylation of ataxia telangiectasia mutation and histone
H2AX. Reactive oxygen species accumulation and tumor suppressor
phosphatase and tensin homolog (PTEN) overexpression, which
could contribute to the enhanced cytotoxicity, were also observed to be
upregulated by VPA. Because PTEN knockdown by small inter-
ference RNA or antioxidant treatment can reduce cisplatin-mediated
cytotoxicity, it is suggested that upregulation of PTEN and reactive
oxygen species by VPA contributes to the enhancement of cisplatin-
mediated cytotoxicity. These results with resensitization of cisplatin-
resistant cells particularly may provide benefits in the treatment of
ovarian cancer patients. (Cancer Sci 2008; 99: 1218–1226)

P latinum-based chemotherapy is a standard, widely used
treatment for ovarian cancer.(1) Despite its great efficacy

with an initial response rate of near 80%,(1) the 5-year survival
of advanced-stage ovarian cancers remains at a low rate,
primarily due to the rapid development of resistance. Multiple
mechanisms have been described for the ability of cancer cells
to become resistant to cisplatin, including reduced accumulation
of the drug,(2) increased levels of glutathione(3) and metallothionein,(4)

enhanced DNA repair,(5) and alterations in apoptosis.(6) In addition,
loss of expression of DNA mismatch repair elements (e.g. the
MutLα-mismatch repair complex with hMLH1 and hPMS2
subunits) has been reported to lead to acquired resistance to
cisplatin in ovarian and breast cancer cells.(7,8) Until now, no
specific treatment has been reported to reduce the resistance of
cisplatin during cancer therapy.

Gene silencing associated with tumorigenesis and drug
resistance has recently been an area of intense investigation
because of the advanced understanding in the correlation
between chromatin structure and gene expression.(9) Studies
have shown that gene silencing is often correlated with
hypoacetylation of histone proteins through the aberrant actions
of histone deacetylase (HDAC) enzymes. Given the close correlation
between oncogenesis and the transcriptional silencing of certain
genes due to the hypoacetylation of histones, inhibitors of
HDAC (HDACi) that can modulate chromatin dynamics were
tested as a potentially new class of anticancer agent.(10) Recently,
a number of studies have shown that the action of HDACi on the

reexpression of certain silenced genes can result in cellular
changes, including cell cycle arrest,(11) DNA repair and damage
assessment,(12) and apoptosis.(13)

It was previously shown that hyperacetylation of histones by
the HDACi suberoylanilide hydroxamic acid leads to chromatin
decondensation, and the chromatin decondensation was shown
to associate with a higher degree of DNA damage mediated by
Topo II poison in a sequence-specific manner.(14) Similar observations
and conclusions have also been reported by another study.(15)

Although these studies highlight important benefits for the clinical
development of HDACi, the mechanism of the enhancement of
cytotoxicity with certain DNA-damaging agents is still not quite
clear. In addition to the suggestion of the reexpression of certain
apoptotic genes due to HDACi-induced chromatin decondensa-
tion mediated by the hyperacetylation of histone proteins, it has
been shown that reactive oxygen species (ROS) accumulation
and glutathione reduction are critical to the cytotoxicity induced
by cisplatin(3,16) and HDACi.(17,18) Moreover, it has not been
shown that HADCi are able to resensitize the cancer cells that
have acquired resistance to chemotherapeutic agents.

It has been shown that activation of phosphoinositol 3-kinase
(PI-3K)–Akt machinery by the reduction of tumor suppressor
phosphatase and tensin homolog (PTEN) contributes to cisplatin
resistance in OVCAR-3 ovarian cancer cells, and inhibition of
PI-3K sensitizes cells to cisplatin treatment.(19) PTEN is a tumor
suppressor gene encoding a phosphatase that negatively regulates
cell survival mediated by the PI-3K–Akt pathway.(20) Therefore,
upregulation of PTEN levels could decrease the survival signals
and augment the cytotoxicity induced by DNA-damaging
agents. Moreover, inactivation of Akt and Erk1/2 is suggested to
play a primary role in the synergistic apoptosis induced by
coadministration of HDACi and perifosine or estradiol metabolite
2-medroxyestradiol.(21,22)

Here, we expanded the studies of HDACi to evaluate the
effects of the antiseizure drug valproic acid (2-propylpentanoic
acid; VPA) on cisplatin-mediated cytotoxicity. VPA has been
used clinically for a long time to treat seizures and was recently
shown to possess HDACi activity. The effects of VPA on synergistic
killing with cisplatin were evaluated in various ovarian cancer
cell lines, especially cells that were acquired resistance to cisplatin.
Our results show that upregulation of ROS production and PTEN
protein levels caused by the action of VPA may contribute to the
synergistic killing induced by cisplatin-mediated DNA damage.

