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Abstract Glioblastoma, the most common and aggres-
sive primary brain tumors, carry a bleak prognosis and
often recur even after standard treatment modalities.
Emerging evidence suggests that deregulation of the Wnt/
B-catenin/Tcf signaling pathway contributes to glioblas-
toma progression. Nonsteroidal anti-inflammatory drugs
(NSAIDs) inhibit tumor cell proliferation by suppressing
Wnt/B-catenin/Tcf signaling in various human malignan-
cies. In this study, we sought to inhibit Wnt/B-catenin/Tcf
signaling in glioblastoma cells by the NSAIDs diclofenac
and celecoxib. Both diclofenac and celecoxib significantly
reduced the proliferation, colony formation and migration
of human glioblastoma cells. Diclofenac and celecoxib
downregulated B-catenin/Tcf reporter activity. Western and
gRT-PCR analysis showed that diclofenac and celecoxib
reduced the expression of B-catenin target genes Axin2,
cyclin D1 and c-Myec. In addition, the cytoplasmic accu-
mulation and nuclear translocation of P-catenin was sig-
nificantly reduced following diclofenac and celecoxib
treatment. Furthermore, diclofenac and celecoxib signifi-
cantly increased phosphorylation of B-catenin and reduced
the phosphorylation of GSK3p. These results clearly indi-
cated that diclofenac and celecoxib are potential thera-
peutic agents against glioblastoma cells that act by
suppressing the activation of Wnt/B-catenin/Tcf signaling.
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Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) have been
widely used for prophylaxis against cardiovascular disease,
injuries and to some extent to headaches, as well as in the
treatment of various cancers and other anomalies, including
rheumatoid arthritis [1, 2]. NSAIDs exert anti-neoplastic
and other therapeutic activities through specific inhibition
of prostaglandin synthesis. This inhibition occurs by inac-
tivation of the cyclooxygenase enzymes COX-1 and COX-
2 [3, 4]. Traditional NSAIDs, such as diclofenac, aspirin,
indomethacin, and sulindac inhibit COX-1 and COX-2
activity, whereas new-generation drugs, for example cele-
coxib and rofecoxib, selectively inhibit COX-2 activity.
Despite convincing evidence from clinical investigations
and from animal studies that the selective and non selective
COX-2 inhibitors exert anti-neoplastic properties by tar-
geting the enzyme COX-2, the underlying molecular
mechanisms remain poorly understood. This is presumably
because many studies described the anti-neoplastic activity
of NSAIDs in the absence of any apparent involvement of
COX-2 [5]. Several reports have suggested that NSAIDs
may also inhibit tumor cell growth by acting on multiple
COX-independent targets [6-9]. Among these, the most
important pathway affected by NSAIDs is the Wnt/
B-catenin/Tcf pathway [10-15]. In the absence of stimu-
lation, PB-catenin is captured in a destruction complex
composed of APC, GSK3f and Axin, and phosphorylated
by GSK3f and CKla. Phosphorylated B-catenin is ubig-
uitinated and further degraded in 26S proteasomes. Upon
stimulation PB-catenin is released into the cytosol and
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subsequently translocated to nucleus, where it binds to
transcriptional counterparts Lefl and Tcf4 and activates the
expression of their target genes [16, 17].

Glioblastoma (GBM) are the devastating primary
tumors of the central nervous system that arise from the
transformation of glia or their precursors [18]. Patients
presenting with GBM have a dismal prognosis despite a
variety of treatment options, including surgeries, chemo-
therapy and radiotherapy. GBM develop as a result of the
stepwise accumulation of genetic alterations that may
either disrupt cell cycle arrest pathways or activate various
signal transduction pathways [19]. Recently, we reported
on the deregulation of the Wnt/B-catenin/Tcf signaling
pathway in both human [20, 21] and ENU-induced rat
gliomas [22] and positively correlated pathway activation
with histological malignancy. Several recent reports have
also provided evidence that the Wnt/B-catenin/Tcf signal-
ing pathway is aberrantly activated in gliomas and that
knockdown of this pathway inhibits cell proliferation and
induces apoptosis in glioma cell lines [23].

