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The effects of combining docetaxel and cyclooxygenase-2
inhibitors on proliferation and apoptosis in epithelial
ovarian cancer
Adnan R. Munkaraha,b,d, Rouba Ali-Fehmia,c, John Z. Jianga,b,
Eslam Elhammadya, John M. Malone Jra,b,d and Ghassan M. Saeda,b

In-vitro studies have shown that taxanes can upregulate

cellular cyclooxygenase-2 expression. The purpose of this

study is to evaluate the effects of the combination,

cyclooxygenase-2 inhibitor and docetaxel, on epithelial

ovarian cancer cells. Four epithelial ovarian cancer cell

lines (MDAH-2774, SKOV3, OVCAR and CaOV-3) were

treated with the specific cyclooxygenase-2 inhibitor NS398

(10 or 100 lmol/l) and docetaxel (0.1, 1 or 10 lmol/l) in

various combinations. Apoptosis in the ovarian cancer cells

was assessed using TUNEL assay. Multiplex reverse

transcription-PCR was used to determine mRNA levels of

cyclooxygenase-2, bcl-2 and bax. Treatment of all epithelial

ovarian cancer cells with docetaxel resulted in significant

apoptotic death. Concurrent treatment of MDAH-2774,

SKOV3 and OVCAR cells with docetaxel and NS398

resulted in the reduction of the taxane-induced apoptosis.

Similar reduction was seen when the cells were exposed to

NS398 for 4 h before docetaxel treatment. Conversely,

treating the MDAH-2774 and SKOV3 cells with docetaxel

followed by NS398 resulted in a significant increase in

apoptosis compared with treatment with the taxane alone.

bax mRNA levels were significantly reduced in SKOV3 cells

treated concurrently with NS398 and docetaxel; bcl-2

mRNA levels showed no change. When combining

docetaxel and a cyclooxygenase-2 inhibitor in the

treatment of ovarian cancer cells, the sequencing of the

drugs seems to have an important influence on the overall

outcome. Using the cyclooxygenase-2 inhibitor before or

concurrently with the taxane will result in a reduction of

cellular apoptotic death. This might be due to a reduction in

the expression of the proapototic gene bax. Anti-Cancer
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Introduction
Ovarian cancer continues to be among the leading causes

of cancer deaths in women. In the past decade, a number

of studies have shown that the addition of paclitaxel to

platinum in the primary treatment of epithelial ovarian

cancer (EOC) has resulted in prolonged survival [1].

Docetaxel is a taxane with a similar cellular activity to

paclitaxel. It promotes microtubule assembly and stabi-

lization, and inhibits tubulin disassembly [2]. It also

induces apoptotic cell death through a bcl-2-associated

mechanism [3]. In the preclinical setting, docetaxel

seems to have a number of advantages over paclitaxel.

First, it has a greater affinity for tubulin. Second, there is

high intracellular uptake and slow efflux rates in vitro
leading to longer intracellular retention half-life. Third, it

promotes microtubule polymerization at lower levels. In

addition, there is only partial cross-resistance between

paclitaxel and docetaxel in paclitaxel-resistant cell lines.

In recent trials of primary chemotherapy for ovarian

cancer, the use of docetaxel instead of paclitaxel has

resulted in at least equivalent response rates and

patients’ survival with diminished neurotoxicity [4].

Evidence from in-vitro and in-vivo studies suggest an

important role for prostaglandins and their synthesizing

enzyme cyclooxygenase-2 (COX-2) in carcinogenesis

[5–8]. Prolonged intake of drugs which inhibit COX-2

reduces the incidence of a number of malignancies

[9–11]. Laboratory data have also revealed that exposure

of various human carcinoma cell lines to COX-2 inhibitors

induces apoptotic cell death in vitro [12–14]. A number

of investigators evaluated the effects of combining

these drugs with various chemotherapeutic agents and

showed that the combination significantly increases

the cytotoxicity of a number of chemotherapy drugs

[15–20]. We have previously reported that simul-

taneous treatment of EOC cell lines with paclitaxel

and the specific COX-2 inhibitor, NS398, resulted

in a paradoxical inhibition of the paclitaxel-induced

apoptosis [21].
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On the basis of data from various investigators as well

as our laboratory, we got interested in investigating the

role of COX-2 inhibitors as an adjuvant treatment to

chemotherapy in ovarian cancer. The goal of this study

was to determine the effects of sequential treatment of a

number of EOC cell lines with docetaxel and the specific

COX-2 inhibitor NS398 on: (1) apoptosis and cell growth,

(2) COX-2, bcl-2 and bax mRNA expression, and (3) cell

cycle progression.