Materials and Methods

Cell lines. The human ovarian cancer cell lines SK-OV-3,
OVCAR-3, and TOV-21G were obtained from American Type
Culture Collection (Manassas, VA, USA). Cell lines A2780 and
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A2780/cp70 were obtained from Dr Tim Huang’s lab (Ohio
State University, Columbus, OH, USA). Cells were maintained
at 37°C (5% CO2/air atmosphere) in RPMI-1640 (Gibco,
Rockville, MD, USA) containing 10% heat-inactivated fetal
bovine serum. A2780-hMLH1+ and A2780-hMLH1– were sub-
cloned from A2780 cells by limiting dilution.

Cytotoxic agents and chemical reagents. Cisplatin, calboplatin,
paclitaxel, topotecan, the HDACi trichostatin A (TSA) and VPA,
and N-acetyl-cysteine (NAC) were purchased from Sigma (St
Louis, MO, USA).

Measurement of growth inhibition and cytotoxicity. The cells
were plated at 5 × 103 cells/96-well plate, 1 day before drug treatment,
and then cotreated with cisplatin, paclitaxel, or topotecan and
TSA or VPA for 24 h. After washing, the cells were incubated
with fresh medium for 72 h and then stained with CellTiter 96
Aqueous One Solution Reagent (Promega), which contains a
novel tetrazolium compound (3-[4,5-dimethylthiazol-2-yl]-5-[3-
carboxymethoxyphenyl]-2-[4-sulfophenyl]-2H-tetrazolium, inner
salt; MTS) and an electron-coupling reagent (phenazine ethosulfate).
To measure the amount of soluble formazan produced by
the cellular reduction of MTS, the absorbance was recorded
at 490 nM using a 96-well plate reader. Each reaction was
assayed at least three times. The results were expressed as the
ratio of cytotoxicity to the concentration of cisplatin, paclitaxel,
or topotecan as a percentage of one minus MTS reduction in
treated samples compared with untreated samples for the drug
alone, or compared with TSA- or VPA-treated samples for
TSA or VPA plus cisplatin-treated samples.

To measure the cytotoxicity directly, the cells grown on six-well
tissue culture plates were cotreated with cisplatin and TSA or
VPA for 24 h in 2 mL medium supplemented with 10% fetal
bovine serum. The cells were then trypsinized and replated to
grow for 10 days to observe the surviving colonies.

Cytological immunostaining of hMLH1, hMSH2, hMSH6, and
phosphorylated ataxia telangiectasia mutation (ATM)  and histone
H2AX proteins. Cells were grown on glass coverslips overnight and
then fixed with the 50% acetone–50% methanol solution and
washed with phosphate-buffered saline (PBS). Immunostaining was
carried out in accordance with the manufacturer’s instructions
(K0672, LSABII System-HRP, Dako, Carpinteria, CA, USA).
The fixed cells were incubated for 30 min at room temperature
with antibodies against human hMLH1 (monoclonal antibody
[mAb] G168-15; PharMingen, USA), hMSH2 (mAb clone 27;
Transduction Laboratories, USA), hMSH6/GTBP (mAb clone
44; Transduction Laboratories), phosphorylated-ATM (mAb
10H11.E12; Calbiochem, USA), or γH2AX (Calbiochem)
diluted 1:50. Immunoreactivity was detected using a two-step
peroxidase detection system (Dako). For immunofluorescence
staining analysis, rhodamine red- or cy3-conjugated antimouse,
antirabbit, or antigoat IgG (Jackson ImmunoResearch Laboratory,
USA) was used. Staining was evaluated under a microscope after
hematoxylin counterstaining.

Western blotting. Cell extracts were prepared in lysis buffer
(50 mM HEPES [pH 7.6], 0.5% sodium dodecylsulfate, 1%
sodium deoxycholate, and 5 mM ethylenediaminetetraacetic
acid) containing a cocktail of protease inhibitors (Sigma).
Protein samples before and after immunoprecipitation were
separated by 7% sodium dodecylsulfate–polyacrylamide gel
electrophoresis and electroblotted to polyvinylidene fluoride
membranes (Amersham). Antibodies against acetylated histone
H4 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), PTEN
(Cell Signaling, USA) and actin (l-19; Santa Cruz Biotechnology)
were used for western blotting. Secondary antibodies
conjugated with horseradish peroxidase (Sigma) and enhanced
chemiluminescence agents (Amersham) were used for detection.

