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Abstract

Celecoxib, a selective cyclooxygenase-2 (COX-2) inhibitor, is the only non-steroidal anti-inflammatory drug so far which has been
approved by the FDA for adjuvant treatment of patients with familial adenomatous polyposis. The molecular mechanism responsible for
the anticarcinogenic effects of celecoxib is still not fully understood. To investigate the extent to which the anticarcinogenic effect of
celecoxib depends on COX-2 expression, we transfected human colon carcinoma cells (Caco-2) with the human COX-2 cDNA, in both
sense and in antisense orientation, to generate cells which either overexpress COX-2 (human COX-2-sense, hCOX-2-s), express no COX-
2 (human COX-2-antisense, hCOX-2-as) or express only very small amounts of COX-2 (control cells). Treatment of these cells with
celecoxib dose-dependently (0—100 pM) reduced cell survival which was accompanied by an induction of a Go/G; phase block and
apoptosis. The effect of celecoxib treatment on both, cell survival and induction of apoptosis in hCOX-2-as cells was less marked than in
the COX-2-expressing cells. Apoptosis was accompanied by an activation of caspase-3 and caspase-9 and cytochrome c release. In
contrast, we observed no difference in sensitivity with regard to the induction of a cell cycle block between the different cell clones. The
Go/G, phase block caused by celecoxib correlated with a decrease in expression levels of cyclin A and cyclin B1 and an increase in the
expression of the cell cycle inhibitory proteins p21™! and p27%"P! irrespective of the type of cell used. These data indicate that apoptosis-
inducing effects of celecoxib partly depend on COX-2 expression of the cells, whereas induction of a cell cycle block occurred COX-2
independently. Thus, the anticarinogenic effects of celecoxib can be explained by both COX-2-dependent and -independent mechanisms.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Several epidemiological studies have shown that the
regular intake of non-steroidal anti-inflammatory drugs
(NSAIDs) decreases the risk of colon cancer [1-3].
NSAIDs inhibit cyclooxygenases which are key enzymes
in the conversion of arachidonic acid to prostaglandins.
Especially, for colon cancer cells but also for other tumour
types an overexpression of COX-2 has been reported to
occur [4,5]. This may result in a dysregulation of arachi-
donic acid metabolism and excessive production of
prostaglandins. Furthermore, overexpression of COX-2
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in tumour cells has also been implicated in various cancer-
promoting effects, such as an alteration in cell adhesion to
the extracellular matrix, upregulation of VEGF (vascular
endothelial growth factor) and resistance to apoptosis-
inducing stimuli [6-9]. According to these findings,
the COX-2-selective NSAID, celecoxib, shows a chemo-
preventive effect both in animal tumour models and
in patients [3,10,11]. Thus, it has been accepted that
anticarcinogenic effects of NSAIDs are due to their ability
to inhibit COX-2 [10]. On the other hand, however, it
has been shown that celecoxib has an antitumourigenic
effect in COX-2-deficient tumours in the nude mice
model and also induces apoptosis in cells which do not
express COX-2 [12-14]. Furthermore, some NSAID deri-
vatives that do not inhibit COX activity retain their
chemopreventive action [15-19]. Thus, these latter obser-
vations support the hypothesis that some of the antipro-
liferative effects of celecoxib are independent of COX-2
inhibition.
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In order to investigate the extent to which the anti-
carcinogenic effect of celecoxib is dependent on COX-2
expression, we prepared Caco-2 cells which either over-
express COX-2, express no COX-2 or express only very
small amounts of COX-2. This was achieved by stable
transfection of Caco-2 cells using human COX-2 cDNA in
sense and antisense orientation, respectively. Using these
cells it is possible to assess the effect of celecoxib as a
function of COX-2 expression without the interference of
other genetic factors. Celecoxib has been reported to
induce apoptosis and a cell cycle block which is accom-
panied by changes in the expression level of various cell
cycle regulating proteins [12]. In this study we, therefore,
have compared the effects of celecoxib on the induction of
apoptosis and cell cycle inhibition in Caco-2 cells expres-
sing COX-2 (human COX-2-sense, hCOX-2-s) and Caco-2
cells which do not express COX-2 (human COX-2-anti-
sense, hCOX-2-as) and focused on the expression levels of
various cell cycle and apoptosis regulating proteins.

2. Material and methods
2.1. Cells and reagents

The human colon cancer cell line Caco-2 (ACC 169)
was purchased from Deutsche Sammlung fiir Mikroorga-
nismen und Zellkulturen (DSMZ). Caco-2 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with Glutamax-I medium containing 10% fetal calf serum
(FCS) at 37° in an atmosphere containing 5% CO,. Cele-
coxib was synthesised by Berlin-Adlershof GmbH. The
identity and purity of celecoxib was determined using high
performance liquid chromatography (HPLC) [20] and was
>99%.