Methods
Culture of ovarian cancer cell lines

A total of four EOC cell lines were used for the different

experiments of this study: SKOV3, MDAH-2774, OVCAR

and CaOV-3.

The human EOC cell lines, SKOV3 and MDAH-2774,

were grown in T-150 flasks with RPMI-1640 medium

supplemented with 10% fetal bovine serum (FBS),

2 mmol/l L-glutamine, 100 U of penicillin, 0.1 mg of

streptomycin and 0.25 mg of amphotericin B. The

CaOV-3 and OVCAR cells were maintained in a

humidified atmosphere in Dulbecco’s modified Eagle’s

medium supplemented with 10% FBS, 4 mmol/l of L-

glutamine at 37.01C/5% CO2. Cells were maintained at

confluency at 371C incubation with 5% CO2. The media

were changed three times per week. For each experiment,

cells were plated out in 0.3% FBS-containing medium in

100-cm2 culture dishes at a cell density of approximately

1�106 cells per dish and incubated for another 48 h. Cell

cultures were treated with increasing concentrations

of docetaxel (0.1, 1 and 10 mmol/l), NS398 (10 and

100 mmol/l) and a combination of both drugs. The NS398

concentrations used in our experiments are relevant

clinically because the doses of COX-2 inhibitors

recommended to patients will achieve serum concentra-

tions in the range of 1�10 – 4 to 2�10 – 5 mol/l. NS398 was

solubilized in dimethylsulfoxide which was also added in

the control cultures.

In-situ analysis of DNA integrity (TUNEL assay)

Ovarian cancer cells were grown in Lab-Tek chamber

slides (Nunc, Naperville, Illinois, USA). Apoptosis was

assessed using the TUNEL technique as described by

the Promega Apoptosis Detection System (Promega;

Madison, Wisconsin, USA) and in a previous publication

[21]. Briefly, slides were treated with proteinase K (20 mg/

ml) in 10 mmol/l Tris–HCl (pH 8.0) for 15 min at room

temperature and washed four times for 2 min in ddH2O.

Endogenous peroxidase was inactivated by incubating

the sections for 5 min in 3% H2O2 at room temperature

and then washed three times in ddH2O. Slides were

preincubated for 10 min at room temperature in TdT

buffer (30 mmol/l Tris–HCl–140 mmol/l Na cacodylate–

1 mmol/l cobalt chloride) and incubated in a moisture

chamber for 1 h at 371C with 20–30 m1 of TdT buffer with

0.5 U of TdT/ml and 40 mmol/l of fluorescein 12-dUTP.

The reaction was stopped by transferring the slides

to 2� saline sodium citrate buffer (300 mmol/l NaCl–

30 mmol/l sodium citrate) for 15 min at room temperature

followed by the addition of propidium iodide to stain all

cells. Fluorescein and propidium iodide were used to

stain DNA and the DNA content of the cells was

determined by flow cytometry. Detection of localized

green fluorescence of apoptotic cells (fluorescein 12-

dUTP) and in red background (propidium iodide) was

performed by fluorescence microscopy. Quantitative

analysis was performed by flow cytometric analysis of

the changes in mean fluorescence for cell suspensions.

Positive controls were performed by treating cells with

DNase I (1 mg/ml) in TdT buffer for 10 min at room

temperature before incubation with biotinylated nucleo-

tide.

Cell proliferation measurement by flow cytometric

analysis

The proliferative fraction, which consists of cells in the

G2/M and S phases, was determined using the cell flow

cytometry (Wayne State University core facility), from

ovarian cancer cell lines under all treatment conditions

[23–25].

Cell growth and viability assay

The Trypan blue dye exclusion was used to determine

the percentage of viable cells after the various treat-

ments. Cell suspension was prepared at a 1 : 1 dilution

with 0.4% Trypan blue solution. The counting chamber of

a hemocytometer was loaded. The number of stained

cells and the total number of cells were counted. The

percentage of viable cells was determined by calculating

the percentage of unstained cells.

