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Abstract. Histone deacetylase inhibitors (HDACIs) belong 
to an emerging class of anticancer compounds. It is increas-
ingly recognized that their unique and complementary mode 
of action make HDACIs valuable agents in augmenting the 
cytotoxicity of conventional chemotherapeutics. We examined 
the potential for combined use of an approved HDACI, sube-
roylanilide hydroxamic acid (SAHA), with cisplatin (Cddp) in 
platinum-resistant ovarian cancer cells, OVCAR-3 and SKOV-3. 
The nature of the drug interaction following combinatory 
therapy was assessed using median effect analysis. We found 
that SAHA acted synergistically with Cddp over a wide range 
of concentrations in both cell types, resulting in favorable dose 
reductions of both compounds. In particular, in the more Cddp-
resistant SKOV-3 cells, more than 8-fold dose reduction of Cddp 
was achieved with the simultaneous use of SAHA and Cddp as 
compared to the dose required to elicit similar cell kill effects 
using Cddp alone. More importantly, therapeutic selectivity for 
ovarian cancer cells over normal fibroblast cells were main-
tained with the combinatorial therapy. We further observed that 
the augmentation of Cddp-induced cell death was mediated by 
the net increase in apoptosis and was independent of cell cycle 
arrest. Overall, concurrent application of SAHA and Cddp 
yielded the most favorable cell kill, indicating that this combi-
nation is promising for treatment of platinum-resistant ovarian 
tumors.

Introduction

Successful management of advanced epithelial ovarian cancer 
continues to be a challenge to clinicians. Despite the use of 
platinum-based chemotherapy for 30 years, the 5-year survival 
of patients with late-stage disease remains dismal. More than 
70% of these patients succumb to the disease as a result of 

tumor recurrence and platinum chemoresistance (1). While a 
number of chemotherapeutic combinations have been tried as 
salvage therapies in the context of platinum chemoresistance, 
currently no regimens have shown remarkable success (1). 
Therefore, for patients with platinum refractory disease who 
are still desperately in need of more effective drug cocktails, 
continued evaluation of novel drug combinations that have the 
ability to re-sensitize the tumors to conventional chemotherapy 
is of crucial importance.

Histone deacetylase inhibitors (HDACIs) represent an 
emerging class of anticancer agents. HDACIs consist of 
diverse chemical structures including short-chain fatty acids, 
hydroxamic acid, cyclic tetrapeptides and benzamides (2). They 
were developed based on their ability to modulate chromatin 
dynamics through their inhibition of enzymes responsible for 
catalytic removal of acetyl groups in core nucleosomal histones 
(3-5). By doing so, these compounds favor uncoiling and relax-
ation of the chromatin structure, thus increasing the accessibility 
of transcriptional factors to the DNA structure. These result in 
the re-expression of silenced genes involved in cell cycle arrest 
(6), DNA repair (7) and apoptosis pathways (8). Such effects are 
translated into antitumor activities in a variety of cancer types 
(9), thereby highlighting the potential of HDACIs for widespread 
utility.

For ovarian cancer, HDACIs have shown tremendous 
promise in the treatment of this disease (10-15). In in vitro and 
in vivo ovarian cancer models, treatment with HDACIs resulted 
in growth inhibition, cell cycle arrest and apoptosis induction 
(10-15). In various cisplatin (Cddp)-resistant ovarian tumor cell 
lines, trichostatin A, a hydromaxic acid derived HDACI, induced 
G2-checkpoint arrest and apoptosis of these ovarian tumor cells 
through the induction of Bcl2-related Bad protein (16). More 
recently, Chao and colleagues showed that several HDACIs 
were able to reduce the viability of ovarian cancer cell lines 
with concomitant reduction of multidrug resistance-associated 
proteins 1 and 2, suggesting the potential additional benefits of 
these agents in ovarian cancer treatment (17).