2.2. Determination of free celecoxib concentrations in
medium containing 10% FCS

10 mL DMEM with Glutamax-I medium containing
10% FCS and increasing concentrations of celecoxib (0,
20, 40, 60, 80, 100 M) were centrifuged at 180,000 g and
37° for 15 hr using a Sorvall Discovery 90 SE ultracen-
trifuge (Kendro Laboratory Products). The supernatant
containing free (non-protein bound) celecoxib was diluted
1:10 and 1:100 in acetonitrile/H,O/ammonia solution 25%
(50:50:0.1). Celecoxib concentrations were measured
using liquid chromatography tandem mass spectrometry
(LC/MS-MS) as described previously [20].

2.3. Stable transfection of Caco-2 cells with the human
COX-2 ¢cDNA

We cloned the human COX-2 cDNA (a generous gift
from Dr. Timothy Hla, USA) in sense and antisense
orientation in the expression vector pcDNA3 to generate

the hCOX-2-s pcDNA3 vector and the hCOX-2-as
pcDNA3 vector, respectively. Caco-2 cells were then
transfected with the COX-2 expression vectors and the
pcDNA3 control vector using the calcium phosphate
coprecipitation method. Forty-eight hours after transfec-
tion, cells were reseeded 1:4 and subjected to selection
using 1.5 mg/mL neomycin. Neomycin-resistant clones
were isolated 10 days later and checked for COX-2 expres-
sion levels using the Western blot method. hCOX-2-s,
hCOX-2-as and pcDNA control transfected cell clones
were isolated and used in the experiments.

2.4. Colony forming assay

500 cells of the respective Caco-2 clones were seeded in
5 cm diameter dishes and incubated for 16 hr at 37° in an
atmosphere containing 5% CO,. Cells were then treated
with increasing concentrations of celecoxib (0, 20, 30, 35,
40, 45 pM) and incubated further for 10 days. Cells were
fixed with 100% methanol and stained with 5% crystal
violet and 5% Giesma solution. Single cell colonies were
counted using the Quantity one software (BIO-RAD). The
number of colonies in the dish devoid of celecoxib was
used as an index for a 100% survival rate (control) and this
value was used to obtain the percentage survival rates for
dishes containing celecoxib.

2.5. Detection of cell cycle arrest and apoptosis using
flow cytometry

Caco-2 clones (hCOX-2-s, pcDNA control, hCOX-2-as)
were seeded in concentrations of 5 x 103 cells per dish in
medium containing 10% FCS and incubated for 24 hr at
37° in an atmosphere containing 5% CO,. Cells were then
synchronised by serum withdrawal for 48 hr and treated for
20 hr with increasing concentrations of celecoxib (0, 25,
50, 75, 100 pM) in medium containing 10% FCS. After
trypsinisation, cells were harvested, washed twice with
PBS and fixed with 80% ethanol. Cells were then incubated
for 5 min with 0.125% Triton X-100, washed again and
finally stained with 10 pug/mL ethidium bromide and
200 pg/mL. RNaseA in PBS. For cell cycle analysis,
10,000 cells in the G phase were determined using a flow
cytometer (Beckton Dickinson FACSCalibur) and the
CellQuest software (Beckton Dickinson). The percentage
of apoptotic cells was calculated from the number of cells
in sub-G; phase, representing fragmented cell vesicles.

2.6. Western blot analysis

Cells treated with increasing concentrations of celecoxib
(0, 20, 40, 60, 80, 100 pM) for 20 hr were washed with
10 mL PBS, scraped in 1 mL PBS and centrifuged for
I min at 11,000 g. After resuspending in buffer (10 mM
Tris—HCI, pH 7.2, 1 mM EDTA, 1 mM mercaptoethanol,
5% glycine, 1 mM phenylmethylsulfonyl fluoride (PMSF),
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5 mM dithiothreitol (DTT)), they were sonicated and
centrifuged at 21,000 g for 10 min and the protein content
in the supernatant was measured using the Bradford
method. 30 pg of protein extract was separated electro-
phoretically on 12% SDS—polyacrylamide gel electrophor-
esis (SDS-PAGE) and proteins electroblotted onto a
nitrocellulose membrane (Hybond-C, Amersham). Mem-
branes were stained with 0.5% ponceau in 1% acetic acid to
confirm equal loading. After overnight incubation of the
membranes in blocking buffer (5% non-fat dried milk,
0.3% Tween 20 in PBS) or Odyssey blocking reagent
(LI-COR Biosciences), diluted 1:1 in PBS, they were
incubated for 4 hr with the respective primary antibody
directed against COX-2 (1:1000 mouse monoclonal),
poly(ADP)-ribose polymerase (PARP), 1:100 rabbit poly-
clonal, cyclin A (1:100 mouse monoclonal), cyclin B1
(1:100 rabbit polyclonal), p21 (1:100 rabbit polyclonal),
p27 (1:1000 rabbit polyclonal), caspase-3 (1:100 rabbit
polyclonal), caspase-9 (1:100 rabbit polyclonal) and cyto-
chrome ¢ (1:100 mouse monoclonal) diluted in blocking
buffer. The COX-2 antibody was purchased from Cayman
Chemical, the cytochrome ¢ antibody from BD PharMin-
gen, all other antibodies from Santa Cruz Biotechnology.
Membranes were washed three times with 0.3% Tween
20 in PBS and then incubated with an IRDye800- or
IRDye700-conjugated secondary antibody (BIOTREND
Chemikalien GmbH) in blocking buffer or with a perox-
idase-conjugated secondary antibody (Santa Cruz) for
1 hr. After extensive rinsing in 0.3% Tween 20 in PBS,
protein—antibody complexes conjugated with peroxidase
were treated with enhanced chemoluminiscence (ECL,
Amersham Pharmacia Biotech) according to the manufac-
turer’s protocol and exposed to a chemoluminescence film.
Protein—antibody complexes conjugated with IRDye800/
700 were visualised on the Odyssey Infrared Imaging
System (LI-COR Biosciences).