Measurement of ROS production. Cells were incubated with
20 µM 2′,7′-dichlorofluorescein diacetate (Sigma) for 15 min at
37°C,(23) after treatment with cisplatin, VPA, or cisplatin plus

VPA for 24 h. The cells were then washed once with 0.1%
azide in PBS, tripsinized, and fixed with 2% paraformalde-
hyde (Sigma) in PBS. The green fluorescence of oxidized
2′,7′-dichlorofluorescein was observed under a fluorescence
microscope or measured at an excitation wavelength of 480 nm
and an emission wavelength of 525 nm using a FACS Vantage
cell sorter (Becton Dickinson, Mountain View, CA, USA).

To test whether ROS production was responsible for cell
death, the cells were pretreated with a scavenger of ROS,
30 mM NAC, for 30 min prior to the addition of cisplatin or cis-
platin plus VPA for 24 h. After washing, the cells were cultured
for another 72 h before testing the cytotoxicity by MTS assay.

RNA interference. Cells were seeded in 100 × 20 mm culture
dishes with complete RPMI-1640 medium supplemented with
10% fetal bovine serum 24 h prior to transfection. Small
interference double-strand RNA (siRNA) against the PTEN
gene was purchased from Cell Signaling and Ambion, and
siRNA constructs were introduced into cells using Lipofectomine
(Cell Signaling) according to the manufacturer’s instructions.
Transfected cells were cultured for 48 h prior to undergoing the
experiments detecting PTEN protein level and cisplatin- and
cisplatin plus VPA-induced cell killing.

Results

Synergistic killing effects of cotreatment with VPA and cisplatin in
ovarian cancer cells. To test whether VPA, which was shown to
inhibit HDAC,(24,25) could result in synergistic cytotoxicity with
cisplatin in ovarian cancer cells, cell lines with various sensitivities
to cisplatin (Fig. 1a) were cotreated with VPA and cisplatin.
Surprisingly, significant populations (more than 40%) of A2780
cells were observed to lose hMLH1 expression by immunostaining
(Fig. 1a). The lost gene expression in the parental A2780 cells was
restricted to hMLH1 as hMSH2 and hMSH6 were expressed
normally (data not shown). For obtaining homogeneous
population hMLH1 expression, parental A2780 cells were
subcloned by limiting dilution. The expression of hMLH1
in a total of 60 sub-cloned cells was determined by
immunostaining (data not shown), and two clones named
A2780-4 (hMLH1+) and A2780-12 (hMLH1–) were chosen for
further study (Fig. 1b,c). The concentrations of cisplatin that
lead to 50% inhibition of cell proliferation (i.e. the IC50) in the
ovarian cancer cells shown in Figure 1a were A2780-4
(hMLH1+; 0.25 µM), A2780-12 (hMLH1–; 1.25 µM), SKOV-3
(1.3 µM), OVCAR-3 (2.8 µM), TOV-21G (1 µM), SKOV-3R
(2.5 µM), and A2780/cp70 (5 µM). Consistent with results
shown in other studies,(15,26) the cisplatin-mediated growth inhibition
and cell killing measured by clonogenic assays (data not
shown) were enhanced by cotreatment with the near-non-
toxic dose of VPA (0.6 mM) in all of the tested cells, including
A2780-4 (hMLH1+) (Fig. 1b), which were the most sensitive to
cisplatin (Fig. 1a), A2780-12 (hMLH1–) (Fig. 1c), and SKOV-3
(hMLH1–) (Fig. 1d), which were more resistant to cisplatin
(Fig. 1a). The lost expression of hMLH1 in A2780-12 and SKOV-3
cells was not restored by VPA treatment (data not shown). Similarly,
as shown in Figure 1e,f, the cisplatin-mediated cytotoxicity enhanced
by VPA was also observed in the other ovarian cancer cells,
which were also more resistant to cisplatin than the A2780-4
cells. These results clearly suggest that VPA can enhance the
cisplatin-mediated cell killing in ovarian cancer cells, including
in cells that are intrinsically resistant to cisplatin due to lost
expression of the mismatch repair gene hMLH1 (Fig. 1b–f).