Suberoylanilide hydroxamic acid (SAHA), a hydroxamic 
acid-derived HDACI, currently marketed under the brand 
name of Zolinza™ for the treatment of refractory cutaneous 
T-cell lymphoma (CTCL) (18,19), is one of the most promising 
HDACIs identified in preclinical models of ovarian cancer 
(20). SAHA therapy in CTCL patients has not only yielded 
a good response rate but also clinically acceptable toxicity 
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(21,22), suggesting that it may be an attractive agent for use in 
combination therapy. With this preamble, we hypothesized that 
combined use of the novel combination of SAHA with Cddp 
can augment the cytotoxicity of Cddp and in turn overcome 
the chemoresistance of Cddp-resistant ovarian tumor cells to 
Cddp therapy. As postulated, this study showed that concurrent 
administration of SAHA and Cddp resulted in synergistic cell 
kill of ovarian tumor cells through an increase in cellular apop-
tosis. This drug combination retained selectivity for ovarian 
tumor cells and may be a promising therapeutic approach for 
treatment of Cddp-resistant ovarian disease.

Materials and methods

Reagents. Fluorescence diacetate (FDA), Cddp and SAHA 
were purchased from Sigma (St. Louis, MO), Pfizer (Bentley, 
Australia) and Alexis Biochemical Corp. (San Diego, CA), 
respectively. Triton X-100 was supplied by Bio-Rad (Hercules, 
CA). Fetal bovine serum (FBS), penicillin/streptomycin solu-
tion, trypsin/EDTA, Roswell Park Memorial Institute-1640 
(RPMI-1640) medium and Dulbecco's Modified Eagle's medium 
(DMEM) were from HyClone Laboratories Inc. (Logan, UT). 
Propidium iodide (PI) was from Molecular Probes (Grand 
Island, NY).

Cell lines and treatment. Two ovarian cancer cell lines, 
OVCAR-3 and SKOV-3, that are resistant to clinically relevant 
concentrations of Cddp were used (ATCC; Manassas, VA). 
Lung fibroblast cell line, MRC-5, was used as the normal control 
(ATCC; Manassas, VA). OVCAR-3 cells were grown in RPMI-
1640 medium. SKOV-3 and MRC-5 cells were grown in DMEM. 
All cell cultures were supplemented with 1% (w/v) penicillin/
strepto-mycin, 10% (v/v) FBS. Cells were grown at 37˚C in a 5% 
CO2 humidified atmosphere.

Cddp was freshly diluted to required concentration from 
stock solutions before each experiment. Stock solution of SAHA 
was prepared in dimethyl sulfoxide (DMSO) at a concentration 
of 10-2 M and stored at -20˚C until use. Vehicle control was used 
in all experiments.

Cell proliferation and cytotoxicity assay. Cell proliferation 
and cytotoxicity following drug treatment were assessed using 
fluorometric microculture cytotoxicity assay (FMCA) (23). Cells 
(10,000) were seeded into each well of 96-well microtitre plates 
and allowed to adhere overnight. After that, the medium was 
replaced with 200 µl of medium containing the test compounds 
or control medium. After 48 h of incubation, the plates were 
washed once with phosphate buffered saline (PBS). FDA solu-
tion (200 µl) (2 µg/ml) was added into the control, experimental 
and blank wells, then the plates were incubated for 30 min 
at 37˚C and the fluorescence generated from each well was 
measured using a fluorescence plate reader, Spectrafluor (Tecan 
Instruments Inc., NC), equipped with a dichromatic mirror. The 
excitation λ = 485 nm and emission λ = 535 nm were used for 
all fluorescence measurements. The viability of each well was 
expressed as survival index (SI) which was defined as:

	 Fdrug-treated cells - Fblank

	 Survival index (SI)  =  -------------------------------------   x  100%
	 Fcontrol - Fblank

where by Fdrug-treated cells represents fluorescence generated 
from drug treated wells; Fcontrol represents fluorescence gener-
ated from control untreated wells; Fblank represents fluorescence 
generated from blank wells without cells.

IC50 value was defined as the drug concentration giving a 
SI of 50% of the control at the end of the treatment period. All 
IC50 values were obtained from survival curves using Graphpad 
Prism 4 Software (San Diego, CA).