2.7. Measurement of cytochrome c release using
Western blot analysis

After cells were exposed to 100 uM celecoxib for
various times (0, 0.5, 1, 1.5, 2 hr), both floating and
attached cells were collected and washed once with PBS
and subsequently with buffer A (0.25 M sucrose, 30 mM
Tris—HCI, pH 7.9, 1 mM EDTA). Cells were then resus-
pended in buffer A containing 1 mM PMSF, 1 pg/mL
leupeptin, 1 pg/mL pepstatin, 1 pg/mL aprotinin and
homogenised with a glass Dounce homogenisator. After
centrifugation for 10 min at 21,000 g, protein concentra-
tion of the supernatant was determined using the Bradford
method. 30 pg of cytosolic protein extract was then applied
to Western blot analysis as described above. Cytochrome ¢
was detected using a mouse monoclonal antibody directed
against human cytochrome ¢ (Pharmingen) diluted 1:1000
in blocking buffer. The protocol was performed according
to Li et al. [21].

2.8. Prostaglandin E2 enzyme-linked immunoassay
(PGE»-EIA)

Approximately 10° cells were incubated in 5 cm dishes
for 24 hr at 37° in medium containing 10% FCS. Super-
natant was removed and centrifuged briefly. The amount of
PGE, in the supernatant was determined using the PGE,
Correlate EIA™-Kit (Assay Designs Inc.) in accordance
with the manufacturer’s protocol. Parallel cells were har-
vested by trypsinisation and counted. The amount of PGE,
in the supernatants [pg/mL] was related to the number of
cells in the dishes [pg/10° cells].

2.9. Reverse transcription—-polymerase chain reaction
(RT-PCR) of COX-2

For extraction of total cellular RNA, approximately
5 x 10° cells were harvested in PBS and briefly centri-
fuged at 15,500 g for 1 min. Cells were then resuspended
in 1 mL TRI reagent (150 mM ammonium thiocyanate,
300 mM guanidinium thiocyanate, 0.04 mM sodium acet-
ate, 2% glycerol, 380 mg/L phenol, pH 5) and incubated
for 10 min at room temperature. 200 puL chloroform were
then added and the solution mixed and incubated for
15 min at room temperature. After centrifugation at
15,500 g and 4° for 15 min, the aqueous phase was sepa-
rated into a new tube. One volume of isopropanol was
added, the solution incubated for 10 min at room tem-
perature and finally centrifuged at 4° and 15,500 g for
10 min. The supernatant was discarded and the pellet
washed twice with 75% ethanol and dried. RNA pellets
were resuspended in 40 pL. DEPC water and treated with
RNase-free DNasel (Quiagen) according to the manufac-
turer’s protocol in order to remove genomic DNA. The
amount of RNA was determined using an Eppendorf-
biophotometer.

Reverse transcription was performed with 500 ng of
isolated RNA and an enhanced avian reverse transcription
kit (Sigma-Aldrich GmbH). The RT reaction was carried
out with random nonamer primers according to the man-
ufacturer’s protocol in which 50 ng of cDNA was applied to
the Tagman®™ universal PCR Mastermix (P/N4304437,
Applied Biosystems). A COX-2 specific probe (labelled
with FAM, sequence: 5'-TTC TGA AAC CCA CTC CAA
ACA CAG TGC-3') and COX-2 specific primers (forward:
5-GTT CCC ACC CAT CTC AAA AC-3’; reverse: 5'-
CAA CGT TCC AAA ATC CCT TG-3') were designed
using the Primer Express Software (Applied Biosystems).
The PCR was performed using a standard protocol recom-
mended by the manufacturer with concentrations of pri-
mers optimised to 300 nM and probe concentration of
200 nM. Analysis was performed using the ABI PRISM®
7700 Sequence detection system (Applied Biosystems).
For data analysis, the fit point method was employed.
The relative amount of COX-2 mRNA in the different
Caco-2 cell preparations was standardised against 18S
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RNA and the relative amounts of COX-2 mRNA in hCOX-
2-s and hCOX-2-as cells related to pcDNA control cells
(set to 1). Fold increase of COX-2 mRNA in hCOX-2-s
and hCOX-2-as cells was calculated using rel.