To further determine whether VPA could also enhance
cisplatin-mediated cytotoxicity in cancer cells that had acquired
resistance to cisplatin, SKOV-3R cells derived from human
ovarian cancer SKOV-3 cells, which were treated with 2.5 µM
cisplatin for more than 6 months, and cisplatin-resistant A2780/
cp70 cells derived from A2780 cells that were obtained from Dr
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Tim Huang were used for the studies. The relative resistance
ratios of SKOV-3R to SKOV-3 and A2780/cp70 to A2780-4
cells were 2 and 20, respectively (Fig. 1a). As shown in
Figure 2a, cisplatin-mediated cell killing in both SKOV-3R and
A2780/cp70 cells was also shown to be enhanced by the
near-non-toxic dose (0.6 mM) of VPA (Fig. 2b). In summary,
these data show that the near-non-toxic dose of VPA can
enhance cisplatin-mediated cytotoxicity in ovarian cancer cells
no matter whether they have intrinsic (Fig. 1) or acquired
(Fig. 2) resistance to cisplatin.

To further demonstrate the effects of combining cisplatin and
VPA, the combination index (CI) was determined using the
simplified index-isobologram method based on the median principle
developed by Chou and Talalay.(27) The CI were calculated as:

CI = CA,50/ IC50,A + CB,50/ IC50,B,

CA,50 and CB,50 were the concentrations of drugs A and B used in
combination to achieve 50% of the drug effect, and IC50,A and
IC50,B were the IC50 of the single agents A and B. A CI equal to
1 indicates an additive effect; CI < 1 indicates synergy by the
combination of two drugs; and CI > 1 indicates antagonism. For

SKOV-3 cells, the IC50 of cisplatin was 1.25 µM (Fig. 1a) and
the IC50 of VPA was 21 mM (Fig. 2b). The combination of 0.625 µM
cisplatin and 2 mM VPA resulted in 50% cytotoxicity. Therefore:

CI = 0.625/1.25 + 2/21 = 0.60.

For SKOV-3R cells, the IC50 of cisplatin was 2.5 µM (Fig. 1a) and
the IC50 of VPA was 17.5 mM (Fig. 2b). The combination of 1.25 µM
cisplatin and 2 mM VPA resulted in 50% cytotoxicity. Therefore:

CI = 1.25/2.5 + 2/17.5 = 0.61.

Similar results were observed in three independent experiments
with P < 0.03. Therefore, these results clearly show that VPA
exhibits synergistic cytotoxicity with cisplatin in ovarian cancer
cells that have either intrinsic or acquired resistance to cisplatin.

To determine whether this enhancement of cytotoxicity by cotreat-
ment with VPA was specific to cisplatin, ovarian cancer cells were
cotreated with VPA and topotecan (Hycamtin) or paclitaxel (Phyxol)
that are also common chemotherapeutic drugs for ovarian cancer.
Whereas VPA exhibits synergistic cytotoxicity with cisplatin, VPA
does not show the enhanced effect of cell killing in SKOV-3
and SKOV-3R cells with topotecan and paclitaxel (Fig. 3),

Fig. 1. Treatment of valproic acid (VPA)
enhances cisplatin-mediated cytotoxicity. (a)
Concentrations of cisplatin that lead to 50%
inhibition of cell proliferation (i.e. the IC50) in
ovarian cancer cells used for studies are A2780-4
(hMLH1+; 0.25 µM), A2780-12 (hMLH1–; 1.25 µM),
SKOV-3 (hMLH1–; 1.3 µM), OVCAR-3 (2.8 µM),
TOV-21G (1 µM), SKOV-3R (2.5 µM), and
A2780/cp70 (5 µM). (b–f) Evaluation of the
cytotoxicity by 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) assays in all of the ovarian
cancer cells was carried out under 24 h treatment
with VPA and different concentrations of
cisplatin as indicated. The solid lines indicate
treatment with cisplatin alone, and the dotted
lines show cotreatment with VPA and cisplatin.
The results presented are the average and
standard error of three independent experiments.
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Fig. 2. Valproic acid (VPA) exhibits synergistic
cytotoxicity with cisplatin in ovarian cancer cells
that have acquired resiatance to cisplatin. (a)
Evaluation of cytotoxicity by 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) assays was carried out
for 24 h in A2780/cp70 cells or 72 h in SKOV-3R
cells by treatment with VPA and various
concentrations of cisplatin. The solid lines
indicate treatment with cisplatin alone, and the
dotted lines indicate cotreatment with VPA and
cisplatin. (b) Concentrations of VPA that lead to
50% inhibition of cell proliferation (i.e. the IC50)
in ovarian cancer cells used for studies are SKOV-
3 (21 mM) and SKOV-3R (17.5 mM). The results
presented are the average and standard error of
three independent experiments.