Analysis of drug interaction. The median-drug effect analysis 
method by Chou and Taladay was used to evaluate the nature 
of interaction between SAHA and Cddp (24,25). Cells were 
seeded into a 96-well microtitre plate and allowed to adhere 
overnight. After which, the medium was replaced with either 
SAHA or Cddp alone or in combination in a fixed concentra-
tion ratio of each drug in increasing concentrations. A fixed IC50 
concentration ratio of 1:4.35 and 1:1.90 was used for OVCAR-3 
and SKOV-3 cells respectively. Cell proliferation after 48 h of 
incubation was assayed using FMCA as described previously.

Combination index (CI) at a series of values of fraction of 
cells affected (fa) was calculated to assess the degree of drug 
interaction (24,25). For agents with mutually non-exclusive 
mode of drug action, the CI is calculated with the following 
equation:

	 (D)1	 (D)2	 (D)1(D)2

	 CI  =  -----------     +     -----------     +     -------------------
	 (Dx)1	 (Dx)2	 (Dx)1(Dx)2

where (D)1 and (D)2 are doses of Drug 1 (Cddp) and Drug 2 
(SAHA) in combination that inhibit x% of cell proliferation. 
(Dx)1 and (Dx)2 are the doses of Drug 1 (Cddp) and Drug 2 
(SAHA) alone that also inhibit x% of cell proliferation (24,25). 
CI <1, indicates synergism; CI = 1, indicates an additive rela-
tionship, and CI >1, indicates antagonism.

Following this, the dose reduction index (DRI) which 
determines the magnitude of dose reduction allowed for each 
drug in a synergistic combination as compared to the concen-
tration of single agent required to achieve the same effect was 
also calculated as follows (24,25):

	 (Dx)1	 (Dx)2

	 (DR)1  =  ----------- 	 (DR)2  =  ----------- 
	 (D)1	 (D)2

where (D)1 and (D)2 are doses of Drug 1 (Cddp) and Drug 2 
(SAHA) in combination that inhibit x% of cell proliferation. 
(Dx)1 and (Dx)2 are the doses of Drug 1 (Cddp) and Drug 2 
(SAHA) alone that also inhibit x% of cell proliferation (24,25).

Analysis of apoptosis rate and cell cycle distribution. Apoptotic 
rate and cell cycle distribution were quantified by flow cyto
metry. Cells were treated with or without SAHA or Cddp alone 
or combination for 48 h in 25 cm2 flasks. After incubation, 
control and treated cells were harvested, washed with PBS and 
fixed in 70% (v/v) ice-cold ethanol at -20˚C for at least 2 h. 
Subsequently, cells were washed twice with PBS and incubated 
with PI/Triton X-100 staining solution (20 µg of PI/ml of 0.1% 
(v/v) of Triton X-100 in PBS) containing 0.2 mg/ml of DNAse-
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free RNAse A for 30 min at 37˚C in the dark. Data for at least 
10,000 cells per sample was acquired using a flow cytometer 
(Beckman Coulter EPICS® ALTRA™, Germany). DNA 
histograms obtained were analyzed using WINMDI Software 
(Scripps Institute, La Jolla, CA). Cells with DNA content less 
than the cells in the G1 phase (sub-G1 phase) were considered 
to be apoptotic (26).

Sequence-dependent interaction between SAHA and Cddp. 
Using OVCAR-3 cells as the prototype, SAHA and Cddp were 
applied in different sequential combinations to determine the 
effects of varied schedules on ovarian cancer cell death. Three 
different sequences of SAHA with Cddp were tested. They were: 
i) pretreatment with SAHA for 24 h followed by concurrent 
treatment with Cddp for 48 h (SAHA → Cddp), ii) concurrent 
treatment of SAHA with Cddp for 48 h (SAHA + Cddp) and 
iii) pretreatment with Cddp for 24 h followed by concurrent 
treatment with SAHA for another 24 h (Cddp → SAHA). For 
all sequences tested, total duration of Cddp treatment was kept 
at 48 h. Cell survival was determined by FMCA. The reduc-
tion in cell survival for SAHA and Cddp combinatorial therapy 
versus treatment with Cddp alone was calculated for all three 
sequences used.