mRNA = 2-AG(COX=2) /9=AG(ISS) ywhere AC,(COX-2) =
CCOX—2(hCOX-Z-s,hCOX-2-as) _ Ccox-z(pcDNA) and AC,(18S) =

C’lss(hcox-z-s,hcox-z-as) Clsé(pcDNA)
t - t

2.10. Statistics

Data are presented as mean + SEM. The SPSS 9.01
computer software was used for statistical analyses. 1cg
values were analysed using a sigmoid E,,,x model and
followed by subsequent submission to univariate ANOVA
and ¢ tests using a Bonferroni «-correction for multiple
comparisons, o« was set at 0.05.

3. Results
3.1. COX-2 expression

As a prerequisite for our experiments, we confirmed the
different COX-2 expression levels of hCOX-2-s and
hCOX-2-as clones using Western blot analysis (Fig. 1A),
real time RT-PCR (Fig. 1B) and determination of PGE,
levels (Fig. 1C). hCOX-2-s clones expressed high levels of
COX-2 RNA and protein. pcDNA control clones showed
only marginal COX-2 protein and hCOX-2-as clones
showed no hCOX-2 protein expression, whereas the
expression of COX-1 was equal in the various cell clones
(data not shown). Since antisense mRNA just as sense
mRNA can function as a template for RT-PCR, we
observed increased amounts of COX-2 mRNA as com-
pared to pcDNA cells in both cell clones, hCOX-2-s and
hCOX-2-as. Because COX-2 is a key enzyme of the
prostaglandin pathway, higher amounts of COX-2 may
lead to an increase in prostaglandin production. We there-
fore determined the PGE, level in the supernatant of
different hCOX-2-s, hCOX-2-as and pcDNA transfected
Caco-2 cell clones using EIA (Fig. 1C). Overexpression of
COX-2 led to a 3-fold increase in the production of PGE; in
non-stimulated cells whereas hCOX-2-as and pcDNA con-
trol cells showed nearly the same basal PGE, level.

3.2. Cell survival

In order to investigate whether or not the sensitivity of
colon cancer cells towards the selective COX-2 inhibitor
celecoxib is dependent on the expression level of COX-2,
we determined survival rates of hCOX-2-s, hCOX-2-as
and pcDNA control cells in the colony forming assay.
In Fig. 2 the means are shown of three separate experi-
ments of different hCOX-2-s, hCOX-2-as and pcDNA
Caco-2 cell clones. In all experiments, hCOX-2-s and
pcDNA control clones were more sensitive to celecoxib
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Fig. 1. (A) Western blot analysis of cyclooxygenase protein expression in
Caco-2 hCOX-2-sense (hCOX-2-s), hCOX-2-antisense (hCOX-2-as) and
pcDNA control cells. 50 pg of total protein extract per lane was loaded
onto a 12% SDS—polyacrylamide gel and electroblotted onto a nitrocellu-
lose membrane. Equal loading of the gel was checked by staining the
membrane with ponceau solution. COX-2 protein expression was
determined using a specific polyclonal antibody. (B) Determination of
the relative amount of COX-2 mRNA in Caco-2 hCOX-2-s, hCOX-2-as
and pcDNA control cells using Tagman® PCR. Total RNA was extracted
with chloroform/phenol and DNA removed from the extract with RNAse-
free DNAse. After reverse transcription, 50 ng of cDNA was applied to the
Tagman® universal PCR Mastermix and PCR carried out using a standard
protocol recommended by the manufacturer. The content of COX-2 mRNA
in Caco-2 hCOX-2-s, hCOX-2-as and pcDNA control cells was
standardised against 18S RNA and the amount of COX-2 mRNA in
hCOX-2-s and hCOX-2-as cells expressed as a ratio of that in pcDNA
cells. The mean of three independent experiments with different cell clones
is shown. A significant difference in the relative amounts of COX-2 mRNA
between the different cell clones is indicated with an asterisk, P < 0.05.
(C) Relative amount of PGE, in the supernatant of hCOX-2-s and hCOX-
2-as clones compared to pcDNA control cells. Measurement was
performed using a PGE, Correlate EIA™-Kit according to the
manufacturer’s protocol. Parallel cells were harvested after trypsinisation,
counted and the amount of PGE, related to the number of cells (pg PGE,/
10° cells). The mean of three independent experiments with different cell
clones is shown. A significant difference in the relative amount of PGE,
between the different cell clones is indicated with an asterisk, P < 0.05.
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Fig. 2. Survival rate of hCOX-2-sense (hCOX-2-s), hCOX-2-antisense
(hCOX-2-as) and pcDNA control cells after treatment with increasing
concentrations of celecoxib. 500 cells were seeded per 5 cm dish. After an
incubation time of 16 hr, cells were treated with celecoxib and incubated
further until distinct single clones were detected. Cells were then fixed
with methanol and stained. Single cell clones were counted and the number
of untreated control cell clones set to 100% survival rate. The relative
survival rate after treatment was expressed as a ratio of the number of
untreated control cells. Data are mean & SEM of three independent
experiments with different cell clones. Statistically significant differences
in survival rate of hCOX-2-as cells vs. pcDNA control cells are indicated
with an asterisk, P < 0.05.

