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ABSTRACT

Celecoxib, an inhibitor of cyclooxygenase-2 (COX-2), is being investigated for enhancement
of chemotherapy efficacy in cancer clinical trials. We determined whether continuous
exposure to celecoxib would increase the antiproliferative effects of a 1-h treatment with
docetaxel or cisplatin in four human ovarian cancer cell lines. COX-2 protein could not be
detected in these cell lines, because of which three COX-2 positive human colon cancer cell
lines were included. Multiple drug effect analysis demonstrated additive to borderline
antagonistic effects of celecoxib combined with docetaxel. Combination indices with values
of 1.4-2.5 in all cancer cell lines indicated antagonism between celecoxib and cisplatin
regardless whether celecoxib preceded cisplatin for 3h, was added simultaneously or
immediately after cisplatin. Apoptotic features measured in COX-2-negative H134 ovarian
cancer cells and COX-2-positive WiDr colon cancer cells, such as the activation of caspase-3
and the number of cells in sub-GO of the cell cycle, induced by docetaxel were increased in
the presence of celecoxib, but were abrogated upon addition of celecoxib to cisplatin.
Moreover, the G2/M accumulation in cisplatin-treated cells was less pronounced when
celecoxib was present. Drugs did not affect p-Akt. Celecoxib upregulated p-ERK1/2 in H134
cells, but not in WiDr cells. Platinum-DNA adduct formation measured in WiDr cells,
however, was reduced when celecoxib was combined with cisplatin. Taken together, our
data demonstrate clear antagonistic effects when celecoxib is given concurrently with
cisplatin, which is independent of COX-2 expression levels.

© 2007 Published by Elsevier Inc.

1. Introduction

been shown to promote cell growth, inhibit apoptosis and
enhance cell motility and adhesion [1,2]. Classical anticancer

The enzyme cyclooxygenase (COX) catalyzes prostaglandin
synthesis from arachidonic acid. Two isoforms have been
characterized of which COX-1 is a homeostasis protein
constitutively expressed in a variety of tissues, while COX-
2 expression is regulated by growth factors, cytokines and
oncogenes. COX-2 overexpression can be found in both
premalignant and malignant lesions. Induction of COX-2 has
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agents may upregulate COX-2 mRNA and protein levels in
tumor cells, as has been described for cisplatin and taxanes
[3-5].

Since COX-2 expression leads to a pro-survival effect, COX-
2 inhibitors have been investigated for their potential to
enhance chemotherapy efficacy. At first instance, non-
steroidal anti-inflammatory drugs (NSAIDs) have been
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employed, but this class of agents also inhibits COX-1 function
causing gastrointestinal injury. Thereafter, specific COX-2
inhibitors were developed to avoid side effects of NSAIDs
related to COX-1 inhibition [6], such as celecoxib. Celecoxib
specifically binds to COX-2, while little or no specific binding to
COX-1 was observed [7]. Besides its anti-inflammatory
activities, in relevant animal models of cancer celecoxib has
been found to prevent colon tumor formation, to inhibit
angiogenesis and to potentiate tumor response to radiation [8].
More specifically, celecoxib may enhance antitumor activity
when combined with chemotherapy. As examples, celecoxib
combined with docetaxel was more effective than docetaxel
alone in the growth inhibition of A549 human lung tumors in
nude mice [5]. The same combination potentiated apoptosis in
human prostate cancer cells and had additive antitumor
effects in vivo [9]. Combined with oxaliplatin it could enhance
human colon cancer cell death in vitro [10]. Clinical trials have
been conducted or are underway using celecoxib in combina-
tion with cytotoxic agents, such as gemcitabine and cisplatin
in pancreatic cancer [11] and docetaxel in lung cancer [12].
Thus far, the benefit of celecoxib as an adjunct to chemother-
apy regimens has not yet been established.

The most likely route of celecoxib to potentiate the efficacy
of chemotherapy is considered via inhibition of COX-2. Recent
experiments, however, provide evidence that celecoxib is also
able to inhibit human cancer cell growth regardless of the
presence of functional COX-2 [13-15]. It is, therefore, hypothe-
sized that celecoxib improves chemotherapy outcome not
only via COX-2 inhibition, but also by other, mostly unknown,
mechanisms.

The functional activity of COX-2 and the effects of COX-2
inhibition have been mainly studied in colorectal cancer. COX-
2 is overexpressed in approximately 90% of patients with
colorectal adenocarcinomas [16]. A high level of COX-2
expression was correlated with more advanced stage and
larger tumor size and might be related with reduced survival
[17]. Various epidemiological studies have indicated that
regular and prolonged intake of NSAIDs is associated with a
40-50% reduction in colorectal cancer incidence, most
probably due to reduced prostaglandin synthesis as a
consequence of decreased COX-2 activity [18]. Moreover, in
experimental human colon cancer COX-2 inhibition poten-
tiated the efficacy of cytotoxic agents, such as oxaliplatin,
irinotecan and curcumin [10,19,20].