In this study, we examined the efficacy of two NSAIDs,
diclofenac and celecoxib, on the Wnt/B-catenin/Tcf path-
way in human GBM cells. Our results provide the evidence
that diclofenac and celecoxib suppression of GBM cell
growth parallels inhibition of Wnt/B-catenin/Tcf pathway
activation.

Materials and Methods
Cell Culture and Reagents

Human glioblastoma cell line U87 was purchased from the
National Center for Cell Science (Pune, India) and U251
was obtained from American Type Culture Collection
(ATCC). Cells were grown in DMEM medium supple-
mented with 10 % fetal bovine serum and antibiotics
(100 IU/ml penicillin, 100 pg/ml streptomycin) and were
maintained in a humidified atmosphere containing 5 %
CO, at 37 °C. Diclofenac Sodium was obtained from
Sigma Chemicals (St. Louis, USA), and celecoxib was
kindly provided by Prof. P. Reddanna (University of
Hyderabad, Hyderabad, India). Lipofectamine 2000 was pur-
chased from Invitrogen (Carlsbad, CA). Luciferase assay
system was obtained from Promega (Madison, WI). The
pRL-TK plasmid was obtained from Upstate Biotech (Lake
Placid, NY). Primary antibodies against B-catenin, phos-
pho-B-catenin (Thr41, Ser45), c-Myc, cyclin D1, GSK3,
phospho-GSK3p, GAPDH, Lamin B and B-actin were
purchased from Cell Signaling Technology (Beverly, MA).
Secondary antibodies (anti-rabbit and anti-mouse IgG
conjugated to HRP) were obtained from Sigma Chemical
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Co (St. Louis, MO). The Tcf-responsive reporter constructs
pTOPFLASH and pFOPFLASH were kindly provided by
H. Clevers (University of Utrecht, The Netherlands).

Cell Proliferation and Clonogenic Assays

Inhibition of cell proliferation was assessed by the reduc-
tion of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazo-
lium bromide (MTT) to formazan. U87 and U251 cells
were seeded (2 x 10° cells/well) in 96-well plates. After
overnight incubation, cells were treated with different
concentrations of diclofenac and celecoxib or vehicle
(0.1 % DMSO) alone for 24 h. Next, MTT was added to
each well and incubated for 4 h. Finally, formazan crystals
were solubilized in acidic isopropanol (0.04 N), and
absorbance at 540 nm was measured on a multi-well
microplate reader. Clonogenic assays were performed by
plating 500 cells in a 100-mm dish and treating with dic-
lofenac and celecoxib or vehicle (0.1 % DMSO) for 24 h.
Cells were then grown for 8 days and stained with 0.5 %
methylene blue in 50 % methanol. Colonies that contain
>50 cells were counted. All treatments were performed in
triplicate, and the results were expressed as mean == SEM.

Cell Migration Assay

The cell migration was determined using QCM chemotaxis
cell migration assay kit (Millipore) using the manufac-
turer’s protocol. Briefly, 1 x 10> cells of control, diclofe-
nac, and celecoxib treated U87 cells per 300 pl of serum-
free medium were seeded onto the upper chamber and
0.75 ml of complete growth medium containing 10 % FBS
was added to each well in the lower chamber. At the end of
the incubation period, nonmigrating cells on the inside of
the filter were removed carefully with a cotton swab, and
subjected to staining and absorbance was measured on a
multi-well microplate reader.

Reporter Gene Assays

Reporter gene assays were performed as described [24].
Briefly, U87 and U251 GBM cells were seeded in 24-well
plates and transiently transfected with pTOPFLASH, or
pFOPFLASH along with pRL-TK using Lipofectamine.
pRL-TK was used as a control to normalize transfection
efficiency. After 6 h of transfection, cells were treated
with diclofenac and celecoxib or vehicle (0.1 % DMSO)
for 24 h and then stimulated with Wnt3a for additional
12 h. Cells were then washed with PBS and lysed with
Passive Lysis Buffer, after which Dual-Luciferase reporter
assays were performed according to the manufacturer’s
instructions.
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Quantitative RT-PCR Analysis