Fig. 3. Valproic acid (VPA) does not exhibit
synergistic cytotoxicity with paclitaxel and
topotecan in the ovarian cancer cells. Evaluation
of cytotoxicity by 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) assays was carried out in
SKOV-3 and SKOV-3R cells by treatment with
VPA and various concentrations of (a) topotecan
and (b) paclitaxel. The results presented are
the average and standard error of three
independent experiments.
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Valproic acid upregulates the reduced expression of PTEN in
cisplatin-resistant cells. To determine the possible pathways of
synergistic killing induced by VPA, we chose to measure the
expression level of PTEN in the beginning. As shown in
Figure 4a, the protein level of PTEN in SKOV-3R and A2780/
cp70 cells that had acquired resistance to cisplatin was observed
to be lower than that in the parental SKOV-3 and A2780-4 cells.
Furthermore, treatment with VPA alone or cotreatment with
VPA and cisplatin was found to increase the protein levels of
PTEN in both SKOV-3 and SKOV-3R cells (Fig. 4a), suggesting
that upregulation of PTEN might sensitize or resensitize cancer
cells to cisplatin due to the effect of reducing the survival
signals mediated by PI-3K–Akt machinery. To further determine
whether the modulation of PTEN could indeed play a role in the
synergistic cytotoxicity during the cotreatment with VPA and
cisplatin, we examined the levels of PTEN and cytotoxicity
under treatment with two siRNA constructs that were shown
to knockdown the expression of PTEN. Similar results were
observed with the two constructs. As shown in Figure 4b,
knockdown of PTEN expression by the related siRNA but not
by the control siRNA was demonstrated by the analysis of flow
cytometry and western blotting with anti-PTEN antibody in
SKOV-3 cells. Consistent with the results that protein level of
PTEN in SKOV-3R cells was observed to be lower than that in
SKOV-3 cells as shown in Figure 4a, cells that were transfected
with PTEN siRNA were more resistant to cisplatin-mediated
cell killing either alone or with VPA cotreatment as shown in
Figure 4c. These data show that upregulation of PTEN may
contribute to VPA-mediated synergistic cytotoxicity with cisplatin.

Valproic acid further upregulates cisplatin-mediated ROS
accumulation. To demonstrate whether VPA could further
upregulate the accumulation of ROS, the levels of ROS were
analyzed by flow cytometry under the treatment with VPA and
cisplatin. As shown in Figure 5a, ROS were upregulated by
either VPA or cisplatin alone, and ROS were further accumulated
by cotreatment with cisplatin and VPA in both SKOV-3 and
SKOV-3R cells. To determine whether upregulation of ROS
could indeed play a role in the synergistic cytoxicity mediated
by VPA, the cells were cotreated with the antioxidant NAC,
a precursor of glutathione and scavenger of ROS,(28) upon
treatment with VPA and cisplatin. Pretreatment for 15 min with
30 mM NAC reduced both ROS production (data not shown)
and the cytotoxicity induced by cotreatment with cisplatin and
VPA (Fig. 5b). However, it has been suggested that inhibition of
drug uptake by NAC contributes to the abrogation of cisplatin-
mediated cytotoxicity in renal tubule epithelial cells.(29) To
prevent the inhibition of cisplatin uptake, A2780-12 (hMLH1–)
and SKOV-3 cells were pretreated with cisplatin for 6 h
followed by cotreatment with NAC and VPA without removing
the cisplatin. As shown in Figure 5c, the effect of synergistic
cytotoxicity mediated by 0.6 mM VPA was still observed with
0.5 µM cisplatin pretreatment for 6 h without NAC. As
expected, although 30 mM NAC did not inhibit the cytotoxicity
mediated by pretreatment with 0.5 µM cisplatin alone for 6 h, it
significantly reduced the synergistic cell killing effect mediated
by cotreatment with VPA and cisplatin (Fig. 5c). These results
show that an antioxidant (NAC) that can reduce the accumulation
of ROS decreases the synergistic cytotoxicity mediated by VPA,