Although not frequently overexpressed, COX-2 can be
detected in human ovarian tumors [21-23]. Expression of COX-
2 was found to be associated with a significantly reduced
median survival time [22] and levels were significantly higher
in non-responding patients than patients responding to
chemotherapy [23]. The well-known NSAID acetyl salicylic
acid (aspirin) has been shown to inhibit OVCAR-3 human
ovarian cancer cell growth in vitro [24]. Other studies in human
ovarian cancer cell lines treated with the specific COX-2
inhibitor NS398, however, led to ambiguous effects; both
induction of GO/G1 cell cycle arrest [25] and impairment of
paclitaxel-induced apoptosis [26] have been reported. The
exact role of COX-2 as a target for treatment in ovarian cancer
remains to be elucidated.

In this study we investigated the possible synergism of
celecoxib when combined with docetaxel or cisplatin in

human ovarian cancer cell lines. Since these cell lines did
not clearly express COX-2 protein levels, human colon cancer
cell lines that contain COX-2 were included as control cell
lines. We detected increased cytotoxic effects and apoptotic
features when celecoxib was combined with docetaxel
regardless of the expression levels of COX-2. Of interest, we
consistently calculated antagonistic effects upon the combi-
nation of celecoxib with cisplatin, both in ovarian cancer as
well as in colon cancer cells. We, therefore, investigated the
mechanism of the antagonism between celecoxib and
cisplatin. Evidence was found that celecoxib-treated cells
were protected against the cisplatin-induced G2/M arrest as
well as against platinum-DNA adduct formation in which p21
may play a role.

2. Materials and methods
2.1. Cell culture

Four human ovarian cancer cell lines: A2780, H134, OVCAR-3,
IGROV-1[27,28] and three human colon cancer cell lines: WiDr,
HT29, SW1398 [29,30] were used for the experiments. The cells
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM,;
Invitrogen, Breda, the Netherlands) supplemented with 10%
fetal calf serum (FCS, Invitrogen), 100 U/ml penicillin and
100 pg/ml streptomycin (Bio-Whittaker, Verviers, Belgium) at
37 °Cin 5% COa,.

2.2.  In vitro antiproliferative assay

The antiproliferative effects of docetaxel (kindly provided by
Sanofi-Aventis, Antony, France), cisplatin (Bristol-Myers
Squibb, Woerden, the Netherlands), celecoxib (kindly provided
by Pfizer, Barceloneta, Puerto Rico) and combinations of
docetaxel-celecoxib or cisplatin-celecoxib were measured in
a 96-h antiproliferative assay. Cells were plated in quad-
ruplicate in culture medium in 96-well plates at 3000 cells per
well. After 24 h, cells were exposed to drug concentration
ranges of docetaxel (1h), cisplatin (1h) or celecoxib (96 h).
Docetaxel and cisplatin treatments were followed by a wash
step and addition of fresh culture medium. Besides assess-
ment of the antiproliferative effects of individual drugs, three
different experimental designs were used: (1) a 3-h pre-
incubation with celecoxib followed by a 1-h simultaneous
exposure to docetaxel or cisplatin and a subsequent 96-h
exposure to celecoxib, (2) a 1-h simultaneous exposure to
docetaxel or cisplatin plus celecoxib and a subsequent 96-h
exposure to celecoxib, (3) a 1-h exposure to docetaxel or
cisplatin followed by a 96-h celecoxib exposure. Constant drug
concentration ratios were applied in which docetaxel molar
concentrations were 1000-fold lower than the celecoxib
concentrations, while cisplatin and celecoxib concentrations
were added in equal molar ratios.

The number of viable cells was determined by addition of 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide
(MTT; Sigma-Aldrich, Zwijndrecht, the Netherlands). The
extinction of the formazan product was measured at
540 nm on a Multiscan plate reader (Thermo Biosciences,
Breda, the Netherlands). Results were expressed in IC50
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values, being the drug concentration responsible for 50% cell
growth inhibition as compared to control cell growth.

2.3.  Multiple drug effect analysis

All cell lines were exposed to combinations of docetaxel-
celecoxib and cisplatin—celecoxib in the same way as
described above for the antiproliferative assay. Concentra-
tions of the drugs were added in constant molar ratios in
quadruplicate. Using the MTT assay dose-effect curves were
generated to obtain the IC50, IC70 and IC90 values of the
combinations and to perform multiple drug effect analysis
based on the method of Chou and Talalay [31]. The utilization
of this method for the combination of cytotoxic agents has
been described by our group [32]. Briefly, each fraction affected
(FA) was calculated by comparing the absorbance values of
drug-treated cell wells to the absorbance of control cell wells.
A FA of 0.3 means for instance a reduction in growth of 30%.
For each level of antiproliferative effect expressed as a
particular IC value the combination index (CI) was calculated
using the formula

_[ D) (D), (D)1(D),
CI_{(Dl-Fi)J |:(D1—FA)2:| [(Dl-FA)i(Dl-FA)z

In which (D), and (D), are the doses of the drugs in a fixed
ratio, while (D;.pa); and (D;.pa), are the doses of individual
drugs resulting in the effect 1-FA. Mean CI values of
concentrations resulting in 50% growth inhibition (CIS0),
70% growth inhibition (CI70) and 90% growth inhibition
(CI90) were calculated to determine the presence of a drug
interaction in the cell lines. CI < 0.9 indicates synergism,
0.9 < CI < 1.1 indicates addition and CI > 1.1 indicates antag-
onism.