Total RNA was isolated from U87 and U251 glioblastoma
cells using Trizol Reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. Reverse tran-
scription (RT) reactions were performed by using the
Superscript III reverse transcriptase reagent kit (Invitrogen,
Carlsbad, CA). Real-time PCR was done by using specific
real-time PCR primers for following genes: Axin2:
(F) TTATGCTTTGCACTACGTCCCTCCA and (R) CG
CAACATGGTCAACCCTCAGAC; Cyclin D1: (F) TCC
AGAGTGATCAAGTGTGA and (R) GATGTCCACGT
CCCGCACGT; and B-Actin: (F) GTGGGCATGGGTC
AGAAG and (R) TCCATCACGATGCCAGTG. Results
were normalized to the B-actin transcript levels and the
difference in fold expression was calculated by using delta—
delta-CT method.

Preparation of Cytosolic and Nuclear Extracts

Cytosolic and nuclear fractions were performed as reported
previously [25]. Briefly, U87 and U251 cells were pre-
treated with different concentrations of diclofenac and
celecoxib or vehicle (0.1 % DMSO) and then harvested
and washed in ice-cold PBS, lysed in 400 pl cold buffer A
(HEPES 10 mmol/l (pH 7.9), KCI 10 mmol/l, 1 mmol/l
EDTA, phenylmethanesulfonyl fluoride (PMSF) 1 mmol/l,
1 mmol/l EGTA, dithiothreitol (DTT) 1 mmol/l, aprotinin
1 mg/l, leupeptin 1 mg/l, and pepstatin A 1 mg/l). After
15 min incubation on ice, 0.1 % NP-40 was added to the
lysates and the tubes were vigorously rocked for 1 min and
centrifuged (20,800g, 5 min) at 4 °C. The supernatant was
collected as cytosolic fraction. Nuclear pellets were then
washed with cold buffer A, then resuspended in 50 pl cold
buffer B (HEPES 20 mmol/l (pH 7.9), NaCl 420 mmol/l,
edetic acid 0.1 mmol/l, egtazic acid 0.1 mmol/l, PMSF
I mmol/l, DTT 1 mmol/l, aprotinin 1 mg/l, leupeptin
1 mg/l and pepstatin A 1 mg/l) and vigorously rocked for
30 min at 4 °C followed by centrifugation at 20,800g for
5 min and the supernatant was collected as the nuclear
fraction.

Western Blotting

U87 and U251 GBM cells were seeded in 100 mm culture
dishes and after treatment with diclofenac and celecoxib or
vehicle (0.1 % DMSO) cells were lysed in modified RIPA
buffer (150 mM NaCl, 50 mM Tris—HCl, 50 mM NaF,
5 mM EDTA, 0.5 % [wt/vol] sodium deoxycholate and
1 % Triton X-100) containing phosphatase and protease
inhibitors. Lysates were run on SDS-PAGE followed by
Western blotting using indicated antibodies and immuno-
reactivity was visualized by using ECL Kkit.

Immunocytochemistry

U87 and U251 cells were seeded onto glass cover slips in
12-well plates and treated with diclofenac and celecoxib or
vehicle (0.1 % DMSO) alone for 24 h. Cells were then
washed with PBS and fixed with 4 % paraformaldehyde,
followed by permeabilization with 0.2 % Triton X-100.
After blocking with 5 % goat serum for 1 h, cells were
incubated with B-catenin (1:200) primary antibody for 1 h
at room temperature. After 3 washes with PBS, cells were
incubated with anti-FITC conjugated secondary antibodies
(Invitrogen, Carlsbad, CA) for 1 h at room temperature.
Cells were washed in PBS and cover slips were mounted
with VECTASHIELD mounting medium (Vector Labs,
CA, USA). Fluorescent images were captured with a Leica
confocal microscope.

Statistical Analysis

SPSS software was used for all statistical analyses. A Stu-
dent’s ¢ test was used to assess statistical differences
between control and treatment groups. The level of sig-
nificance was set at p < 0.05. Statistical differences among
groups were analyzed with ANOVA.

