
Abstract. Background: Recurrence of drug-resistant disease
contributes to the high mortality of ovarian cancer patients,
which necessitates the identification of additional
chemotherapeutic drugs. Histone deacetylase inhibitors
(HDAIs) induce apoptosis in a number of malignant cell types
and may represent a new class of drugs clinically relevant in
the treatment of ovarian cancer. Materials and Methods:
Ovarian cancer cells were treated with various combinations
of a HDAI and paclitaxel (PTX). Cell death was measured
using annexin V / propidium iodide exclusion. Results: The
PTX/HDAI drug combination was as efficient in inducing cell
death as continuous PTX treatment and superior to continuous
HDAI treatment. Reversing the sequence of drug exposure
reduced the cytotoxic efficacy of the drug combination. The
p53 status of the cell lines did not alter the cytotoxic efficacy
of the treatment protocols. Conclusion: These results suggest
that HDAIs possess possible clinical applications as an
adjuvant therapy in the treatment of ovarian cancer.

Ovarian cancer is one of the most common female

gynecologic cancers in the United States. The American

Cancer Society estimates that over 25,000 new cases will be

diagnosed in the year 2003 alone (1). Due to the absence of

definitive presenting symptoms, many patients will have

advanced stage disease at the time of diagnosis. Although

the initial response to chemotherapy is 70-80%, prognosis

is poor, with only a small percentage of patients (20-30%)

surviving five years after diagnosis. The high mortality rate

within this group is largely due to recurrence of drug-

resistant disease and the poor response rates to salvage

chemotherapeutic regimens (2). In order to improve the

outcome for patients with advanced and/or refractory

disease, it is imperative to identify novel agents that, alone

or in combination with current therapeutic regimens,

enhance tumor cell killing. 

Paclitaxel (PTX) is presently employed as a first-line

chemotherapeutic agent in the treatment of breast and

ovarian cancer (3, 4). PTX (Taxolì) is a taxane, which

binds to the N-terminal region of ‚-tubulin, preventing the

depolymerization of microtubules (5). The stabilization of

microtubules by PTX leads to G2/M-phase arrest and

promotes apoptosis. The advent of PTX-induced

cytotoxicity has been correlated with the activation of

multiple protein kinases including Raf-1, cAMP-dependent

protein kinase (PKA) and mitogen-activated protein (MAP)

kinases, with the hyperphosphorylation of the anti-apoptotic

protein, Bcl-2 and with the up-regulation of the pro-

apoptotic proteins, Bax and Bak, the tumor suppressor

protein, p53 and the cyclin-dependent kinase (cdk)

inhibitor, p21/WAF1 (6-10). 

Histone deacetylase inhibitors (HDAIs) have gained

attention as possible anti-neoplastic agents in recent years

and are being employed in a number of clinical trials (11,

12). HDAIs exhibit growth inhibitory and pro-apoptotic

activity in a number of different cell types by altering the

expression of genes that regulate these processes. HDAIs

are thought to alter gene expression by decreasing the

activity of HDAC, which in turn, maintains chromatin

structure in a decompressed or relaxed state, increasing the

accessibility of transcription factors to their DNA targets

(13, 14). The inhibition of growth and the induction of

apoptosis by HDAIs correlate with G1 and G2/M cell cycle

arrest, with the up-regulation of the cdk inhibitor, p21 and

pro-apoptotic proteins, Bax and Bak, with the

downregulation of Bcl-2 and p53 and with the activation of

the caspase cascade (15-20). 
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Studies in our laboratory utilizing the HDAIs, sodium

butyrate (NaB), a short-chain fatty acid produced by the

bacterial fermentation of dietary fiber within the colon and

trichostatin A (TSA), a hydroxamic acid-based drug (21),

demonstrated that HDAIs arrest anaplastic thyroid cells in

both the G1- and G2/M-phases of the cell cycle and induce

apoptosis in a p53-independent manner through the

activation of the caspase cascade. Cell cycle arrest was

associated with the up-regulation of p21 and the cdk

inhibitor, p27/Kip1, the down-regulation of cyclin A and

cyclin B and the reduced activity of cdk1 and cdk2-

associated kinases (22, 23). 

Although both drugs induce similar molecular events (i.e.
G2 arrest and apoptosis), their mode of action is quite

different. Based on this information, we theorized that

combining PTX with a HDAI would enhance cell killing by

activating distinct signaling pathways that promote cell death. 