treatment (ICgg = 33.5 & 1.3 uM and 32.7 &+ 2.1 uM, res-
pectively) than hCOX-2-as clones (ICgg = 39.9 £ 1.5 uM).
There were significant differences in sensitivity between
hCOX-2-as and pcDNA control cells, P < 0.05.

3.3. Induction of apoptosis

In order to assess if the observed differences in survival
rates between the COX-2 transfected Caco-2 cell clones

[celecoxib]
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Fig. 3. Cell cycle analysis of hCOX-2-sense (hCOX-2-s), hCOX-2-
antisense (hCOX-2-as) and pcDNA cells after treatment with increasing
concentrations of celecoxib for 20 hr. Cells were harvested after
trypsinisation, fixed with ethanol and the DNA content assessed using
propidium iodide staining and fluorescence-activated cell sorter (FACS)
analysis. A representative experiment from four separate experiments with
different cell clones is shown.
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are also reflected in the apoptosis rate of these cells after
celecoxib treatment, we determined the percentage of cells
in the sub-G, phase, representing the fraction of fragmen-
ted apoptotic cells, using flow cytometry. As shown in
Fig. 3 and Table 1, hCOX-2-s and pcDNA control cells
were more sensitive to the apoptosis induction potency of
celecoxib than hCOX-2-as cells.

Table 1
Cell cycle distribution of the hCOX-2-sense, hCOX-2-antisense and pcDNA control cells after treatment for 20 hr with various concentrations of celecoxib
Celecoxib (uM) Sub-G; (%) Go/G; (%) S (%) G (%)
hCOX-2-sense
Control 3.71 £ 0.67 4521 £2.79 14.78 £ 1.67 32.03 £ 3.67
25 6.14 + 1.65 51.63 £ 2.95 11.87 £ 0.13 30.13 £ 4.13
50 6.1 £ 1.27 56.02 £+ 1.04* 11.92 £ 0.39 27.16 £ 2.28
75 17.43 + 0.57" 52.07 £ 2.02 9.42 + 1.32* 18.11 + 1.84"
100 325 +£0.77" 38.01 £ 2.27 10.45 £ 1.18 18.27 £ 3.06
hCOX-2-antisense
Control 3.76 £ 0.76 5243 £ 1.54 14.76 £ 0.69 27.76 £ 1.33
25 3.86 = 0.94 5462 £ 1.2 14.12 + 1.44 2732 £ 191
50 3.33 £0.31 58.16 £ 2.57 11.37 £ 1.49 24.06 + 2.85
75 6.07 = 0.94 59.28 + 1.85" 7.92 + 0.32* 21.86 £ 3.77
100 19.19 + 2.93" 46.94 + 3.48 9.81 £ 1.78" 18.26 £ 5.49
pcDNA
Control 4.55 £ 0.52 56.52 £+ 1.61 15.5 £ 1.38 22.16 £ 0.59
25 3.38 £ 0.87 58.5 £ 1.77 15.53 £ 0.61 21.03 £ 1.33
50 6.7 £ 1.1 68.9 £+ 5.54 10.62 £ 2.96 13.22 4+ 2.54"
75 18.81 + 4.08" 62.59 + 3.79 5.09 + 0.85" 12.88 £+ 2.16"
100 31.17 + 2.58" 41.79 £ 5.57 9.43 + 1.34* 11.56 + 1.44*

The mean values from four independent experiments with different cell clones are shown. Statistically significant changes caused by celecoxib vs.

untreated control cells are indicated with an asterisk, P < 0.05.
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Fig. 4. Detection of PARP cleavage in hCOX-2-sense (hCOX-2-s), hCOX-
2-antisense (hCOX-2-as) and pcDNA control cells using Western blot
analysis after treatment with increasing concentrations of celecoxib. Cells
were seeded in 10 cm dishes and treated for 20 hr with the concentrations
indicated. 50 pg of total protein extract were separated on a 12% SDS—
polyacrylamide gel and electroblotted onto a nitrocellulose membrane.
PARP (112 kDa) and the apoptotic cleavage product of PARP (85 kDa)
were detected using a rabbit polyclonal anti-PARP antibody. A
representative experiment from three separate experiments with different
cell clones is shown.