2.4.  Caspase-3 activity assay

The activity of caspase-3 was measured as described before
[28]. In short, cells were plated in Petri dishes (one dish per
treatment type) and grown to 75% confluence. H134 and WiDr
cells were pretreated or not with celecoxib (3 h) followed by
another hour with exposure to docetaxel or cisplatin. After
washing, fresh culture medium was added with or without
celecoxib. After 48 h, adherent and non-adherent cells were
recovered and washed with phosphate-buffered saline (PBS,
Bio-Whittaker). The pellet was resuspended in lysis buffer
(10 mM Tris-HCl pH 7.6, 150 nM NacCl, 5 mM EDTA, 1% Triton
X-100). After three freeze-thaw cycles samples were centri-
fuged at 14,000 rpm for 10 min. Protein concentrations were
determined by the Bradford protein assay [33].

In a 96-well plate duplicate samples of 10 pg protein in a
total volume of 20 pl were added to 80 pl of reaction buffer
(100 mM HEPES pH 7.3, 10% sucrose, 0.1% Nonidet-P40, 10 mM
DTT) complemented with 25 pM of DEVD-7-amino-4-methyl-
coumarin (DEVD-AMC; Sigma-Aldrich), which is a substrate of
active caspase-3. After 60 min, the fluorescence generated by
the cleaved substrate was measured at A**° 360 nm and A®™
446 nm in a spectrafluor multiplate reader (Tecan, Gorinchem,
the Netherlands). To calculate caspase-3 activity in the
experimental samples an extrapolation curve was constructed
using known concentrations of free AMC.

2.5.  Cell cycle analysis

Cell cycle analysis and the measurement of the percentage of
apoptotic cells were assessed by flow cytometry, using the
Nicoletti protocol [34]. Cells were seeded in T25 flasks (one flask
per treatment type) and grown to 75% confluence. Cells were
pretreated or not with celecoxib for 3 h followed by another
hour with exposure to docetaxel or cisplatin. After washing,
fresh culture medium was added containing celecoxib or not.
After 48h adherent cells were trypsinized and collected
together with the medium containing non-adherent cells. After
washing with PBS/0.5% BSA and centrifugation (1500 rpm,
10 min) 5 x 10° cells were collected in FACS tubes. After
centrifugation supernatant was removed and cells were
resuspended in 400 pl Nicoletti buffer [50 pg/ml propidium
iodide (PI; Sigma-Aldrich), 0.1% sodium citrate, 0.1% Triton X-
100 and 1 mg/ml RNase A (Roche, Woerden, the Netherlands)].
Samples were incubated for 1 h at 4 °C followed by determina-
tion of the cell cycle distribution and the percentage of apoptotic
cells with a FACScan flow cytometer (Calibur; Becton Dickinson,
Alphen aan de Rijn, the Netherlands). Cellquest software
(Becton Dickinson) was used for analysis.

2.6. Western blot

Cells were grown to 80% confluence in Petri dishes. For the
analysis of baseline COX-2 protein expression all individual
cell lines cells were collected at this point, while samples for
analysis of p-Akt, p-ERK1/2 and associated COX-2 expression
were pre-incubated for 3 h with celecoxib followed by another
hour with exposure to docetaxel or cisplatin. After washing
and another 24-h incubation period in the presence or the
absence of celecoxib adherent and non-adherent cells were
collected, washed with PBS and resuspended in lysis buffer
(1% sodium desoxycholate, 10 mM Tris-HCl pH 7.5, 150 mM
NaCl, 0.1% SDS and 1% NP-40) supplemented with protease
inhibitors [1 mM phenylmethylsulphonyl (Merck, Amsterdam,
the Netherlands), 10 uM leupeptin (Sigma-Aldrich), 0.5 mM
trypsin inhibitor (Sigma-Aldrich)] and phosphatase inhibitors
[0.5M sodiumorthovanedate (Sigma-Aldrich), 1M sodium-
fluoride (Merck)]. Protein concentrations were determined by
the Bradford protein assay.

Protein samples of 50-100 pg were subjected to 10%
polyacrylamide gel electrophoresis (130 V, 2 h). The separated
proteins were transferred to a polyvinylidene difluoride
membrane (PVDF; Millipore, Etten-Leur, the Netherlands) by
electrotransfer (400 mA, 2 h). The blots were blocked with 10%
milk (Protifar; Nutricia, Zoetermeer, the Netherlands) in Tris-
buffered saline-Tween 20 (TBS-T: 10 mM Tris, pH 8.0, 150 mM
NaCl, 0.0025% Tween 20) at room temperature for 1h and
incubated overnight at 4 °C with specific antibodies against
COX-2 (mouse polyclonal C-20; SantaCruz, Heerhugowaard, the
Netherlands), p-Akt (rabbit polyclonal; Cell Signaling Technol-
ogies, Leiden, the Netherlands), total Akt (rabbit polyclonal; Cell
Signaling Technologies), p-ERK1/2 (rabbit polyclonal; Cell
Signaling Technologies), total ERK1/2 (rabbit polyclonal; Cell
Signaling Technologies), p53 (mouse monoclonal Pab 240;
SantaCruz), p21/WAF1 (mouse monoclonal Ab-1; Oncogene,
Boston, MA) or B-actin (mouse monoclonal; Sigma-Aldrich)
diluted in 5% BSA/TBS-T. After the membrane was washed
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three times with TBS-T, it was incubated with 5% milk/TBS-T,
containing horseradish peroxidase (HRP)-linked anti-mouse
(Dako, Amsterdam, the Netherlands) or anti-rabbit (Cell
Signaling Technologies) IgG secondary antibody, for 1h at
room temperature. After three TBS-T washing steps of 15 min
protein was visualized on photography film (Pharmacia,
Uppsala, Sweden) by enhanced chemiluminescence.