Multiplex reverse transcription-PCR for

cyclooxygenase-2, bcl-2 and bax

The multiplex reverse transcription (RT)-PCR techni-

que was utilized to detect and compare mRNA levels of

COX-2, bcl-2 and bax in ovarian cancer cells after various

treatments.

Reverse transcription-PCR

RNA was isolated using the monophasic solution of

phenol and GITC/Trizol method as previously described

[21]. RNA was treated with DNase 1 RNase-free in

10 mmol/l Tris–C1, pH 8.3, 50 mmol/l of KCl, 1.5 mmol/l

of MgC12 in the presence of RNasin ribonuclease

inhibitor and incubated at 371C for 30 min. For cDNA

synthesis, 20 mg of RNA was heated to 681C for 10 min in

the presence of 2 ml oligo dT primer and then rapidly

chilled on ice. A master mix containing 4 ml of 5� first

strand buffer, 2 ml of 0.1 mol/l dithiothreitol, 1 ml of

10 mmol/l deoxynucleoside triphosphate mix, 1 ml of

superscript II (200 U; Life Technologies Inc.; Gaithers-

burg, Maryland, USA) and 1 ml of RNase inhibitor was
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added, and each reaction was incubated at 421C for 1 h.

Aliquots from the cDNA reaction were then PCR-

amplified in 100-ml reactions as follows: 10 ml of 10�
PCR reaction buffer, 1 mmol/l from each of the deoxy-

nucleoside triphosphate, 20 mmol/l from each primers and

2.5 U Taq polymerase enzyme. Mineral oil was added to

prevent evaporation. The reaction is initiated by heat

denaturation at 951C for 1 min, annealing the primers for

2 min at 601C, and then extension for 3 min at 721C. This

was repeated for 35 cycles using the PCR (Perkin-Elmer,

Waltham, Massachusetts, USA). After the final cycle the

temperature is maintained at 721C for 7 min to allow

completion of synthesis of amplified products. Analysis of

PCR-amplified products was performed by fractionation

over a 2% agarose gel followed by ethidium bromide

staining of DNA bands. Scanning densometry was used to

determine the ratio of intensity of each band relative to

b-actin, using NIH Image analysis program.

Primer design and controls

Optimal oligonucleotide primer pairs for multiplex RT-

PCR amplification of oligo dT-primed reverse-transcribed

cDNA were selected with the aid of the computer

program Oligo 4.0 (National Biosciences, Plymouth,

Minnesota, USA). The human oligonucleotide primers,

which amplify variable portions of the protein coding

regions, that were used are listed in Table 1.

Statistical analysis

The docetaxel and NS398 experiments were run in

triplicates; the mean as well as standard deviations and

standard errors were computed. The means were then

compared using analysis of variance and Student’s t-test.

In viability assays, the log of the mean difference in

number of viable cells (and before after treatment) was

determined and comparisons were made using Student’s

t-test with significance set at P < 0.05.

Results
Effect of treatment with docetaxel and NS398 on

apoptosis and cell growth

Sequential treatment of the EOC cells MDAH-2774,

SKOV3 and OVCAR with NS398 (10, 100 mmol/l) for 4 h

followed by docetaxel (10 mmol/l) for 24 h showed a

significant inhibition of drug-induced apoptosis compared

with cells treated with docetaxel alone (Fig. 1).

Concurrent treatment of the cells with docetaxel and

NS398 resulted in a similar reduction of docetaxel-

induced cytotoxicity (Fig. 1). The CaOV-3 cells were less

sensitive to docetaxel treatment at 24 h; pretreatment of

those cells with NS398 did not result in a significant

inhibition of apoptosis at that time point. The prolif-

erative fraction of the cells was higher in the combined

and sequential drug treatment compared to treatment

with docetaxel alone (Fig. 1). Flow cytometry analysis

revealed that either sequential or concurrent treatments

resulted in apoptosis and sequestering in G2 phase with

no evidence of any significant G0/G1 arrest resulting from

the use of the COX-2 inhibitor (Fig. 2).