As a second marker for apoptosis we assessed PARP
cleavage, using Western blot analysis. PARP is a 112 kDa
nuclear protein that is specifically cleaved by activated
caspase-3 and caspase-6 into an 85 and a 29 kDa apoptotic
fragment. Figure 4 shows the Western blot analysis of
PARP cleavage after treatment of cells for 20 hr with
various concentrations of celecoxib. PARP cleavage in
hCOX-2-s (60 pM) and pcDNA control (80 uM) cells
occurred at lower concentrations of celecoxib than in
hCOX-2-as cells (100 uM).

We next investigated the activation of caspase-3, cas-
pase-9 and cytochrome c release, which are executors of
apoptosis (Fig. 5A-C). Activation of caspase-3 and cas-
pase-9 and cytochrome c release occurred soon (0.5-2 hr)
after the addition of celecoxib (80-100 uM) and these
changes were also more pronounced in hCOX-2-s and
pcDNA control cells than in hCOX-2-as cells.

3.4. Influence of celecoxib on cell cycle distribution and
expression of cyclin A and cyclin Bl as well as on the cell
cycle inhibitory proteins p21™" and p2757!

Celecoxib is known to cause a cell cycle block in the
Gy/G, phase which is accompanied by a decrease in the
expression of cyclin A and cyclin B1 and an increase in the
expression of the cell cycle inhibitor proteins p21™*! and
p27%P! [12]. Using flow cytometry, we could demonstrate
that treatment of cells with celecoxib (0-75 pM) caused a
concentration-dependent decrease in the number of cells in
the S and G,/M phase in hCOX-2-s, hCOX-2-as and in
pcDNA Caco-2 clones with no significant differences
between the different cell clones (Table 1).

Results from Western blot analysis showing the expres-
sion levels of cyclin A and cyclin B1, which in association
with the respective cyclin-dependent kinases, are the main

Caspase-3

0 025 05 075 1 2 4 hr

17kDA — v | . e e @B @ ame. @ | hCOX-2-5

17kDa —P- | v e o o a8 e e | NCOX-2-as

17kDa—>r... - GO & B a8 ¥ |,.DNA

(A)
Caspase-9
0 025 05 075 1 2 4hr
36kDa —( . _ " we agy gap # | hCOX-2-s
36kDa —» | . i <aiit. il e P hCOX-2-as

36 kDa —P | s o

= — .

(B) Cytochrome C

0 0.5 1 1.5 2 hr
12kD2A—3| . . . smme e weme | NCOX-2-5
12 kDa —p pone  ase S ... | hCOX-2-as

12 kDa —pp | "o = - — s | PCDNA

©

Fig. 5. (A) and (B) Western blot analysis of caspase activation after
treatment of Caco-2 hCOX-2-sense (hCOX-2-s), hCOX-2-antisense
(hCOX-2-as) and pcDNA control cells with 100 pM celecoxib. For
Western blot analysis, 50 pg of total protein extract were separated onto a
12% SDS—polyacrylamide gel and electroblotted onto a nitrocellulose
membrane. The membrane was then incubated with antibodies recognising
subunits of caspase-3 and caspase-9 generated by activating cleavage of
the whole caspase enzyme. Equal loading of the gel was checked by
staining the membrane with ponceau solution. A representative experiment
from three separate experiments with different cell clones is shown. (C)
Western blot analysis of cytochrome c release into cytosol after treatment
of Caco-2 hCOX-2-s, hCOX-2-as and pcDNA control cells with 100 pM
celecoxib for various times. 30 pg protein were separated onto a 12%
SDS—polyacrylamide gel and electroblotted onto a nitrocellulose mem-
brane which was incubated with a specific monoclonal mouse antibody
directed against human cytochrome c¢. Equal loading of the gel was
checked by staining the membrane with ponceau solution. A representative
experiment from two separate experiments with different cell clones is
shown.
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Fig. 6. Western blot analysis of cyclin A and cyclin B1 protein expression
in Caco-2 clones after celecoxib treatment. Colon carcinoma cells were
treated with increasing concentrations of celecoxib for 20 hr. For Western
blot analysis 50 pg of total protein extract were separated onto a 12%
SDS—polyacrylamide gel and electroblotted onto a nitrocellulose mem-
brane which was incubated with specific antibodies directed against cyclin
A and cyclin B1. Equal loading of the gel was checked by staining the
membrane with ponceau solution. A representative experiment from two
separate experiments with different cell clones is shown.

positive regulators in the progression of cells through the S
and G,/M phase, were in accord with the flow cytometry
data. There was a decrease in cyclin A and cyclin Bl in
hCOX-2-s, hCOX-2-as and pcDNA Caco-2 cell clones
after 20-hr incubation with celecoxib at concentrations
between 40 and 100 uM (Fig. 6A and B). Furthermore,
the expression levels of the cell cycle inhibiting proteins
p21™ and p27%P! were increased after 20 hr celecoxib
treatment at concentrations between 40 and 100 pM
(Fig. 7A and B). There were no differences in the sensi-
tivity of COX-2-overexpressing or COX-2-deficient cells
neither in the case of downregulation of cyclin A or cyclin
B1 nor in upregulation of the cell cycle inhibitors p21 and
p27 after celecoxib treatment.