2.7. Platinum-DNA adducts

Platinum-DNA (Pt-DNA) adduct formation after treatment
with cisplatin and/or celecoxib was analyzed as described
previously [35]. WiDr cells were grown to 80% confluence and
pretreated or not with celecoxib for 3 h followed by another
hour with exposure to cisplatin. After washing and replace-
ment with medium, with or without celecoxib, samples were
collected immediately after cisplatin treatment (=0h) and at
2h and 4 h. Samples containing 5 x 10° adherent and non-
adherent cells were washed twice with ice-cold PBS. DNA was
isolated using the QIAamp®™ DNA mini kit (Qiagen, Venlo, the
Netherlands) according to the procedure supplied by the
manufacturer. DNA content was estimated by measuring
optical density at 260 nm using a NanoDrop®™ spectrophot-
ometer (Nanodrop Technologies, Wilmington, DE). A solution
of 0.165 M sodium chloride was added to the dissolved DNA to
a total volume of 0.1 ml. A calibration curve was made using
different concentrations of cisplatin (0-1.5 uM). Platinum
content in Pt-containing standards and in DNA isolations of
samples were measured using an atomic absorption spectro-
meter (SpectrAA-300; Varian, Middelburg, the Netherlands).

2.8. Statistics

The differences in the effects between docetaxel, cisplatin and
these drugs combined with celecoxib on cell proliferation,
caspase-3 activity and cell cycle distribution were statistically
analyzed by one way ANOVA followed by the Bonferroni
adjustment, using SPSS software (SPSS Inc. Chicago, IL). The
level of significance was set at p < 0.05.

3. Results

3.1.  Variable COX-2 expression levels in human tumor cell
lines

For detection of COX-2 100 ng of protein of human ovarian
cancer cell lines and human colon cancer cell lines was
subjected to Western blot (Fig. 1). The human colon cancer cell
lines WiDr, HT29 and SW1398 all expressed COX-2 protein
under standard culture conditions, while no COX-2 protein
could be visualized in the human ovarian cancer cell lines
A2780, H134, OVCAR-3 and IGROV-1.

3.2.  Additive to slightly antagonistic antiproliferative
effects of celecoxib and docetaxel regardless of COX-2
expression levels

The antiproliferative effects of celecoxib, docetaxel and the
combination of these two agents in human ovarian cancer and

WiDr
HT29
SW1398

' A2780
H134
OVCAR-3
IGROV-1

> 72kDa

B-Actin W > 42 kDa

Fig. 1 - Basal protein levels of COX-2 in the panel of human
ovarian cancer cell lines (A2780, H134, OVCAR-3, IGROV-1)
and human colon cancer cell lines (WiDr, HT29, SW1398).
Cells lysates were prepared from tissue culture and 100 pg
of protein was analyzed by Western blot. The figure is
representative for three separate observations. g-Actin is a
loading control.

human colon cancer cell lines expressed as IC50 values are
shown in the upper panel of Table 1. Sensitivity to celecoxib or
docetaxel varied among the cell lines. No correlation between
COX-2 expression levels and sensitivity to celecoxib was
observed. As a group, tumor cells treated with docetaxel in
combination with celecoxib required significantly less doc-
etaxel to achieve IC50 as compared to IC50 concentrations of
docetaxel alone (p < 0.001). When H134 was excluded from the
calculations the difference between the groups was still
significant (p < 0.05).

Three different celecoxib administration regimens in
combination with docetaxel were used with constant drug
ratios to determine the presence of a drug interaction in the
celllines. The combination of docetaxel and celecoxib (Table 2)
proved to be additive in most cell lines analyzed, although
borderline antagonism was calculated in A2780 and SW1398.

3.3.  Antagonistic antiproliferative effects of celecoxib in
combination with cisplatin regardless of COX-2 expression
levels

The antiproliferative effects of celecoxib, cisplatin and their
combination in human ovarian cancer and colon cancer cell
lines expressed as IC50 values are shown in the lower panel of
Table 1. As mentioned, celecoxib sensitivity did not correlate
with COX-2 expression levels. Cisplatin sensitivity also varied
among the cell lines. When combined with celecoxib, a
significantly higher concentration of cisplatin was required to
reach 50% growth inhibition in 5 out of 7 cell lines (p < 0.05).
Multiple drug effect analysis confirmed the presence of
antagonism between cisplatin and celecoxib independent of
COX-2 expression levels. In all cell lines the CI values exceeded
1.4 for all three-treatment regimens and at each percentage of
growth inhibition (Table 2).