The sequence of administration of drugs was then

reversed. Cells were treated with docetaxel at 0.1 mmol/l

for 24 h followed by NS398 100 mmol/l for 24 h (schedule

1) or 72 h (schedule 2). That treatment sequence had no

negative effect on docetaxel-induced apoptosis for any of

the cell lines. On the contrary, there was an increase in

apoptotic death of the MDAH-2774 and SKOV3 cells that

was more pronounced after 72 h of N-S398 treatment

as compared with docetaxel treatment alone. For the

CaOV-3, there was increased apoptosis with the combina-

tion treatment compared with docetaxel alone at 24 h

(data not shown). For the OVCAR cells, the sequential

treatment did not result in any significant change in

apoptosis rate compared with docetaxel treatment alone

(Fig. 3).

The Trypan blue assay was then used to assess cell

growth and viability for the MDAH-2774 and SKOV3

cells in response to the different treatments. We

confirmed that (1) docetaxel treatment resulted in a

significant cancer cell death, and (2) the addition of

NS398 for 72 h after docetaxel treatment results in an

additional 16 and 29% reduction in the number of viable

cells recovered at the end of treatment for MDAH-2774

and SKOV3 cells, respectively (Fig. 3e).

Effects docetaxel and NS398 treatment on bcl-2,

bax and cyclooxygenase-2 mRNA levels

In an attempt to investigate the above treatment effects

resulting from the various sequences of drug administra-

tion, the effect of the different treatment schedules on

the levels of COX-2, bcl-2 and bax mRNA in SKOV3 cells

was assessed using multiplex reverse transcription-PCR.

A significant increase in COX-2 mRNA was detected in

the cells treated with docetaxel followed by NS398 for

72 h (Fig. 4). No other change in COX-2 was seen with

Table 1 Oligoneucleotide primers used for real-time reverse transcription-PCR analysis

Locus Sense (50–30) Antisense (50–30) bp

b-Actin AAGCAGGAGTATGACGAGTCCG GCCTTCATACATCTCAAGTTGG 559
COX-2 TTCAAATGAGATTGTGGGAAAAT AGATCATCTCTGCCTGAGTATCTT 304
Bcl-2 TGTGGTATGAAGCCAGACCTCC CAGGATAGCAGCACAGGATTGG 153
Bax TTCTGACGGCAACTTCAACTGG AGGAAGTCCAATGTCCAGCC 135

COX-2, cyclooxygenase-2.
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the other treatment schedules. The expression of bcl-2

was not significantly altered by any of the treatment

modalities. On the other hand, bax mRNA level was

significantly reduced in response to the treatment

schedule that consisted of concurrently exposing the

cells to NS398 and docetaxel (Fig. 4).

Discussion
The cytotoxic effects of COX-2 inhibitors have prompted

different investigators to evaluate the effect of combining

these drugs with various chemotherapeutic agents. A

number of nonsteroidal antiinflammatory drugs (e.g.

indomethacin, sulindac, tolmetin, acemetacin, zomeperac

and mefenamic acid) have been shown to significantly

increase the cytotoxicity of anthracyclines as well as

tenoposide, VP-16 and vincristine in human lung and

leukemia cell lines [18]. Furthermore, a recent study,

evaluating the growth inhibitory effects of sulindac

sulfide on human lung cancer cell lines, demonstrated

that combining this COX-2 inhibitor with either pacli-

taxel or cisplatin had a synergistic cytotoxic effect [19].

Similarly, it has been reported that the specific COX-2

inhibitor, nimesulide, when used in combination at

clinically achievable concentrations, significantly reduced

the IC50 values of various anticancer agents in human

nonsmall cell lung cancer [20]. This effect was also tested

in the clinical setting. In a clinical phase II trial, patients

with stage IB to IIIA nonsmall lung cancer were treated

with two preoperative cycles of paclitaxel and carboplatin,

as well as daily celecoxib, followed by surgical resection

[22]. The authors reported that the addition of the

selective COX-2 inhibitor might enhance the response to

preoperative chemotherapy in that setting. Other in-

vestigators have tested the effect of combining docetaxel,

zoledronic acid and the COX-2 inhibitor SC236 on human

breast cancer cells. They found that the combination of

docetaxel with either zoledronic acid or SC236 enhanced

the growth inhibition produced by each drug separately.