Materials and Methods

Cell culture. The human epithelial ovarian cancer cell lines, Caov3,

A2780 and SKOV3 were kindly provided by Dr Michael Birrer,

NCI, Bethesda, Maryland, USA. The cell lines were cultured in

complete RPMI medium 1640 (Gibco/BRL, Gaithersburg, MD,

USA) supplemented with 10% fetal bovine serum (Sigma, St.

Louis, MO, USA) and 100 U/ml of penicillin G and 100 mg/L of

streptomycin sulfate (Gibco/BRL) at 37ÆC/5% CO2/100%

humidity.

Cell cycle analysis. Cells were plated at a density of 5 x 105 per 12

ml of RPMI in 100-mm tissue culture dishes in duplicate and

treated with increasing concentrations of PTX immediately after

plating for analysis. Twenty-four hours after treatment, the cells

were harvested. The culture medium and trypsinized monolayer

were combined and centrifuged. The cell pellets were washed in

cold phosphate-buffered saline (PBS), resuspended in PBS and

fixed in a 70% solution of ethanol (>15 minutes). The samples

were centrifuged and resuspended in one milliliter of a solution

consisting of a 1/50 volume of 0.5 mg/ml of propidium iodide

(Sigma) in 3.8 x 10-2 M sodium citrate and a 1/40 volume of 10

mg/ml of RNase A (Sigma) in 10 mM Tris-HCl pH 7.5, 15 mM

sodium chloride in PBS. The samples were incubated for 30

minutes at 37ÆC and DNA content was analyzed using a FACScan

flow cytometer (Becton Dickinson, San Jose, CA, USA).

Analysis of apoptosis. Confluent cell cultures were plated at a density

of 5 x 105 per 12 ml of RPMI in 100-mm tissue culture dishes in

triplicate. Cells were treated with a combination of vehicle

(DMSO), PTX (Sigma), 5 mM NaB (Sigma) or 0.5 ÌM of TSA

(Sigma) at the times stated in the figure legends. Seventy-two hours

after initial treatment, the culture medium and trypsinized

monolayer were collected, combined and pelleted by centrifugation.

Apoptosis was measured in duplicate samples using the ApoAlert

Annexin V Apoptosis Kit (CLONTECH Laboratories, Palo Alto,

CA, USA) as instructed by the manufacturer. 

Cell pellets were washed with binding buffer, centrifuged,

resuspended in binding buffer and incubated with annexin V-FITC

and propidium iodide for 15 minutes at room temperature in the

dark. Cell samples were analyzed by two-color flow cytometry using

a FACScan flow cytometer (Becton Dickinson). The appearance of

phosphatidyl serine on the cell surface is indicative of early

apoptosis, allowing the quantitation of this population by flow

cytometry through the specific binding of fluorochrome-labeled

annexin V. The nonviable population, including cells in the later

stages of apoptosis and necrotic cells, stain positive for both

annexin V and propidium iodide (PI) due to a breach in membrane

integrity, also allowing the quantitation of this segment of the cell

population. Thus, the percentage of viable cells was calculated as

the percentage of the cell population that was annexin V- and PI-

negative. A protein extract was prepared in parallel from each

group as described below. 

Western blot analysis. Cells were treated and collected as described

above. The expression of p53 was determined in cells harvested at

48 hours after initial treatment and PARP cleavage was examined

72 hours after initial treatment. Cells were washed with phosphate-

buffered saline (PBS), counted and pelleted by centrifugation.

Protein extracts were prepared by the addition of a 2X lysis

solution (250mM Tris, pH 6.8, 4% sodium dodecyl sulfate [SDS],

10% glycerol, 2% B-mercaptoethanol, 0.006% bromophenol blue)