Statistical analysis. Statistical analysis was performed using 
Graphpad Prism 4 Software. Student's t-test was employed for 

comparison between two groups and one-way ANOVA with 
Tukey's post hoc test was used for comparison between more 
than 2 groups. For these tests, a p<0.05 was considered statisti-
cally significant.

Results

Cytotoxicity of Cddp and SAHA alone in OVCAR-3 and 
SKOV-3 cells. The in vitro cytotoxicity of SAHA or Cddp 
alone in both OVCAR-3 and SKOV-3 cells were first examined 
after 48 h of simultaneous drug treatment. Exposure to each 
drug resulted in significant growth inhibition and cytotoxicity 
in both cell lines in a concentration-dependent manner (Fig. 
1). Cellular sensitivities for each drug were further illustrated 
by their IC50 values (Fig. 1). In OVCAR-3 cells, IC50 values 
for SAHA and Cddp were 2.06±0.10 µM and 8.75±1.19 µM, 
respectively (Fig. 1). In SKOV-3 cells, IC50 values for SAHA and 
Cddp were 8.87±0.99 µM and 16.96±5.28 µM in chronological 
order (Fig. 1). The higher IC50 values of both drugs in SKOV-3 
indicated a more drug resistant phenotype.

SAHA interacted synergistically with Cddp in OVCAR-3 and 
SKOV-3 cells. The effects of combined SAHA and Cddp on the 
survival of Cddp-resistant ovarian tumor cells were evaluated 
after 48 h of drug exposure. Increasing doses of Cddp and SAHA 
were applied to OVCAR-3 and SKOV-3 cells either alone or in 
combination. The doses of Cddp used for OVCAR-3 cells ranged 
from 2.24 µM to 26.88 µM whereas that for SKOV-3 ranged 
from 4.24 µM to 50.88 µM. For SAHA, drug concentrations of 
0.52 µM-6.18 µM were used for OVCAR-3 cells and concentra-
tions of 2.22 µM-26.61 µM were used for SKOV-3 cells. As 
shown in Fig. 2A, combined use of SAHA and Cddp resulted 
in a greater inhibition of cell survival than either agents alone, at 
numerous doses, for both OVCAR-3 and SKOV-3 cells (Fig. 2A). 
Using the the median effect principles (24,25), CI values of <1 
was obtained for fa values >0.4 in OVCAR-3 cells (Fig. 2B). 
For SKOV-3 cells, the CI-fa curve indicated that SAHA and 
Cddp combination yielded a synergistic effect for fa values >0.1 
(Fig. 2B). Favorable DRIs were also observed in both cell lines 

Figure 1. Dose-dependent cytotoxic cell kill and IC50 values of OVCAR-3 and 
SKOV-3 cells after (A) SAHA or (B) Cddp treatment. Cells (10,000) were incu-
bated with various concentrations of SAHA or Cddp for 48 h. Cell viability was 
analyzed using FMCA. Survival index was calculated and presented as a mean 
± SD of three independent experiments. IC50 values were determined from the 
dose-response curve using GraphPad Prism 4 software.

Table I. Dose reduction indices derived from cytotoxicity study 
of SAHA and Cddp combination in OVCAR-3 and SKOV-3 
cells.

	 Dose reduction index (DRI)
	 -----------------------------------------------------------------------------------------------
	 OVCAR-3	 SKOV-3	 ---------------------------------------	 -----------------------------------------
fa	 SAHA	 Cddp	 SAHA	 Cddp

0.1	    0.88	 1.23	 1.18	 8.01
0.2	   1.67	 1.46	 1.61	 8.37
0.3	   2.55	 1.64	 1.97	 8.57
0.4	   3.63	 1.81	 2.32	 8.75
0.5	   5.00	 1.97	 2.71	 8.91
0.6	   6.90	 2.15	 3.15	 9.07
0.7	   9.79	 2.67	 3.72	 9.26
0.8	 15.00	 2.66	 4.56	 9.48
0.9	 28.56	 3.16	 6.19	 9.84

  A

  B
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(Table I). In OVCAR-3 cells, a 0.88-28.56-fold dose reduction 
was observed for SAHA upon combined use whereas that for 
Cddp ranged from 1.23- to 3.16-fold (Table I). Similarly, SKOV-3 
cells showed positive DRIs ranging from 1.18 to 6.19 for SAHA 
and an even greater fold reduction of 8.01-9.84 for Cddp (Table 
I).