The growth inhibition seen with the triple combination

was slightly higher than that seen with either double

Fig. 1
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Treatment of ovarian cancer cells with a COX-2 inhibitor before or concurrent with docetaxel reduced the apoptotis induced by the taxane. The
ovarian cancer cells MDAH-2774, SKOV3, OVCAR and CaOV-3 were treated with docetaxel and/or NS398 at different doses and schedule.
Apoptosis (a and c) and proliferation (b and d) were measured by TUNEL assay and flow cytometry. The following treatments are shown: (A) control,
(B) NS398 10mmol/l for 4 h, (C) docetaxel 10mmol/l for 24 h, (D) concurrent treatment with NS398 10mmol/l and docetaxel 10mmol/l for 24 h, and
(E) sequential treatment with NS398 10mmol/l for 4 h followed by docetaxel 10mmol/l for 24 h.
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combination [15]. In a previous report, we have

established that combining NS398 or aspirin with

paclitaxel resulted in a reduction of paclitaxel-induced

apoptosis in EOC cell lines. The current study provides

evidence that the inhibitory effect is not specific to

paclitaxel but is also seen with docetaxel. Interestingly,

the described effect is sequence specific. When the

cancer cells are exposed to the COX-2 inhibitor before

or concurrent with taxane treatment, we observed a

reduction in apoptosis. On the other hand, when the

cancer cells are exposed to the taxane before exposure to

the COX-2 inhibitor, there is no inhibition in the taxane-

induced apoptosis; on the contrary, there is an additive

cytotoxic effect for some of the cancer cell lines

investigated. When looking at the data on proliferation,

one needs to be careful not to interpret those as

reflecting increased proliferation of the cancer cells in

response to treatment with both drugs. It is possible that

such treatment resulted in an accumulation of the cells in

G2 phase cycle which was reflected in an increase in the

proliferative fraction. Further studies will be done to

determine whether the arrested cells will eventually die

and thus this combined treatment has switched apoptosis

toward another type of cell death.

Previous studies have shown that there is some associa-

tion between the expression of COX-2 and bcl-2 proteins.

In rat intestinal epithelial cells, forced COX-2 expression

resulted in bcl-2 overexpression and reduced apoptosis

[26]. Treatment of EOC cells with prostaglandin E2

resulted in an increased expression of bcl-2 and reduced

apoptosis [27]. It has been speculated that tumor cells

that overexpress COX-2 tend to be more resistant to

apoptosis because of increased bcl-2 levels. Studies have

suggested that taxanes induce apoptotic cell death

through a bcl-2-associated mechanism. In various cancer

cell lines, taxane treatment induced bcl-2 hyperphos-

phorylation and apoptosis, and reduced bcl-2/bax dimer-

ization. In our experimental model, we hypothesized that

inhibiting COX-2 using NS398 might potentiate the

apoptotic effect of taxanes by further reducing bcl-2

levels [28]. The data presented, however, reveal no

change in bcl-2 expression. On the other hand, pretreat-

ing the cells with a COX-2 inhibitor before docetaxel

Fig. 2

TetraploidS+G2/M TetraploidS+G2/M

TetraploidS+G2/M

FL2-A

10008006004002000
100

101

Td
T

−F
IT

C

102

Apoptotic

103

104

FL2-A

10008006004002000
100

101

Td
T

−F
IT

C

102

Apoptotic

103

(b)

(d)

(a)

(c) 104

FL2-A
10008006004002000

100

101

Td
T

−F
IT

C

102

Apoptotic

103

104

FL2-A
1000800

TetraploidG+G2/M

6004002000
100

101

Td
T

−F
IT

C

102

Apoptotic

103

104

Cell cycle analysis of SKOV3 cells by flow cytometry after various treatments. (a) Control, (b) treatment with NS398 10 mmol/l for 4 h, (c) treatment
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Effects of inhibitors in epithelial ovarian cancer Munkarah et al. 893

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Fig. 3
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Treatment of ovarian cancer cells with a COX-2 inhibitor after docetaxel increased the taxane-induced apoptosis. The ovarian cancer cells MDAH-
2774, SKOV3, OVCAR and CaOV-3 were treated with docetaxel and/or NS398 at different doses and schedule. Apoptosis (a and c) and
proliferation (b and d) were measured by TUNEL assay and flow cytometry. Cell viability was assessed using Trypan blue and the log difference of
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resulted in a reduction of bax mRNA levels. One might

wonder whether the decreased expression of this proapop-

totic gene is the mechanism underlying the inhibition of

the taxane-induced apoptosis by COX-2 inhibitor. Future

experiments will be evaluating protein levels as well as

protein phosphorylation in an attempt to explain the

phenomena observed in the current experiments. In

addition, other apoptotic pathways need to be investigated.