Fig. 4. Knockdown of phosphatase and tensin
homolog (PTEN) results in resistance to cisplatin-
or cisplatin plus valproic acid (VPA)-induced
cytotoxicity. (a) Downregulation of PTEN
expression in both cisplatin-resistant SKOV-3R
and A2780/cp70 cells was observed by Western
blotting analysis. Upregulation of PTEN
expression in both SKOV-3 and SKOV-3R cells
upon VPA treatment was observed by Western
blotting analysis. The fold increase in PTEN
expression was calculated after normalizing to
the level of actin. (b) Knockdown of PTEN by
specific small interfering RNA (siRNA) in SKOV-3
cells was demonstrated with control siRNA
by flow cytometry and Western blotting. (c)
Knockdown of PTEN by specific siRNA resulted in
resistance to cisplatin- or cisplatin plus VPA-
induced cytotoxicity. SKOV-3 cells with or
without the transfected siRNA that showed
knockdown of PTEN expression were treated
with cisplatin alone or cisplatin plus VPA for 24 h
and assayed for cytotoxicity after incubation
in fresh medium for 72 h. The results presented
are the average and standard error of three
independent experiments.
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suggesting that further upregulation of ROS by VPA contributes
to the synergistic cytotoxicity with cisplatin.

Effects of VPA on cisplatin-mediated DNA damage and histone
acetylation. To determine the correlation between the upregulation
of DNA damage and the synergistic cytotoxicity by VPA, we
measured the level of phosphorylated ATM, which is a central
signal tranducer of DNA double-strand breaks. Despite the
unknown molecular mechanism, cisplatin has been shown to
induce DNA double-strand breaks, which lead to the activation of
ATM by phosphorylation, and cell death.(30) Consistent with the
VPA-induced synergistic cytotoxicity shown in Figures 1 and 2,
the upregulation of ATM activation, shown by immunostaining with
antiphosphorylated ATM antibody, was also observed in the
nuclei of SKOV-3 and SKOV-3R cells as shown in Figure 6a.
Consistent with the upregulation of phosphorylated ATM by
VPA shown in Figure 6a, the increased level of foci revealed by
the phosphorylation of histone H2AX, a protein that becomes
evident at the site of each double strand break (DSB) that can

be visualized by immunofluorescent staining, was also detected
by immunostaining with antiγH2AX antibody upon cotreatment
with VPA and cisplatin but not with cisplatin or VPA alone (Fig. 6b).

To determine whether the effect of VPA in augmenting DNA
damage induced by cisplatin is due to chromatin relaxation
induced by the VPA-mediated hyperacetylation of histones, we
measured the levels of acetylated histone H4 using a specific
antibody. As shown in Figure 6c, slightly higher levels of
acetylated histone H4 were observed with VPA treatment at the
non-toxic dose of 0.6 mM. These results suggest that the
relaxation of chromatin mediated by the hyperacetylation of
histone H4 upon VPA treatment may not contribute to the
upregulation of cisplatin-mediated DNA damage as revealed by
the increased levels of phosphorylated ATM and H2AX in
Figure 6a,b.

Effects of cotreatment with TSA and cisplatin in ovarian cancer
cells on cell killing and histone acetylation. To determine whether
TSA, which is well known to inhibit the broad spectrum of

Fig. 5. Upregulation of cisplatin-mediated
reactive oxygen species (ROS) production by
valproic acid (VPA) and the attenuation of VPA-
mediated synergistic cytotoxicity by the free
radical scavenger N-acetylcysteine (NAC). (a)
Production of ROS in SKOV-3 and SKOV-3R cells
was determined under treatment without
(control) or with cisplatin or VPA alone, or with
VPA plus cisplatin for 24 h. The intensity of ROS-
mediated oxidation of the fluorochrome was
measured by flow cytometry. (b,c) The inhibition
of VPA-mediated synergistic cell killing by a ROS
scavenger. (b) SKOV-3 and SKOV-3R cells were
preincubated with NAC for 20 min and then
treated with cisplatin plus VPA for 24 h. Then
the cells were cultured in fresh medium for 72 h
before assays for the inhibition of cytotoxicity.
(c) SKOV-3 cells were pretreated with cisplatin
for 6 h before the addition of VPA and NAC. The
results presented are the average and standard
error of three independent experiments.
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HDAC, could result in synergistic cytotoxicity with cisplatin in
ovarian cancer cells, ovarian cancer cells were cotreated with TSA
and cisplatin. As shown in Figure 7a, cisplatin-mediated cell killing
in both SKOV-3 and SKOV-3R cells was also shown to be enhanced
by a very low toxic dose (50 nM) of TSA. To determine whether
the effect of TSA in augmenting the cytotoxicity induced by
cisplatin is correlated with chromatin relaxation induced by the
TSA-mediated hyperacetylation of histones, we measured the
levels of acetylated histone H4 using a specific antibody. As
shown in Figure 7b, significantly higher levels of acetylated
histone H4 were observed in the treatment with 50 nM TSA.
These results suggest that the relaxation of chromatin mediated
by the hyperacetylation of histone H4 upon TSA treatment may
contribute to the upregulation of cisplatin-mediated cell killing.