Cddp and SAHA synergistic combination showed therapeutic 
selectivity for ovarian cancer cells. To further establish the 
usefulness of this drug combination, the effects of this combina-
tion on a normal lung fibroblast cell line, MRC-5, was examined. 
When treated with Cddp alone for 48 h, IC50 value of Cddp for 
MRC-5 cells was >20 µM. When combined with SAHA at thera-
peutically relevant concentration of 2 µM, IC50 value of Cddp was 
reduced to 10.73±1.42 µM (Table II). This is however still higher 
than that of 1.79±0.95 µM and 5.89±1.99 µM in OVCAR-3 and 
SKOV-3 cells, respectively, after concurrent Cddp and SAHA 
treatment (Table II). This therefore indicated preferential kill of 
tumor cells over normal controls using Cddp and SAHA combi-
natorial therapy.

Increased apoptotic cell kill with Cddp and SAHA combina-
tion compared to either drugs alone. We next examined 
whether the enhancement of cytotoxicity of Cddp by SAHA 
was associated with apoptosis induction. In OVCAR-3 cells, 

treatment with SAHA alone at 1 µM resulted in 14.8% of apop-
totic cells (Fig. 3A). With Cddp treatment alone at 3 µM and 
6 µM, percentages of apoptotic cells were 12.9% and 25.6%, 
respectively. With concurrent SAHA at 1 µM with either Cddp 
at 3 µM or Cddp at 6 µM, apoptotic rates were significantly 
increased to 33.5% and 43.5%, respectively (Fig. 3A). Similarly, 
for SKOV-3 cells, concurrent SAHA and Cddp therapy resulted 
in a significant increase in the percentage of apoptotic cells 
compared to treatment with either drug alone or the sum of the 

Figure 2. Effect of combined SAHA and Cddp treatment in OVCAR-3 and SKOV-3 cells. (A) Both cell lines were exposed to graded doses (D1-D5) of SAHA 
and Cddp alone or simultaneously for 48 h. D1-D5 of Cddp were 2.24, 4.48, 8.96, 17.92 and 26.88 µM for OVCAR-3 cells. D1-D5 of SAHA were 0.52, 1.03, 2.06, 
4.12 and 6.18 µM for OVCAR-3 cells. For SKOV-3 cells, D1-D5 of Cddp were 4.24, 8.48, 16.96, 33.92 and 50.88 µM. D1-D5 of SAHA for SKOV-3 cells were 2.22, 
4.44, 8.87, 17.74 and 26.61 µM. Cell survival was analyzed using FMCA. *,#p<0.05 for comparison between Cddp alone versus Cddp and SAHA and SAHA alone 
versus Cddp and SAHA respectively, using Student's t-test. All values are presented as mean ± SD of three independent experiments. (B) Combinational indices 
were calculated using median effect analysis and plotted against fraction of cells affected.

Table II. IC50 values of Cddp in OVCAR-3 and SKOV-3 cells 
after treatment with Cddp alone or concurrent treatment of 
Cddp with 2 µM of SAHA.

	 IC50 values of Cddp (µM)
	 -----------------------------------------------------------------------------
Treatment	 OVCAR-3	 SKOV-3	 MRC-5

Cddp alone	 8.75±1.19	 16.96±5.28	 >20
Cddp + 2 µM SAHA	 1.79±0.95	 5.89±1.99	 10.73±1.42

Data are expressed as the mean ± SD of at least three independent 
experiments.

  A

  B
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apoptotic rates caused by the individual drugs (Fig. 4B). These 
data showed that combined SAHA and Cddp use resulted in 
synergistic apoptosis enhancement.