to the cell pellets, resulting in a final concentration of 5000 cells

per microliter. An equal volume of each protein extract was

separated by electrophoresis through 4% to 20% gradient Tris

glycine gels (Invitrogen, Carlsbad, CA, USA). The proteins were

transferred to polyvinyl difluoride (PVDF) membranes, blocked

and incubated overnight at 4ÆC with primary antibody. The

membranes were then washed (5 times) in Tris-buffered saline-

Tween 20 (TBS-T) and incubated for 30 minutes to 1 hour at room

temperature with a sheep anti-mouse horseradish peroxidase-

linked antibody (Amersham Life Sciences, Arlington Heights, IL,

USA. Cat. #NA931) or a goat anti-rabbit horseradish peroxidase-

linked antibody (Amersham Life Sciences, Cat. #NA934). Protein

bands were visualized using a chemiluminesent ECL kit

(Amersham) as instructed by the manufacturer and exposed to

autoradiography film to visualize the protein bands (5 seconds to

15 minutes). Anti-‚-actin antibody (Cat.# A-5441) was purchased

from Sigma, anti-p53 antibody (Cat.# 610184) was purchased from

PharMingen, San Diego, CA, USA and anti-PARP antibody

(Cat.# sc-7150) was purchased from Santa Cruz Biotechnology,

Santa Cruz, CA, USA. Protein extracts from induced HL60 cells

(BioMol, Plymouth Meeting, PA, USA) were used as a positive

control for PARP. 

Results

Cytotoxic effectiveness of PTX and HDAI combinations.
Recent studies have indicated that enhancing G2/M arrest

increases the sensitivity of cancer cells to the cytotoxic

effects of chemotherapeutic drugs (24-26). Therefore, we

determined the concentration of PTX that results in a G2/M

accumulation of >50% by 24 hours after treatment. A

concentration of 10 nM of PTX resulted in a >85% G2/M

accumulation in the A2780 and Caov3 cell lines and a 25

nM concentration of PTX resulted in a 60-80% G2/M

accumulation in the SKOV3 cell line (data not shown).

Based on our previous studies, a concentration of 5 mM
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NaB and 0.5 ÌM TSA are sufficient to induce differential

cell cycle arrest (G1 and G2/M) and apoptosis (22). 

To test the hypothesis that combining PTX with a HDAI

would increase the advent of cell death, the ovarian cancer

cell line, A2780, was treated with 5 mM NaB, 10 nM PTX or

DMSO (vehicle) for 24 hours. The culture media was

replaced and cells were retreated with 5 mM NaB, 10 nM

PTX or DMSO in the combinations indicated and cell

viability was measured 72 hours after initial treatment using

annexin V/ propidium iodide exclusion. As shown in Figure

1, cell viability was dramatically reduced in comparison to the

controls (91±1.0%) in cells treated with the combinations of

PTX/NaB (46±1.7%), PTX/PTX (44±2.1%) and PTX +

NaB (52±2.2%). In contrast, continuous exposure to NaB

(70±2.3%) and the combination NaB/PTX (69±1.8%) was

less efficient in inducing cell death. These results demonstrate

that a limited exposure to PTX sensitizes the cells to the

cytotoxic effects of NaB and is sufficient to induce cell killing

as efficiently as continuous exposure to PTX. However,

reversing the sequence of drug exposure reduced the

cytotoxic effectiveness of this combination. 

PTX-induced p53 expression is decreased by HDAIs. The

tumor suppressor protein, p53, regulates both cell

proliferation and apoptosis through the regulation of

specific genes (27). While the expression of p53 is

positively regulated by PTX (6, 8), the expression of p53
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Table I. Enhanced cell killing with the combination of paclitaxel and
histone deacetylase inhibitors.

Viable cell population (%)

Treatment Caov3 A2780 SKOV3

Control 93.8 ± 0.6 93.7 ± 0.4 88.4 ± 2.0

PTX 71.0 ± 1.3 75.5 ± 4.4 68.1 ± 2.5

NaB 78.8 ± 1.2 79.0 ± 1.2 73.8 ± 2.3

PTX/NaB 46.8 ± 2.3 48.6 ± 5.1 49.6 ± 2.9

Control 90.5 ± 0.7 92.0 ± 0.8 ND

PTX 65.5 ± 4.8 74.3 ± 4.9 ND

TSA 53.7 ± 2.4 30.7 ± 0.9 ND

PTX/TSA 23.5 ± 3.1 24.3 ± 2.0 ND

Ovarian cancer cell lines were treated with 10 nM (Caov3 and A2780)

or 25 nM (SKOV3) paclitaxel (PTX) or vehicle (DMSO) for 24 hours,

the medium was replaced and the appropriate dishes were treated with

5 mM sodium butyrate (NaB) or 0.5 ÌM trichostatin A (TSA). Cells

were harvested 72 hours after initial treatment. Apoptosis was

measured using the ApoAlert Annexin V Kit as described in Materials

and Methods. Results represent the mean ± SEM of viable cells

(annexin V- and propidium iodide-negative) calculated from at least

three independent experiments, each performed in duplicate. 