Previous studies have shown that microtubule-acting

agents impact COX-2 expression in cells [16]. In fact,

treatment with taxanes was shown to induce COX-2

expression by both stimulating transcription and stabiliz-

ing mRNA [29]. A number of studies have shown that

COX-2 overexpression in cancer cells can promote their

proliferation, reduce their apoptotic death and enhance

their metastatic potential. Therefore, it is possible that

the induction of COX-2 expression by taxane paradoxi-

cally benefit the malignant cells and reduce the efficacy

of these chemotherapy agents [30]. Accordingly, the

administration of a COX-2 inhibitor with a taxane might

reverse this effect and improve the cytotoxic effect of the

chemotherapy. This was demonstrated in an experimental

lung cancer model in which the combined use of a

selective COX-2 inhibitor along with conventional

chemotherapy resulted in more tumor growth inhibition

than with chemotherapy alone [31]. The effect of taxane

therapy on COX-2 expression in the lung cancer cells was

not evaluated in that report. Similar to what has been

reported in the lung cancer model, this study demon-

strates that the sequential treatment of ovarian cancer

cells with docetaxel followed by NS398 resulted in an

increase in apoptotic cell death. Docetaxel treatment

alone, however, had no significant impact on COX-2

expression in any of the EOC cell lines studied.

In addition to inducing apoptosis, part of the growth

inhibitory effect of the traditional nonsteroidal anti-

inflammatory drugs on colorectal carcinoma cells is due to

their effect on the cell cycle [32]. These drugs induce

G0/G1 arrest by regulating some of the proteins that

control the progression through the cell cycle [33].

Similarly, a recent study noted that NS398 inhibited the

growth of ovarian carcinoma cells by inducing a G0/G1

arrest independent of COX2 expression [34]. It is well

established that one of the mechanisms of action of

taxane is the induction of a G2 arrest. We sought to

determine whether, in our experimental model, the

pretreatment of EOC cells with NS398 resulted in a

significant G0/G1 arrest that protected the cells from

reaching the G2 phase where the taxane will exert most of

their cell kill. Flow cytometry analysis revealed that this

was not the case. The treatment of EOC cells with

docetaxel and NS398 caused apoptosis and sequestering

in G2 phase, but no significant G0/G1 arrest.

In conclusion, the over expression of COX-2 in epithelial

ovarian carcinoma and its known effect on cell growth and

proliferation makes it a good potential therapeutic target.

The reduction in taxane-induced apoptosis seen when

the ovarian cancer cells were pretreated with a COX-2

inhibitor, however, is a reason for concern. Future studies

need to determine whether the concurrent or sequential

treatment of docetaxel and NS398 are truly inhibiting

cell death or delaying it by switching the cells toward

another death mechanism. Interestingly, this effect

seems to be sequence dependent. In fact, cellular

apoptosis was increased when the taxane is used before

Fig. 4
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(B) concurrent treatment with 10mmol/l of NS398 and 10mmol/l of
docetaxel for 24 h, (C) docetaxel 10mmol/l for 24 h, (D) control with
harvesting at 96 h, (E) docetaxel 0.1mmol/l for 24 h then cells harvested
at 96 h, and (F) docetaxel 0.1mmol/l for 24 h followed by NS398
100mmol/l for 72 h (cells harvested at 96 h). (* indicates P < 0.05).
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the COX-2 inhibitor. This increase in cell death can

provide the scientific basis for clinical trials of drug

combinations in ovarian cancer that include taxanes and

COX-2 inhibitors. Although such combinations may be

beneficial from a cancer therapy perspective, they need

to be weighed against the risk of serious cardiovascular

side effects recently attributed to the COX-2 inhibitors.
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