Discussion

The present study reports the effects and mechanisms of VPA,
which has been reported to inhibit the action of HDAC in
enhancing antitumor action with platinated agents in ovarian
cancer cells.(24,25) VPA has been used to treat seizures for more
than 30 years, and recent studies have indicated that VPA itself
may possess anticancer activity against a variety of tumors.(31) In
fact, the Food and Drug Administration in USA granted VPA
orphan drug status to treat familial adenomatous polyposis in
July 2005. In addition to their anticancer activity,(32) HDACi
have also been shown to increase the cytotoxicity of certain
anticancer drugs targeting DNA or enzymes acting on DNA
such as etoposide, doxorubicin, and cisplatin.(15) However, the
effects of combination therapy mediated by HDACi have not
been tested intensively with VPA.

In the current study, we test the synergistic actions of cotreatment
with VPA and cisplatin on ovarian cancer cell lines that had
either inherent (A2780-hMLH1–, SKOV-3, OVCAR-3, and
TOV-21) or acquired (A2780/cp70 and SKOV-3R) resistance to
cisplatin. Indeed, our data clearly indicate that VPA, at near-non-toxic
and clinically relevant concentrations,(33) could still exhibit
synergistic cytotoxicity with cisplatin in all of the tested cells
(Figs 1,2). Unexpectedly, cancer cells that had acquired resistance
to cisplatin were slightly more sensitive to VPA (Fig. 2b). As
VPA does not show an enhanced cell killing effect in SKOV-3
and SKOV-3R cells with topotecan (Hycamtin) or paclitaxel
(Phyxol), which are also common chemotherapeutic drugs for
ovarian cancer (Fig. 3), this enhancement of cytotoxicity by
cotreatment with VPA is specific to cisplatin. Elucidating the
mechanisms responsible for this sensitivity may lead to novel
strategies for improving cancer therapy with cisplatin-resistance
and defective PTEN (Fig. 4).

It has been shown that activation of the PI-3K–Akt pathway
by PTEN reduction results in resistance to cisplatin in an
ovarian cancer cell line.(19) Consistent with this observation, the
amount of PTEN is much lower in SKOV-3R and A2780/cp70
cells, which have been acquired resistance to cisplatin (Fig. 4a).
This observation lead us to test the possibility that VPA could
upregulate PTEN expression, which contributes to the synergistic
cytotoxic effect with cisplatin. It has been shown that PTEN
overexpression results in the enhancement of cisplatin-mediated
cytotoxicity in ovarian cancer cells.(34) As shown in Figure 4a,
VPA indeed upregulates PTEN in both SKOV-3 and SKOV-
3R cells. Moreover, as the cells transfected with PTEN-related
siRNA were more resistant to either cisplatin alone or cotreat-
ment with VPA and cisplatin (Fig. 4c), upregulation of PTEN by

Fig. 6. Treatment with valproic acid (VPA) enhances
the levels of histone acetylation and DNA damage
induced by cisplatin. (a,b) Increased DNA damage
upon treatment with VPA and cisplatin was
observed by immunostaining with antiphsphory-
lated ataxia telangiectasia mutation (ATM)
and γH2AX antibodies. Increased DNA damage
upon cotreatment with cisplatin and VPA for
24 h was observed clearly in both SKOV-3 and
SKOV-3R cells by comparison of the foci of
phosphorylated ATM and γH2AX, indicated with
arrows, between treatments with cisplatin or VPA
alone and cotreatment with VPA and cisplatin.
The results presented here show one of three
independent experiments that obtained almost
identical results. (c) VPA-induced hyperacetyla-
tion of histones. Acetylation of histone H4 was
evaluated by western blotting analysis in SKOV-3
cells under 24 h treatment with VPA without or
with cisplatin.
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VPA is suggested to contribute to the synergistic cytotoxicity
with cisplatin.