Figure 1. Cytotoxic effectiveness of PTX and HDAI combinations. Ovarian cancer cells (A2780) were treated with vehicle (DMSO), 10 nM paclitaxel
(PTX), or 5 mM sodium butyrate (NaB) immediately after plating. The medium was replaced 24 hours later and the cells were treated with DMSO (D),
10 nM PTX (P), or 5 mM NaB (N) as indicated (i.e. D/D denotes cells received DMSO at time zero and time 24 hours, etc. and P + N denotes cells
received PTX and NaB at time zero and time 24 hours). Cell viability was measured 72 hours after initial treatment using annexin V/ propidium iodide
exclusion as described in Materials and Methods. Results represent the mean±SEM of viable cells calculated from three independent experiments, each
performed in duplicate. 



is negatively regulated by HDAIs (18,20). Interestingly,

studies have indicated that the loss of p53 sensitizes

ovarian cells to PTX (28, 29). In order to investigate

whether cell killing induced by the PTX/HDAI

combination is influenced by the expression of wild-type

p53, we verified that PTX increases the expression of p53

and HDAIs reduce the expression of p53 in ovarian

cancer cell lines. As shown in Figure 2, the expression of

p53 increased in the PTX-treated cells as compared to

the controls in the A2780 and Caov3 cell lines. In

contrast, the addition of a HDAI reduced the expression

of PTX-induced p53. We then compared the response of

ovarian cancer cell lines that express wild-type p53

(A2780), mutant p53 (Caov3), or are p53 null (SKOV3)

to the PTX/HDAI drug combination. As shown in Table

π, the percentage of viable cells decreased dramatically in

cells treated with the drug combination as compared to

the controls. Cell viability was reduced from 93.8% to

46.8% in the Caov3 cell line, from 93.7% to 48.6% in the

A2780 cell line and from 88.4% to 49.6% in the SKOV3

cell line. A more pronounced response was obtained

when PTX was combined with the TSA, decreasing cell

viability from 90.5% to 23.5% in the Caov3 cell line and

from 92% to 24.3% in the A2780 cell line. These data

suggest that the molecular mechanism by which the

PTX/HDAI combination decreases cell viability is not

specifically determined by p53 status. It is unclear

whether the HDAI-induced reduction in p53 levels is

necessary for the cytotoxic activity of the PTX/HDAI

combination.

PTX and HDAIs activate the caspase cascade .Under

certain conditions, apoptosis is promoted and executed

by caspases, a family of cysteine proteases that cleave and

inactivate proteins necessary for cell survival (30). The

DNA repair enzyme, PARP (116-kDa), is cleaved by

caspases during the execution phase of apoptosis,

resulting in the appearance of an 85-kDa fragment (31).

In order to determine whether PTX and/or HDAI

treatment activates the caspase cascade in our model

system, we examined whether drug treatment resulted in

the appearance of the cleaved form of PARP. Protein

extracts were prepared from samples treated in parallel

with those shown in Table I and PARP cleavage was

visualized by Western blot. As shown in Figure 3, PTX

and HDAI treatment, alone or in combination, results in

the activation of the caspase cascade as indicated by the

appearance of the cleaved form of PARP (85-kDa). 

Discussion

The present study examined the response of ovarian

cancer cells to treatment with HDAIs, alone and in

combination with PTX. We found that the PTX/NaB

combination induced cell death as efficiently as

continuous treatment with PTX. These results could

have a significant clinical impact. In clinical trials,

ANTICANCER RESEARCH 24: 539-546 (2004)

542

Figure 2. HDAI treatment decreases PTX-induced p53 expression. Ovarian cancer cells were treated with 10 nM paclitaxel (PTX) or vehicle (DMSO)
for 24 hours. The medium was replaced and cells were treated with 5 mM sodium butyrate (NaB) or 0.5 ÌM trichostatin A (TSA) for an additional 24
hours. The cells were harvested and protein extracts were prepared and analyzed by Western blot using a p53 specific antibody as described in Materials
and Methods. Membranes were reprobed with a ‚-actin specific antibody to verify equal loading and transfer.