Effects of combined Cddp and SAHA therapy occurred indepen-
dently of cell cycle arrest. To further elucidate if the cytotoxic 
potentiation of Cddp-induced cytotoxicity is also associated with 
alteration of cell cycle progession, we examined the cell cycle 
profiles of PI-stained cells using flow cytometry. Treatment with 
Cddp alone produced a consistent increase in cells arrested in 
the S-phase of the cell cycle in both ovarian cancer cell lines 
(Fig. 4, p<0.05) whereas SAHA alone did not reliably alter cell 

cycle progression at any particular phase (Fig. 4). With combined 
drug use, neither cell line displayed any significant perturbations 
of G1 or G2/M phases of the cell cycle. In addition, DNA histo-
grams analyzed showed a reduction of Cddp-induced S-phase 
arrest with co-administration of Cddp and SAHA (Fig. 4). These 
observations indicated that the net effect of concurrent drug use 
occurred independently of cell cycle arrest.

Different schedules influenced the outcome of Cddp and 
SAHA combination therapy. We assessed the effects of 
sequential administration of SAHA with respect to Cddp 
using three schedules namely: i) pretreatment with SAHA 

Figure 3. Apoptotic rate in (A) OVCAR-3 cells and (B) SKOV-3 cells after 48 h of treatment with SAHA or Cddp alone and in combination. Following 48 h of 
drug treatment, cells were harvested, fixed and stained with PI. Cell cycle profiles were captured using flow cytometry and analyzed using WinMDI software. 
Percentage of cells in sub-G1 phase which represents apoptotic cells was denoted in each DNA histogram.

  A

  B
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for 24 h followed by concurrent treatment with Cddp for 48 h 
(SAHA → Cddp), ii) concurrent treatment of SAHA with Cddp 
for 48 h (SAHA + Cddp), and iii) pretreatment with Cddp for 
24 h followed by concurrent treatment with SAHA for another 
24 h (Cddp → SAHA) (Fig. 5A). These schedules were designed 
to mimic possible clinical scenarios. From this experiment, the 
most cytotoxic schedule obtained was simultaneous treatment 
with SAHA + Cddp as illustrated by the greatest reduction in 
survival index (Fig. 5B). This is followed by pretreatment with 
SAHA for 24 h before concurrent treatment with Cddp (SAHA → 
Cddp) (Fig. 5B). Among the three schedules tested, pretreatment 
with Cddp for 24 h followed by concurrent treatment with SAHA 
(Cddp → SAHA) resulted in the least reduction in cell death (Fig. 
5B). Similar results were obtained when either SAHA or Cddp 
were pre-incubated for a shorter duration of 4 h in sequential 
therapies (data not shown), indicating that concurrent treatment 
of SAHA and Cddp is the optimal dosing schedule for this 
chemotherapeutic combination.

Discussion

Concerted efforts to reverse platinum chemoresistance in 
ovarian cancer have yielded no acceptable drug cocktails of clin-
ical utility. This continual lack of effective therapy continues 
to impede the clinical outcomes of patients with platinum 

refractory ovarian carcinoma. Therefore, there continues to be 
an urgent need to search for new drugs combinations for this 
clinical scenario. In the present study, we investigated the 
strategy of using a commercially available HDACI, SAHA, 
to chemosensitize the antineoplastic effect of Cddp in two 
ovarian cancer cell lines, OVCAR-3 and SKOV-3. We provided 
the first demonstration that SAHA acted synergistically to 
increase the cytotoxic cell kill of Cddp in platinum-resistant 
ovarian tumor cells. Using the median effect analysis, we 
found that drug synergism was achieved over a wide range of 
Cddp and SAHA concentrations. This was in turn translated 
into favorable dose reduction of Cddp in both cell types. 
Another important significance of this combination is that 
normal cells were less susceptible to combinatorial treatment 
at therapeutically achievable concentrations of both SAHA 

Figure 4. Cell cycle progression and arrest in (A) OVCAR-3 cells and 
(B) SKOV-3 cells after 48 h of treatment with SAHA or Cddp alone and in 
combination. Following drug treatment, cells were harvested, fixed and stained 
with PI. Cell cycle profiles were captured using flow cytometry and analyzed 
using WinMDI software. Each bar represents the mean ± SD of at least two 
independent experiments (*p<0.05 when compared with control using ANOVA 
with Tukey's post hoc comparison).