Consistent with the suggestion that the increased accumulation
of ROS contributes to cytotoxicity by certain HDACi,(17,18)

cotreatment with VPA was shown to further upregulate the
production of ROS induced by cisplatin in both SKOV-3 and
SKOV-3R cells (Fig. 5a), and the effect of synergistic cytotoxicity
was also shown to be inhibited by cotreatment with the antioxidant
NAC (Fig. 5c). These results suggest that further upregulation of
ROS by VPA contributes to synergistic cytotoxicity with cisplatin.
Consistent with these results, it has recently been shown that
NAC not only reduces ROS accumulation substantially but also
blocks the induction of cell killing mediated by cotreatment
with the multiple receptor tyrosine kinase inhibitor AEE788 and
the HDACi LBH589.(35)

Further accumulation of ROS mediated by VPA (Fig. 5) may
upregulate the levels of DNA damage (Fig. 6a) and the cell
killing in concert with the action of PTEN (Fig. 4). Very
recently, it has been shown that inhibition of PI-3K–Akt signaling
by upregulation of PTEN or a PI-3K inhibitor radiosensitizes
cancer cells.(36,37) Therefore, it is highly possible that upregulation

of PTEN by VPA also contributes to enhance the cytotoxicity
induced by the increased levels of DNA damage upon cotreat-
ment with VPA and cisplatin. In contrast to these reports, it has
been shown that PTEN null cells exhibit accumulation of DNA
double-strand breaks,(38) and it has also been shown that PTEN
acts on chromosome centromeres and upregulates the expression
of Rad51 that is involved in the repair of DNA double-strand
breaks.(39) Clearly, further studies are required to clarify the roles
of PTEN in DNA damage repair and cell killing. Another
important question raised in the present study is how VPA can
upregulate the expression of PTEN. It has been reported that
ROS can downregulate the expression level and inhibit the
action of PTEN.(40,41) However, both ROS and PTEN are
increased by VPA and were shown to contribute to cisplatin-
mediated cytotoxicity in the present study. It is intriguing to
know how ROS can inhibit PTEN and enhance its cytotoxicity.
One possibility is that ROS inhibit PTEN-mediated DNA damage
repair, and upregulated PTEN inhibits PI-3K–Akt signaling
following cisplatin damage.

Although studies have shown that HDACi can selectively kill
tumor cells alone or through synergistic cytotoxicity with certain
anticancer agents,(32,42) whether the effects are indeed caused by
direct inhibition of HDAC remains to be elucidated. The
modulation of chromatin structure by changes in the acetylation
and deacetylation of histones for increasing the accessibility of
anticancer agents targeting DNA is commonly suggested for the
synergistic cytotoxicity.(14,15,26) In addition to chromatin remode-
ling, to clarify the cytotoxic effect specifically for transformed
cells but not normal cells, the effect of HDAC inhibition should
also be linked with non-histone proteins that are important for
cell growth, differentiation, or signaling of DNA damage, such
as p53.(43) Furthermore, enhancement of the cytotoxic effects
mediated by oncogenic lesions (e.g. the RB–E2F1 pathway) in
breast cancer cells have also been suggested for killing tumor
cells with certain HDACi.(44) In the present report, we observed
that VPA at a near-non-cytotoxic dose can increase the levels of
cisplatin-mediated DNA damage (Fig. 6a) but not histone H4
acetylation (Fig. 6b). These results suggest that chromatin
remodeling mediated by the modulation of histone acetylation
does not contribute to the synergistic cytotoxicity and upregula-
tion of ROS and PTEN mediated by cotreatment with VPA and
cisplatin. Consistent with these observations, pretreatment with
VPA for 24 h followed by cisplatin does not result in a higher
level of cytotoxicity than that with VPA and cisplatin cotreatment
(data not shown). Therefore, although VPA was shown to
directly inhibit class I HDAC(24,25) and stimulate the degradation
of class II HDAC,(45) it is possible that the enhancement of
cisplatin-mediated cytotoxicity does indeed occur through the
modulation of other targets. Although the effect of enhancing
cisplatin-mediated cytotoxicity by VPA may not occur through
the modulation of histone acetylation, the enhancement of
cisplatin-induced cytotoxicity by the well-known HDACi TSA
was shown to correlate with higher levels of histone H4 acetylation
(Fig. 7).

In summary, these findings, in which VPA can significantly
enhance cisplatin-mediated cytotoxicity in all of the tested ovarian
cancer cells, especially cells that are resistant to cisplatin, and
the pathways revealed that contribute to the synergistic effect,
may provide better therapeutic strategies for treating cancers.
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Fig. 7. Treatment with trichostatin A (TSA) enhances the cisplatin-
mediated cytotoxicity and the levels of the histone acetylation. (a) The
increased cytotoxicity upon treatment with TSA and cisplatin was
observed clearly in both SKOV-3 and SKOV-3R cells. Results presented
here show one of three independent experiments that obtain
almost identical results. (b) TSA-induced hyperacetylation of histone.
Acetylation of histone H4 was evaluated by Western blotting analysis
in SKOV-3 cells under 24 h treatment by TSA without or with cisplatin.
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