Further investigation on the mechanism underlying the antag-
onism between celecoxib and cisplatin was carried out in the
COX-2 negative ovarian cancer cell line H134 and the COX-2
positive colon cancer cell line WiDr. In the experiments doc-
etaxel was included in the presence or absence of celecoxib for
reasons of comparison. The relevant CIS0, CI70 and CI90
values of the multiple drug effect analyses in these particular



BIOCHEMICAL PHARMACOLOGY 75 (2008) 427-437

431

Table 1 - Sensitivity of human ovarian cancer cell lines and human colon cancer cell lines, expressed as IC50 values?, to a

1-h exposure of docetaxel or cisplatin (followed by a 96-h drug-free period) or to a 96-h exposure to celecoxib or the
combination as determined by the MTT assay

Cell line CXB alone CXB in combination DOC alone DOC in combination
uM £ S.D. uM £S.D.P nM + S.D. nM + S.D.°

H134 36.9 +£10.4 224 +94 64.3 +£26.3 22.4 4 9.4

A2780 181+7.4 121+25 13.6 +4.4 121+25

IGROV-1 27.54+9.2 12.6 £5.7 17.5+6.2 12.6 5.7

OVCAR-3 121+7.8 6.6 £2.3 85+28 6.6 £2.3

WiDr 214482 69+17 7.2+16 6.9+1.7

HT29 30.4 +£4.3 83+14 84+21 83+14

SW1398 33.8+5.7 9.5+4.1 10.7 +£5.0 9.5+4.1

Cell line CXB alone CXB in combination CIS alone CIS in combination
M + S.D. uM +S.D.P uM + S.D. pM + S.D.P

H134 36.9 + 10.4 35.3+9.7 15.5 + 3.0 35.3 4 9.7**

A2780 18.1+7.4 23.6 +8.4 9.6 +4.7 23.6 4 8.4

IGROV-1 27.5+9.2 282 +17.2 13.6 +10.3 28.2 +17.2*

OVCAR-3 121+7.8 9.1+6.2 7.3+6.7 9.1+6.2

WiDr 214482 54.1+12.8 259+ 8.6 54.1 4+ 12.8"*

HT29 304 +4.3 50.2 +1.1 25.7 £3.8 50.2 + 1.1***

SW1398 33.8+5.7 60.5 +15.6 445 +14.1 60.5 + 15.6

CXB: celecoxib, DOC: docetaxel, CIS: cisplatin; *p < 0.05; *p < 0.01; **p < 0.001.

@ IC50, drug concentration resulting in 50% cell growth inhibition when compared to control cell growth; results are expressed as mean
values + S.D. of at least three separate experiments.

® Concentration of drug required in which the combination resulted in 50% cell growth inhibition; celecoxib exposure was 96 h, while
docetaxel and cisplatin exposure was 1 h preceded by celecoxib for 3 h; constant molar drug ratios were applied in which celecoxib:docetaxel

was 1000:1 and celecoxib:cisplatin was 1:1.

cell lines are illustrated in Fig. 2. In the next experiments as
described below we made use of drug concentrations inducing
50% cell growth inhibition when combined, in which celecoxib
preceded docetaxel or cisplatin with 3 h, and of the individual
drugs at the same concentrations as in that combination
(Table 1, drug concentrations required in the combination
resulting in 50% cell growth inhibition).

3.4.  Celecoxib inhibits cisplatin-induced apoptosis

Induction of apoptosis after drug exposure was analyzed in the
caspase-3 activity assay and by calculation of the sub-GO

fraction of the cell population by FACS at 48 h after cells were
treated with either docetaxel (1h), cisplatin (1h), celecoxib
(continuous) alone or celecoxib in combination with docetaxel
or cisplatin. The sub-GO fraction was 3.3-4.0% in control H134
cells and 2.5-3.3% in control WiDr cells.

Docetaxel clearly induced apoptosis in both H134 and
WiDr cells, while celecoxib potentiated pro-apoptotic fea-
tures (Fig. 3A and B). In H134 cells the ratio of sub-GO
docetaxel-treated cells versus sub-GO control cells signifi-
cantly increased 1.75-fold (p <0.05) in the presence of
celecoxib. The same 1.7-fold increase was observed in
caspase-3 activation in H134 cells. In WiDr cells the ratio of

Table 2 - Interaction between docetaxel or cisplatin in combination with celecoxib in human ovarian cancer cell lines and

human colon cancer cell lines as calculated by multiple drug effect analysis

Cell line Docetaxel CI? Cisplatin CI*
Pre® Sim*® Post? Pre® Sim*® Postd

H134 1.04 £+ 0.07 0.89 £ 0.04 0.88 £ 0.05 2.39 £0.16 1.99 £ 0.14 1.77 £0.11
A2780 1.21 +£0.13 1.29 + 0.06 1.30 + 0.06 2.18 £ 0.04 2.49 +£0.18 2.03+0.14
IGROV-1 1.11 +0.29 0.97 £0.13 1.23+0.12 1.98 +0.14 2.20+0.16 2.11+0.16
OVCAR-3 0.93 +£0.07 0.89 +£0.11 0.92 £0.11 2.19 £ 0.50 2.07 £0.34 2.42 +0.53
WiDr 1.13 £ 0.05 1.19 £+ 0.07 1.10 £ 0.04 1.88 +0.08 2.01+£0.11 2.36 +0.10
HT29 1.16 + 0.04 1.19 £+ 0.08 1.24 £+ 0.05 1.64 £ 0.08 1.66 + 0.09 1.77 £ 0.08
SW1398 1.18 + 0.06 1.21 +£0.03 1.22 + 0.05 1.43 £0.12 1.48 +£0.13 1.65 + 0.09