Figure 5. Effect of different sequence of drug treatment on the cell survival of 
OVCAR-3 cells. (A) Three different sequences of Cddp and SAHA exposure 
were employed. (i) Pretreatment with SAHA for 24 h followed by concur-
rent treatment with Cddp for 48 h (SAHA → Cddp); (ii) concurrent treatment 
of SAHA with Cddp for 48 h (SAHA + Cddp); and (iii) pretreatment with 
Cddp for 24 h followed by concurrent treatment with SAHA for 24 h (Cddp 
→ SAHA). (B) OVCAR-3 cells were treated with 1 µM of SAHA and 3 µM of 
Cddp in three different schedules as described in (A). Cell viability and percent 
reduction in survival index were analyzed and data are presented as a mean 
± SD of 6-wells.

  A

  B

  A

  B
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and Cddp. It thus makes this novel combination a promising 
therapeutic strategy in the management of platinum-resistant 
ovarian carcinoma.

In this study, untransformed normal lung fibroblast cell line, 
MRC-5 instead of normal cell line from ovary was used as a 
surrogate control, as only immortalized normal ovarian surface 
epithelial cell lines are available from commercial tissue and cell 
line repositories such as American Tissue and Cell Culture, owing 
to the difficulty in maintaining the viability of untransformed 
normal ovarian cells in in vitro cell culture for prolonged period. 
Nevertheless, the adverse effects of chemotherapeutic drugs such 
as cisplatin and SAHA are not confined only to normal ovarian 
tissues when administered in usual chemotherapeutic regimens. 
For example, SAHA caused pulmonary embolism in 5% of 
patients receiving the drug (22). With this understanding, the use 
of normal lung fibroblast as normal control in our experiments 
may also reflect the effects of such drug combination in non-
ovarian tissue.

Current interest in HDACI use has been increasingly focused 
on their potential in combinatorial therapy with a plethora of 
conventional chemotherapeutic agents, radiation or biological 
agents against different tumors (27-34). In ovarian cancer, combi-
natorial use of HDACIs has been investigated with traditional 
cytotoxic agents such as paclitaxel, docetaxel, Cddp and carbo-
platin (20). In particular for Cddp, HDACIs such as trichostatin A 
and valporic acid have shown potential for chemosensitization 
of Cddp-resistant ovarian cancer in preclinical models (33). 
Despite this positive finding, clinical translation of trichostatin 
A and valporic acid for augmentation of the cytotoxicty of Cddp 
is laced with difficulties. Therapeutic utility of trichostatin A is 
generally limited due to its poor bioavailability and toxic side 
effects at high doses (20). For valporic acid, recent Phase II study 
using magnesium valporate and hydralazine showed hemato-
logical toxicities to be the most debilitating adverse events that 
necessitated dose reduction in 60% of the study population (35). 
This may in turn result in the delivery of less than optimal doses 
of required chemotherapeutic agents and hence compromise the 
efficacy of this drug combination.

On the contrary, in a Phase IIb study of SAHA alone in 
patients with CTCL, combined grade 3-4 hematological toxici-
ties were observed in only 5% of patients (22). In another study 
of SAHA in combination with carboplatin in non-small cell lung 
cancer, only 8% of patients discontinued therapy due to hema-
tological toxicities (36). These studies thus imply that SAHA 
may possibly be better tolerated than valporic acid when used 
in combinatorial therapy clinically. Moreover, in preclinical 
studies, valporic acid was unable to show any synergistic cell kill 
with paclitaxel in SKOV-3 cells (33) whereas SAHA has been 
reported to show synergism when combined with paclitaxel in 
the more Cddp-resistant SKOV-3 cells (27). Collectively, this 
evidence suggests that SAHA has potentially wider applicability 
as a novel combinatorial agent either with Cddp alone or possibly 
with Cddp and paclitaxel, particularly in chemoresistant ovarian 
disease.