4. Discussion
In this study, we analysed the anticarcinogenic effects of

the selective COX-2 inhibitor celecoxib using Caco-2 cell
clones transfected with hCOX-2 ¢cDNA in antisense orien-

p21Waf1
[celecoxib] 0 20 40 60 80 100 uMm
21KD2 — B | e e e — a— | NCOX:2:5
21 kDa —» - hCOX-2-as
21 kDa —» e ey — — pcDNA
(A)

p27Kip1
[celecoxib] 0 20 40 60 80 100 M
27 kDa —» T —— — — — | NCOX-2-5
27kDa —» - - OX2.a8

27 kDa —» > Bl Sl et | DCDNA

(B)

Fig. 7. Western blot analysis of p21¥®! (A) and p27™*"' (B) protein
expression in hCOX-2-sense (hCOX-2-s), hCOX-2-antisense (hCOX-2-as)
and pcDNA control cells after treatment for 20 hr with increasing
concentrations of celecoxib. For Western blot analysis, 50 pg of total
protein extract was separated onto a 12% SDS-polyacrylamide gel and
electroblotted onto a nitrocellulose membrane which was incubated with
specific antibodies directed against p21¥P! or p27™*!. Equal loading of
the gel was checked by staining the membrane with ponceau solution. A
representative experiment from three separate experiments with different
cell clones is shown.

tation, sense orientation and with the empty pcDNA3
vector in order to obtain an insight into the role of
COX-2 inhibition for its anticarcinogenic effects. We were
able to show that COX-2-deficient Caco-2 cells (hCOX-2-
as), when compared with hCOX-2-s and pcDNA control
cells, are less sensitive to the apoptosis-inducing efficacy
of celecoxib as determined by PARP cleavage, activation
of caspase-3 and caspase-9, and cytochrome ¢ release.
Results similar to these have been reported by Li et al.
[22] and Chang and Weng [23] who examined the apop-
tosis-inducing effects of the COX-2-selective inhibitor NS-
398 in 15 human colon cancer cell lines and in lung cancer
cells, respectively, and by Hsu et al. [24] who observed an
enhanced apoptosis rate with celecoxib in prostate cancer
cells overexpressing COX-2. However, we were unable to
detect a difference in the sensitivity of the various Caco-2
cell clones in terms of induction of a G; cell cycle block
and these data are in line with findings described by us
previously [12].

COX-2-derived prostaglandins have been associated
with antiapoptotic as well as proliferation-promoting
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effects [7] and PGE, in particular, has been shown to act as
an antiapoptotic agent and to promote cell cycle progres-
sion [1,25-28]. Since celecoxib is able to inhibit both cell
proliferation in vitro and tumour growth in vivo [10,29], it
appears at first glance that the pronounced apoptotic effects
of celecoxib, observed in our Caco-2 hCOX-2-s cell clones
when compared with COX-2-antisense cells (see Figs. 3—
5), are associated with the inhibition of COX-2 and this is
supported by the finding that COX-2-sense cell clones
grew somewhat faster than COX-2-deficient Caco-2 cell
clones (data not shown).

In a recent study, transfection of human hepatocellular
carcinoma cells with a COX-2 expression vector also
resulted in an increased cell growth. These cells showed
an enhanced serine/threonine protein kinase B (PKB)
phosphorylation which correlated with COX-2 overexpres-
sion. Treatment of these cells with celecoxib inhibited PKB
phosphorylation, but this effect was only partly reversible
by addition of exogenous PGE,. It was therefore concluded
that celecoxib induced apoptosis is mediated by both COX-
2-dependent and -independent mechanisms [30]. In addi-
tion, Narayanan et al. demonstrated, that celecoxib treat-
ment of chemically induced prostate cancer in rats also
resulted in an induction of a cell cycle block and apoptosis
and this was associated with downregulation of COX-2 and
nuclear factor kappa B, and with activation of peroxisome
proliferator-activated receptor gamma. These data again
strengthen the hypothesis that celecoxib exerts its anti-
carcinogenic effect partly through COX-2-independent
mechanisms [31]. Clear evidence that COX-2 inhibition
alone is not responsible for the anticarcinogenic effect of
celecoxib has been obtained from in vitro studies with
another COX-2-selective inhibitor, rofecoxib. This agent
has no, or only a weak antiproliferative action in various
cell lines [32,33]. It is concluded, therefore, that in addition
to the COX-2-inhibiting effect other mechanisms also play
an important role in the antiproliferative effect of celecoxib
and that these mainly became apparent at high celecoxib
concentrations [34]. This hypothesis is also supported by a
clinical study of Steinbach et al. who have shown that high
doses of celecoxib (400 mg twice daily) significantly
reduce polyp formation and polyp size in patients with
familial adenomatous polyposis, whereas a dose of 100 mg
celecoxib twice daily (the recommended dose for the
treatment of rheumatoid arthritis and osteoarthritis and
sufficient for complete COX-2 inhibition) has only mar-
ginal effects [3].