# Values represent the combination indices (CI) of the fractions affected (FA) of 50%, 70% and 90% by the combination of docetaxel or cisplatin
with celecoxib. Mean values + S.E.M. are shown of at least three separate experiments. CI < 0.9 indicates synergism, 0.9 < CI < 1.1 indicates
addition and CI > 1.1 indicates antagonism.
b Gelecoxib continuously for 96 h and added 3 h before the 1-h exposure to docetaxel or cisplatin.
¢ Celecoxib continuously for 96 h and added simultaneously at the time of the 1-h exposure to docetaxel or cisplatin.
4 Celecoxib continuously for 96 h, but added after the 1-h exposure to docetaxel or cisplatin.
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(B) CI50 ci70 cigo

Fig. 2 - Mean values of the combination indices (CI) with
affected fractions of 50% (CI50), 70% (CI70) and 90% (CI90)
when docetaxel (DOC) or cisplatin (CIS) was combined
with celecoxib (CXB) in constant ratios in H134 cells (A)
and WiDr cells (B). Cells were treated with either docetaxel
(1 h), cisplatin (1 h), celecoxib (continuous for 96 h) alone or
celecoxib in combination with docetaxel or cisplatin
(celecoxib preceded docetaxel or cisplatin exposure for a
period of 3 h). Results of at least three separate
experiments are shown. CI < 0.9 indicates synergism,

0.9 < CI < 1.1 indicates addition and CI > 1.1 indicates
antagonism. Bars, S.D.

H134

sub-GO docetaxel-treated cells increased 1.4-fold in the
presence of celecoxib, although the potentiating effect of
celecoxib on the slight elevation of docetaxel-induced
caspase-3 activity was less apparent.

Upon cisplatin treatment both activation of caspase-3
and the number of cells in sub-GO increased in H134 and
WiDr cells (Fig. 3C and D). When combined with celecoxib
caspase-3 activation levels dropped in comparison with the
levels in cells treated with cisplatin alone. In H134 cells the
decrease was 1.5-fold. In WiDr cells this decrease was 2.5-
fold and significant (p = 0.001). Moreover, in H134 cells the
sub-GO fraction also decreased 1.6-fold when celecoxib was
added. In WiDr cells the cisplatin-induced sub-GO fraction
was higher in the presence of celecoxib, but the number of
sub-GO cells remained equal to that induced by celecoxib
alone.

3.5. Cisplatin-induced G2/M arrest is abrogated upon
addition of celecoxib

FACS analysis enabled us to also determine the cell cycle
distribution 48 h after treatment. Celecoxib alone did not
change the cell cycle distribution of H134 and WiDr cells.
Moreover, neither docetaxel nor the combination of doc-
etaxel with celecoxib was of influence on the cell cycle (Fig. 4A
and B).

Of interest, cisplatin induced a G2/M accumulation in both
H134 cells and WiDr cells (Fig. 4C and D). This G2/M arrest,
however, was less pronounced when cisplatin was combined
with celecoxib. In H134 the value of 66.5 + 3.6% (mean + S.D.)
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Fig. 3 - Apoptosis induction in H134 cells (A and C) and WiDr cells (B and D) after treatment with docetaxel (DOC; A and B) or
cisplatin (CIS; C and D) alone or in combination with celecoxib (CXB). The left hand side of the individual figures shows the
ratios of the sub-GO fraction of treated cells as compared to that of control cells (set at 1.00) analyzed by FACS. The right
hand side depicts the ratios of caspase-3 activity in cells after treatment as compared to that in control cells (set at 1.00). In
both experiments cells were grown to 75% confluence and pretreated or not for 3 h with celecoxib prior to simultaneous
treatment with docetaxel or cisplatin for 1 h. After washing, cells were exposed or not to celecoxib for an additional 48 h.
Mean values are the results of three separate experiments. Bars, S.D.; *p < 0.05; **p = 0.001.
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Fig. 4 - Cell cycle distribution in H134 (A and C) and WiDr (B and D) cells treated or not with docetaxel (Doc; A and B) or
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Mean percentages are shown of three separate experiments. Bars, S.D.; *p < 0.05.

decreased to 47.7 & 2.4% and the value in WiDr of 70.5 £ 7.8%
significantly decreased to 26.2 +4.9% (p < 0.05).

3.6. Effects of drugs on COX-2, p-Akt and p-ERK1/2
expression in H134 and WiDr cells do not explain antagonism
between celecoxib and cisplatin

The protein expression levels of COX-2, p-Akt and p-ERK1/2 in
H134 and WiDr cells as visualized in Fig. 5 were investigated
under similar conditions, but at earlier time-points as the
above-mentioned experiments. Total protein levels of ERK1/2
and Akt remained unchanged after each treatment type (not
shown).