Results

Diclofenac and Celecoxib Inhibit the Proliferation,
Colony Formation and Migration of GBM Cells

To determine the effect of diclofenac and celecoxib on
proliferation and colony formation, MTT assay and clo-
nogenic assays were performed respectively. The MTT
assay showed that both diclofenac and celecoxib signifi-
cantly reduced the proliferation of U87 and U251 GBM
cells in a dose-dependent manner (Fig. 1a). In clonogenic
assays, compared to vehicle (0.1 % DMSO) treated cells
the number of the colonies formed was significantly
(p < 0.05) reduced following treatment of the cells with
diclofenac and celecoxib (Fig. 1b). Further, cell migration
assays showed that the diclofenac and celecoxib signifi-
cantly reduced the migration of U87 GBM cells (Fig. lc,
d). Taken together, these results clearly demonstrated that
both diclofenac and celecoxib exhibited anti-neoplastic
activities on GBM cells.

Diclofenac and Celecoxib Inhibit Wnt/B-Catenin/Tcf
Reporter Activation

The activity of Wnt signaling is mediated by the binding of

the B-catenin/Tcf complex to its specific promoter ele-
ments. To investigate whether administration of diclofenac
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Fig. 1 Effect of diclofenac and celecoxib on proliferation, colony
formation and migration of GBM cells. a U87 and U251 GBM cells
were treated with vehicle (0.1 % DMSO) or indicated concentrations
of diclofenac and celecoxib for 24 h and subjected to an MTT assay.
b A total of 500 cells were plated in 100-mm culture dishes and
treated with vehicle (0.1 % DMSO) or diclofenac and celecoxib for
24 h. After 8 days, colonies were stained with methylene blue and

and celecoxib downregulated B-catenin/Tcf signaling, we
used a set of reporter constructs which contained either
three copies of the optimal Tcf motif (CCTTTGATC) or
three copies of the mutant motif (CCTTTGGCC), both of
which were upstream of a minimal c-Fos promoter driving
luciferase expression (pTOPFLASH and pFOPFLASH
respectively). Reporter assays revealed that both diclofenac
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those colonies containing >50 cells were counted. ¢, d U87 cells were
treated with vehicle, or diclofenac and celecoxib for 12 h and
subjected to QCM cell migration assay as described in “materials and
methods” section. All data presented are the mean = SEM and are
representative of three independent experiments. ‘0’ denotes the
vehicle treated control, p < 0.05, f test

and celecoxib downregulated B-catenin/Tcf signaling in a
dose-dependent manner in U87 (Fig. 2a) and U251 GBM
cells (Fig. 2b). To exclude any nonspecific effects of dic-
lofenac and celecoxib on gene expression, total pTOP-
FLASH activity is corrected by subtracting any effect of
the drugs on pFOPFLASH activity, where a mutation
renders Tcf binding sites inactive.
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Diclofenac and Celecoxib Downregulated
the Expression of -Catenin Target Genes

To confirm the B-catenin response transcription (CRT)
inhibition data obtained from the luciferase assays, we
determined if diclofenac and celecoxib affect the expres-
sion of Axin2, cyclin D1 and c-Myc a known targets of
B-catenin signaling. qRT-PCR analysis demonstrated that
both diclofenac and celecoxib significantly reduced the
expression of Axin2 and cyclin D1 in U87 (Fig. 3a) and
U251 GBM cells (Fig. 3b). Further, western blot analysis
showed that both diclofenac and celecoxib significantly
decreased the protein levels of cyclin D1 and c-Myc in U87
and U251 GBM cells (Fig. 3c). This result implies that
both diclofenac and celecoxib reduced B-catenin/Tcf sig-
naling in GBM cells.