Our study corroborates these prior findings. Using cell
lines with controlled COX-2 expression we were unable to
detect any differences between COX-2-expressing and
COX-2-deficient Caco-2 cell clones in the ability of cel-
ecoxib to inhibit the cell cycle, to decrease the percentage
of cells in the S and G,/M phase, to downregulate cyclin A
and cyclin B1 or to induce the cell cycle inhibitor proteins
p21 and p27 (see Figs. 3, 6 and 7). Thus, we also come to
the conclusion that COX-2-independent mechanisms play

an important role in celecoxib induced antiproliferative
effects.

Information on an underlying possible COX-2-indepen-
dent mechanism has been obtained by Johnson et al. [35]
who were able to show that celecoxib led to an increase in
intracellular [Ca2+] arising from an inhibition of the
endoplasmatic reticulum Ca”"-ATPase. This was asso-
ciated with the induction of apoptosis. Interestingly,
Ca”"-ATPase inhibitory activity was seen with celecoxib,
but not with other COX inhibitors tested, including aspirin,
ibuprofen, naproxen, rofecoxib, DuP697 (5-bromo-2-(4-
fluorophenyl)-3-(4-methyl-sulfonylphenyl)thiophene) and
NS-398 (N-(2-cyclohexyloxy-4-nitro-phenyl)methane sul-
fonamide) [35]. Very recently, Jendrossek et al. found
celecoxib to induce apoptosis by induction of the mito-
chondrial apoptosome complex without involvement of the
death receptor pathway [36]. Furthermore, it has been
shown that induction of apoptosis by celecoxib is also
associated with an inhibition of 3-phosphoinositide-depen-
dent kinase 1 (PKB1) and the PKB/Akt pathway in human
colon and prostate cancer cell lines [24,30,37]. It is of
interest that Kundu et al. were able to show that treatment
of breast cancer cells with celecoxib increased the number
of cells in Gy/G; and reduced the S phase fraction and that
this effect was accompanied by an increase in ceramide
concentration in the cells. The addition of C6-ceramide to
these cells mimicked this effect of celecoxib, thus support-
ing the hypothesis that an enhanced ceramide concentra-
tion is associated with cell cycle arrest and growth
inhibition [38].

The celecoxib concentrations for induction of apoptosis
and cell cycle arrest used in the various studies, including
the present one were higher than the 1c5o required for COX-
2-inhibition. Thus, the aforementioned pathways may also
play a role in our Caco-2 cell clones because apoptosis in
Caco-2 COX-2-sense and COX-2-antisense cells occurred
only at rather high concentrations of celecoxib (60—
100 uM). Interestingly, the concentrations required for
downregulation of various cyclins and upregulation of cell
cycle inhibitor proteins were somewhat lower (40 uM).

It might be argued that celecoxib concentrations up to
100 puM are higher than those found in plasma samples of
patients or animals in anticancer therapy. However, tumour
regression in patients or animals requires weeks of drug
treatment, whereas in our cell culture experiments, anti-
proliferative effects were already observed a few hours after
incubation with celecoxib. Furthermore, all treatments
occurred in medium containing 10% FCS and celecoxib
is known to have a high protein binding capacity. Therefore,
we determined the free (non-protein bound) fraction of
celecoxib in medium containing 10% FCS using LC/MS-
MS. We found approximately 30% of the added celecoxib
(0-100 uM) to be non-protein bound and hence to be
available for affecting the cells (data not shown). Thus,
the free and therefore effective celecoxib concentrations in
our cellular systems are lower than the total concentrations
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of drug in the medium. To finally answer the question of
celecoxib concentrations needed, further experiments
should be aimed at determination of intracellular concen-
trations both in the in vitro and in vivo experiments.

In conclusion, we have obtained additional evidence that
the apoptosis-inducing effects of celecoxib only partly
depend on COX-2 expression of the cells. On the other
hand, COX-2-independent effects are of importance since
celecoxib was able to induce apoptosis in COX-2-deficient
hCOX-2-as cells and cell cycle arrest occurred indepen-
dently of the cellular COX-2 expression.
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