The expression of COX-2 protein can be induced in certain
tumor cells upon exposure to cytotoxic agents. In H134 cells,
however, no COX-2 protein was detected before or after
treatment with the various drugs (Fig. 5A and C). In WiDr cells
treatment with cisplatin increased COX-2 protein expression
levels, but expression of the protein was not affected by
celecoxib or by docetaxel (Fig. 5B and D).

Inhibition of 3-phosphoinositide-dependent protein
kinase-1 (PDK-1)/Akt signaling has been found to be a COX-
2-independent consequence of celecoxib treatment in human
prostate cancer cells [36]. In our experiments the levels of p-
Akt were not affected by docetaxel, cisplatin, or celecoxib
treatment, either alone or in combination.

Besides p-Akt we also investigated the effects of drugs on p-
ERK1/2. In WiDr cells the levels of p-ERK1/2 were not affected
(Fig. 5B and D). In the COX-2-negative cell line H134, however,
the levels of p-ERK1/2 increased upon treatment with
celecoxib. Increased levels of p-ERK1/2 were also evident in
H134 cells after 4 h and 6 h upon treatment with docetaxel or
cisplatin and levels diminished at 8 h.

3.7.  Celecoxib hampers the formation of cisplatin-induced
Pt-DNA adducts and upregulates p21

Formation of Pt-DNA adducts is the mechanism of cisplatin
DNA damage. We selected WiDr cells to analyze the formation
of adducts by atomic absorption spectrophotometry in
samples obtained immediately at the end of the 1-h cisplatin
treatment in the presence or absence of celecoxib as well as
2'h and 4 h thereafter (Fig. 6). Upon cisplatin treatment alone
the concentration of Pt-DNA adducts was highest immedi-
ately after drug exposure. At this time-point Pt level was
0.13 pmol/pg DNA and this concentration was set at 100%. Pt—
DNA adduct concentration was approximately twofold lower
immediately after exposure to cisplatin when combined with
celecoxib. The decrease in Pt-DNA adducts after withdrawal of
cisplatin was more pronounced in the presence of celecoxib.

Celecoxib can induce expression of p21 [13], a key molecule
in cell cycle arrest which is associated with facilitated repair of
DNA damage [37]. In WiDr cells, we measured p21 levels 48 h
after cells were treated with either docetaxel (1 h), cisplatin
(1 h), celecoxib (continuous) alone or celecoxib in combination
with docetaxel or cisplatin (Supplementary Fig. 1 online). The
p53 protein was not clearly affected. Celecoxib induced the
expression of p21, which was more pronounced upon
combination with docetaxel. Of interest, cisplatin did not
increase the p21 basal level or affect the p21 level already
upregulated by celecoxib.

4, Discussion

In four human ovarian cancer cell lines we investigated the
possible potentiating antitumor effect of celecoxib added to
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Protein samples (50 pg) were analyzed by Western blot.

Representative results of at least three separate experiments are shown.

120 1

M cpDP

100 - O copP + CXB

80 1

60 -

% Pt-adducts

40 1

20

Oh 2h 4h

Fig. 6 — Pt-adducts in DNA of WiDr cells after a 1-h
treatment with cisplatin (CDDP) alone or in combination
with celecoxib (CXB; 3 h pre-incubation and present
during the course of the experiment). Samples were
collected immediately at the end of the 1-h cisplatin
exposure (= 0 h) and at 2 h and 4 h thereafter.
Concentrations of Pt-adducts in samples treated with
cisplatin for 1 h are set at 100%. Representative results of
one of two experiments are shown.

docetaxel or cisplatin, being drugs in use for the treatment of
this disease. Since our cell lines did not express detectable
levels of COX-2, we included three COX-2-positive human
colon cancer cell lines in our experiments. Independent of
COX-2 expression levels we calculated additive to slightly
antagonistic effects for celecoxib added to docetaxel, but
consistent antagonism when added to cisplatin. These effects
were measured regardless whether celecoxib preceded these
drugs, was added simultaneously or followed the drugs. The
antagonism between celecoxib and cisplatin was accompa-
nied with reduced caspase-3 activity, a diminished number of
sub-GO cells, abrogation of cisplatin-induced G2/M accumula-
tion, the formation of less Pt-DNA adducts and celecoxib-
induced upregulation of p21.

Drug exposure periods of 1h for docetaxel and cisplatin
were selected, because in patients these anticancer agents are
given by short-term infusions. In our experiments, applied
docetaxel concentrations were well below and concentrations
of cisplatin were in range of peak plasma concentrations that
are generally reached in patients. The peak concentration for
docetaxel is approximately 4 uM upon infusion of 75-100 mg/
m? for 1h [38]. For cisplatin, a 1-h infusion of 75 mg/m? will
lead to a maximum plasma concentration of approximately
14 uM of intact cisplatin [39]. When celecoxib is being
combined with chemotherapy in the clinic, doses are given
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as high as 400mg on a twice-daily basis [11]. The peak
concentration of celecoxib at steady state levels in children
that received the drug at 250 mg/m? twice daily amounted to
approximately 3 uM [40]. After single dosing Cpax in adults
resembles the C,.« in children. In adults a half-life of celecoxib
of approximately 9 h has been measured. Our experimental
concentrations of celecoxib inducing 50% cell growth inhibi-
tion were four to 12-fold higher, because of which the
translation of the data to the clinic should be handled with
care.