Diclofenac and Celecoxib Attenuated the Nuclear
Translocation of B-Catenin

To confirm whether the inhibition of B-catenin signaling by
diclofenac and celecoxib results from an alteration in the
localization B-catenin, cytoplasmic and nuclear extracts
were prepared from U87 and U251 GBM cells and subjected
to western analysis. Compared to vehicle-treated cells, the
cytoplasmic accumulation of PB-catenin was significantly

reduced following celecoxib treatment in both U87 and
U251 GBM cells (Fig. 4a). However, no substantial
decrease in cytoplasmic PB-catenin was observed in dic-
lofenac treated cells (Fig. 4a). Further, the levels of nuclear
-catenin were significantly reduced in both diclofenac and
celecoxib treated U87 and U251 cells (Fig. 4b). To further
confirm whether diclofenac and celecoxib alter the subcel-
lular localization of B-catenin immunocytochemical analy-
ses were performed. In vehicle-treated cells, B-catenin was
localized both in the cytosol and the nucleus. However,
diclofenac and celecoxib treatment significantly reduced the
localization of nuclear B-catenin (Fig. 4c). These results
clearly demonstrated that diclofenac and celecoxib down-
regulated B-catenin/Tcf signaling by inhibiting the nuclear
translocation of B-catenin.

Diclofenac and Celecoxib Increased the S/T
Phosphorylation of B-Catenin and Reduced
the Phosphorylation of GSK3[

Several previous reports have demonstrated that NSAIDs
downregulated f-catenin/Tcf signaling by selectively
increasing levels of phosphorylated B-catenin [14, 26]. To
further understand the mechanism underlying the down-
regulation of B-catenin reporter activity, we investigated
whether reduced B-catenin/Tcf4 activity was a result of an
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increase in PB-catenin phosphorylation. Phosphorylated B-
catenin (Thr41/Ser45) levels were significantly increased
in a dose-dependent manner after diclofenac and celecoxib
treatment (Fig. 5). In addition we also found that phos-
phorylation of GSK3f which is phosphorylated and inac-
tivated by PI3K/Akt signaling was significantly reduced
following diclofenac and celecoxib treatment (Fig. 5).
These results suggest that diclofenac and celecoxib reduced
the PB-catenin/Tcf4 signaling activity by increasing the
phosphorylation of PB-catenin and reducing the GSK3f
phosphorylation.

Discussion
Chemopreventive effects of NSAIDs are mainly mediated
through COX-2 inhibition. However, prior studies indicate

that alternative targets are also implicated in the tumor
suppressive effects of NSAIDs, including Bcl-2, NF-«B,
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PPARY and NAG-1 suggesting that a number of distinct
molecular pathways may play a role in the anti-tumor
effects of these drugs. The present study demonstrate that
the Wnt/B-catenin/Tcf signaling pathway is attenuated by
NSAIDs diclofenac and celecoxib and suppression of GBM
cell growth is accomplished partly through the inhibition of
Whnt/B-catenin/Tcf pathway activation.

NSAIDs have been proven to possess significant anti-
proliferative potential in various cancer cells in vitro and
in vivo. Increasing evidences suggest that long-term low
dose intake of NSAIDs may prevent certain types of can-
cers [27, 28]. Although observational study results are also
conflicting with regard to cancer risks, many studies con-
sistently demonstrate that NSAIDs use is associated with a
reduced risk of colon cancer. Most importantly, recent
case—control studies suggested an inverse relationship
between NSAIDs use and glioma risk [29-31]. To shed
some light on the potential mechanisms involved in the
NSAID mediated anti-proliferative effects in GBM we
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examined the alteration in the Wnt/B-catenin pathway
following diclofenac and celecoxib treatment. Diclofenac,
one of the oldest NSAIDs inhibits cyclooxygenases non-
selectively. Diclofenac reduces 94 % of COX-2 and 49 %
of COX-1 activity [32] in humans and reduces the risk of
squamous cell carcinoma and malignant melanoma [33].
Recent studies have shown that diclofenac reduces lactate

Merge

[3-catenin

Control

Diclofenac

Celecoxib

Control

Diclofenac

Celecoxib

production in GL261 murine glioma cells both in vitro and
in vivo [34] in a Cox-independent manner. Further, dic-
lofenac used at nontoxic concentrations significantly
decreased lactate production in glioma cells and resulted in
a significant delay of glioma growth. Using of NSAIDs in
combination with additional chemotherapeutic compounds
may increase the susceptibility to conventional cytotoxic
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Fig. 5 Effect of diclofenac and celecoxib on phosphorylation of
B-catenin and GSK3p. Cell lysates of U87 and U251 cells treated with
vehicle (0.1 % DMSO) or different concentrations of diclofenac and
celecoxib were subjected to western blot analysis against phospho-
B-catenin (Thr41/Ser45) and phospho-GSK3p. ‘0’ denotes the vehicle-
treated control and B-actin used as loading control. Representative
blots were chosen from among the three individual experiments