The ability of HDACIs to induce histone modification and 
subsequent transcription regulation suggest that the sequence 
with which HDACIs is being used as part of a chemotherapeutic 
cocktail with conventional antineoplastics is crucial for optimal 
anticancer effects (37,38). In this study, pretreatment with SAHA 
followed by Cddp treatment did not result in greater cell kill 

compared with concurrent treatment with both agents. Drug 
treatment with SAHA alone or in combination with Cddp did 
not result in significant cell cycle arrest in ovarian tumor cells. 
This is in contrast with reports of disruption of cell cycle at the G1 
checkpoint by HDACIs through an increase in acetylated histone 
related proteins such as p21 (10,39). Moreover, with the benza-
mide class of HDACI as exemplified by MS-275, a more specific 
class of HDACI, drug synergism was not achieved with Cddp 
in SKOV-3 cells at therapeutically achievable concentrations of 
MS-275 (data not shown). Taken together, these results suggest 
that the enhancement of Cddp mediated cytotoxicity by SAHA 
in ovarian carcinoma cells may proceed through additional 
histone independent pathways which may be unique to SAHA 
and not other HDACIs. It further reinforced the distinctive prop-
erties of this novel combination that may not be generalizable to 
all HDACIs that are currently in various stages of development.

Increasing evidence suggests that the pan-HDACI, SAHA, 
acts on a diverse number of other molecular targets, independent 
of histone modification (40-42). In breast cancer cells, SAHA is 
able to acetylate unrecognized non-histone proteins, including 
transcriptional factors and regulators, chaperones, cell structure 
proteins, and glycolytic enzymes (42). With SAHA or other 
HDACIs, other histone independent effects such downregulation 
of phosphoAKT through reshuffling of protein phosphatase 1 
complexes (43), induction of aberrant mitosis (44), inhibition of 
HSP90 function (41,45), antagonism of the effects of androgen 
receptors (46) and upregulation of death receptor expression 
(47) have also been documented.

In studies of SAHA and Cddp combinatorial use in 
other tumor cell lines such as oral squamous cell carcinoma 
and cervical cancer, cytotoxic augmentation was mediated 
through a multitude of effects (48-51). For oral squamous cell 
carcinoma, Shen and colleagues showed that SAHA enhance-
ment of Cddp-mediated apoptosis was brought about by an 
increased p53 activation, increased in pro-apoptotic BID, 
release of cytochrome c and activation of caspase-3 (48). 
In other separate study in oral squamous cell carcinoma, 
Rikiishi et al found that chemosensitization of Cddp by SAHA 
resulted in increased apoptosis via p53-independent activation 
of the mitochondrial pathway and caspase cascade that was 
accompanied by a decrease in cellular GSH levels (49). A 
more recent study in oral squamous cell carcinoma by Suzuki 
and colleagues revealed that drug synergism with SAHA 
and Cddp combination was propagated through a previously 
untapped mechanism such as endoplasmic reticulum stress-
mediated apoptosis that was independent of both calpain 
and c-Jun N-terminal kinase (50). SAHA augmentation of 
Cddp cytotoxicity has been reported in HeLa cells (51). In 
this cervival carcinoma cell line, the use of SAHA overcome 
platinum resistance through a decrease in antiapoptotic genes 
such as Bcl2, Bcl-xl, Mcl-1 and XIAP as well as accumula-
tion of reactive oxygen species (51). These findings therefore 
highlighted that drug synergism brought about by SAHA on 
Cddp-mediated cytotoxicity is complex and multi-factorial. 
Currently, the molecular basis of this apoptotic enhancing 
effect of SAHA with Cddp in ovarian tumors is under inves-
tigation in our laboratory. Nonetheless, based on the present 
observations, combined use of SAHA and Cddp indeed 
represents a novel combination for consistent reversal of Cddp 
chemoresistance in ovarian carcinoma cells.
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In conclusion, our results showed that SAHA augmented 
the cytotoxic cell kill of Cddp in both OVCAR-3 and the more 
Cddp-resistant SKOV-3 cells, resulting in significant increase 
in cellular apoptosis. This unique combination has promising 
practical applicability that should be further investigated in 
future clinical studies.
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