Importantly, celecoxib had an additional effect on the
cytotoxic properties of docetaxel as demonstrated by the
increase in the sub-GO fraction and the activation of caspase-
3 in H134 and WiDr cells. Docetaxel is known to stabilize
microtubules, whereby the dynamic reorganization and
depolymerization are inhibited. At higher concentrations
inhibiting 90% of cell growth the drug will induce a G2/M
arrest, which we have found earlier to be less evident at IC50
concentrations [28]. Our results are consistent with reports
highlighting enhanced antitumor activity of docetaxel when
combined with celecoxib in A549 lung tumors [5] and in
human prostate cancer cells [9]. Subbaramaiah et al. [3,41]
have reported that taxanes can stimulate transcription of
COX-2 and stabilization of COX-2 mRNA. The group
suggested that co-administration of a selective COX-2
inhibitor might therefore increase the efficacy of taxane-
based chemotherapy. We did not find induction of COX-2
protein levels at the docetaxel concentrations applied,
because of which other mechanisms should be explored
as explanation for the increased apoptotic effects upon
addition of celecoxib.

The antagonistic antiproliferative effects of cisplatin
combined with celecoxib were accompanied by a reduction
of the formation of Pt-DNA adducts in WiDr cells. Literature
data on the interaction between COX-2 inhibitors and
platinum compounds are not consistent. Inhibition of cispla-
tin-induced cytotoxicity has also been shown with another
selective COX-2 inhibitor nimesulide in human head and neck
cancer cell lines [42]. Another study in human colon cancer
cell lines, however, has reported that specific inhibition of
COX-2 by etodolac led to increased oxaliplatin-induced cell
death [10]. Also, in human head and neck cancer cell lines
increased chemosensitivity was observed when celecoxib was
added to cisplatin [43]. It has to be mentioned that in the
experimental design of the studies of Lin et al. [10] and
Hashitani et al. [43] continuous exposure of platinum
compounds was applied for periods of 24 h or 48 h, respec-
tively, which may have abolished the antagonistic effects
observed at the clinically more relevant 1-h exposure periods.

The best-known mechanisms of cisplatin resistance
include reduced intracellular cisplatin accumulation,
increased drug inactivation by thiol-containing molecules
and increased DNA damage repair [reviewed in 44]. Reduced
cisplatin accumulation or increased efflux by the presence of
MRP2 seems unlikely since antagonism was present in all cell
lines regardless the addition of celecoxib before or after
cisplatin exposure. It is also unlikely that cisplatin has a direct
interaction with celecoxib, since the compound does not
contain a classic thiol group, but harbours a sulfur atom
connected to two oxygen atoms and an amine group. Indeed,

experiments (*H NMR) performed by the group of Prof. Jan
Reedijk, Leiden, the Netherlands, excluded a direct interaction
between celecoxib and cisplatin (data not shown). The
reduced Pt-DNA adduct formation upon the addition of
celecoxib to cisplatin might indicate a direct effect of celecoxib
on the formation or repair of the adducts.

We have shown earlier that cisplatin exposure can resultin
an accumulation of cells in the G2/M phase of the cell cycle
[45], which was now counteracted by celecoxib. Consequently,
the majority of cells resided in the GO/G1 phase, which might
have been the result of increased DNA damage repair as was
also suggested by the reduced amount of DNA-Pt adducts.
Celecoxib can induce expression of p21 [13], a key molecule in
cell cycle arrest and the repair of cisplatin-induced DNA
damage [37]. An additional experiment in WiDr cells indeed
showed p21 upregulation by celecoxib as well as by docetaxel,
while cisplatin did not affect p21 levels as measured 48 h after
drug exposure. It may be hypothesized that celecoxib-induced
prevention of a G2/M arrest by cisplatin might give the cell
more time to repair cisplatin-induced DNA damage via p21.
Therefore, further analysis on the role of this protein should be
carried out in isogenetic cells with and without functional p21.

Celecoxib induced p-ERK phosphorylation in H134, which
may antagonize apoptosis pathways possibly reducing cis-
platin efficacy [46]. It is, however, unlikely that this mechan-
ism is responsible for cisplatin resistance, since ERK activation
was absent in WiDr cells. A possible COX-2-independent
mechanism of action of celecoxib described was inhibition of
PDK-1/Akt signaling, thereby facilitating the apoptotic process
[36,47]. In our study celecoxib had no effect on p-Akt,
excluding a possible role for Akt in the interference with
drug-induced toxicity.

Taken together, it is evident that the antitumor effects of
celecoxib are not mediated only by inhibition of COX-2
activity. Celecoxib added to docetaxel resulted in increased
cell death, but antagonistic effects were consistent for all
combinations of celecoxib and cisplatin independent of COX-2
expression levels. Current clinical trials with celecoxib in
combination with cisplatin require caution based on the
antagonism observed in this study.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bcp.2007.09.005.
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