drugs. Zerbini et al. [35], demonstrated that that combi-
nation of diclofenac and sulindac sulfide with NF-kB
inhibitors led to enhanced apoptosis induction in ovarian
cancer. Celecoxib combined with radiation plays a critical
role in the suppression of growth of CD133positive glio-
blastoma stem-like cells and proven that radiosensitizing
drug for clinical application in glioblastoma [36]. Even
though celecoxib is a selective COX-2 inhibitor, accumu-
lating evidence suggests that it exhibits anti-neoplastic
activity in tumor cells that lack the COX-2 enzyme [37,
38]. Several researchers are currently conducting phase II
clinical studies to determine the efficacy of celecoxib alone
or combined with other drugs in the treatment of glio-
blastoma. It has been demonstrated that celecoxib aggra-
vates ER stress in GBM in combination with bortezomib
resulting in the killing of tumor cells [39]. Also, combined
use of celecoxib and temozolomide in a rat orthotopic
glioma model proven that these drugs are effective in
treating gliomas [40]. It has recently been reported that
anti-tumor activity is enhanced by a low-dose combination
of the recombinant urokinase kringle domain and celecoxib
in glioma models and that this combined treatment resulted
in more potent inhibition of tumor growth than each
monotherapy [41]. Most importantly, celecoxib could be
safely administered to glioblastoma patients who received
cranial irradiation, temozolomide, and dexamethasone for
peritumoral brain edema [42]. These studies have stimu-
lated the use of diclofenac and celecoxib and provide a

@ Springer

desirable strategy for anti-glioma therapy. Although clini-
cal trials on NSAIDs as a chemotherapeutic agent against
glioblastoma are increasing, the underlying molecular
mechanisms by which diclofenac and celecoxib exerts its
antineoplastic activity are not completely understood. In
this study, first we set out to investigate whether diclofenac
and celecoxib has significant anti-proliferative effects on
glioblastoma cell lines. MTT assay and clonogenic assays
revealed that diclofenac and celecoxib have significant
anti-proliferative effects on U87 and U251 GBM cell lines.
Further, cell migration assays demonstrated that diclofenac
and celecoxib reduced the migration of GBM cells.

The Wnt/B-catenin/Tcf signaling pathway is constitu-
tively activated and contributed to the malignant pro-
gression of glioma. Several reports have demonstrated
that a link exists between the chemopreventive effects of
NSAIDs and B-catenin/Tcf4 activity in colon cancer cells
[6, 12]. However, the effect of NSAIDs diclofenac and
celecoxib on Wnt/B-catenin signaling in glioblastoma
cells has not been studied. Because inhibition of Wnt/B-
catenin activation has been linked with antitumor activity,
we hypothesize that diclofenac and celecoxib mediates its
effects at least partly through inhibition of Wnt/B-catenin
activation. We therefore focused on [-catenin, a major
regulator of Tcf-responsive transcription, as a potential
target of diclofenac and celecoxib action. We first used a
Tcf reporter assay to assess the effects of diclofenac and
celecoxib on the activity of the pathway as a whole, and
then checked the inhibitory effects of diclofenac and
celecoxib on the expression of P-catenin targets. We
observed a reduction of both p-catenin/Tcf reporter
activity and their targets Axin-2, c-Myc and cyclin D1
that occurred in a concentration-dependent manner. In
addition both the drugs inhibited the cytosolic accumu-
lation and nuclear translocation of B-catenin in GBM cells
and also enhanced the phosphorylation of B-catenin. In
summary, we have demonstrated that the NSAIDs dic-
lofenac and celecoxib exhibits anti-proliferative effects in
GBM cells partly by suppressing Wnt/B-catenin/Tcf
pathway activation. These findings might provide the
rationale for initiating in vivo studies to examine the
efficacy of NSAIDs as chemopreventive agents against
glioblastoma and explain some features of NSAID-medi-
ated chemoprevention.
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