HDAIs are reportedly well tolerated by patients (11,12).

In contrast, the current therapeutic regimen of PTX can

induce severe side-effects such as, neurotoxicity (4). In

our study, low concentrations of PTX and a limited

exposure time (24 hours), combined with a HDAI,

produced significant cell death in vitro. Thus, combining

PTX with a HDAI might allow the clinician to use lower

doses of PTX for a shorter period of time, thereby

reducing PTX-induced side-effects. However, the dose

and schedule of drug administration must be carefully

evaluated to ensure that initial drug treatment results in

G2/M arrest.

In response to DNA damaging events such as hypoxia,

ionizing radiation and chemotherapeutic drugs, the level

and DNA binding activity of p53 increases which, in turn,

promotes cell cycle arrest and apoptosis (32). However,

the contribution of p53 in the induction of cell death by

PTX is unclear. 

Several studies support the hypothesis that the loss of

functional p53 increases the sensitivity of cells to the cytotoxic

effects of PTX. The depletion of p53 in normal fibroblasts

increased the cytotoxic efficacy of PTX (28) and the

exogenous expression of functional p53, in a p53-deficient cell

line, resulted in a reduction in the cytotoxic effectiveness of
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Figure 3. PTX and HDAI treatment results in cleavage of the caspase substrate, poly (ADP-ribose) polymerase (PARP). Ovarian cancer cells were treated
with 10 nM (Caov3 and A2780) paclitaxel (PTX), 25 nM (SKOV3) PTX or vehicle (DMSO) for 24 hours. The medium was replaced and cells were
treated with 5 mM sodium butyrate (NaB) or 0.5 ÌM trichostatin A (TSA) for an additional 48 hours. Cells were harvested 72 hours after initial treatment.
Protein extracts were prepared and analyzed by Western blot using a PARP specific antibody as described in Materials and Methods. Protein extracts
from induced HL60 cells were used as a positive control (+) for PARP cleavage. Con (DMSO), PTX (paclitaxel), NaB (sodium butyrate), TSA
(trichostatin A), P/N (PTX/NaB) and P/T (PTX/TSA).



PTX treatment (29). On the other hand, low doses of PTX

increased apoptosis in a nasopharyngeal carcinoma (NPC)

cell line expressing wild-type p53 over that induced by PTX in

a NPC cell line expressing mutant p53 (33). 

We found that the p53 status of the cell line did not

alter its sensitivity to any of the drug treatments. The

amount of cell death induced by drug treatment in the

A2780 cell line (p53 wild-type) was not significantly

different from that induced in the Caov3 cell line (p53

mutant) and the SKOV3 cell line (p53 null). Our results

indicate that cell death induced by PTX and/or a HDAI

does not require functional p53. However, we are unable

to rule out that the reduction in cell viability by the

PTX/HDAI combination does not involve the HDAI-

induced reduction in p53 expression or alterations in

factors downstream of p53.

In addition, we found that treatment with PTX and/or

HDAI led to the cleavage of the caspase substrate PARP.

These results are in agreement with a number of studies,

which demonstrate that treatment with PTX and HDAIs

induce caspase-dependent apoptosis (7,20,34). Conversely,

PTX has been reported to induce caspase-independent

apoptosis also (35,36).

We are currently investigating possible mechanisms that

could account for the cell death induced by the PTX/HDAI

combination. For example, changes in the expression of IAPs

(inhibitors of apoptosis) such as survivin may play a role.

Inhibiting the cdk1-dependent phosphorylation of survivin

reduces endogenous survivin levels (37). This possibility is a

viable mechanism due to the fact that our previous studies

have shown that HDAIs inhibit cdk1-associated kinase activity

which correlated with an increase in p21 expression and a

down-regulation of cyclin B expression (22) and that PTX

and/or HDAI treatment up-regulates the expression of p21 in

the ovarian cancer cell line, A2780 (unpublished data).

Therefore, the combination of PTX/HDAI could alter the

expression of IAPs beyond that induced by single drug therapy,

resulting in an increase in cell death. Potential mechanisms

such as these are currently the subject of on-going studies in

our laboratory. In summary, this study demonstrates that

HDAIs possess possible clinical applications as an adjuvant

therapy in the treatment of ovarian cancer. 
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