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Abstract

Celecoxib is a selective cyclooxygenase-2 (COX-2) inhibitor that has been reported to elicit anti-proliferative response in
various tumors. In this study, we aim to investigate the antitumor effect of celecoxib on urothelial carcinoma (UC) cells and
the role endoplasmic reticulum (ER) stress plays in celecoxib-induced cytotoxicity. The cytotoxic effects were measured by
MTT assay and flow cytometry. The cell cycle progression and ER stress-associated molecules were examined by Western
blot and flow cytometry. Moreover, the cytotoxic effects of celecoxib combined with glucose-regulated protein (GRP) 78
knockdown (siRNA), (2)-epigallocatechin gallate (EGCG) or MG132 were assessed. We demonstrated that celecoxib
markedly reduces the cell viability and causes apoptosis in human UC cells through cell cycle G1 arrest. Celecoxib possessed
the ability to activate ER stress-related chaperones (IRE-1a and GRP78), caspase-4, and CCAAT/enhancer binding protein
homologous protein (CHOP), which were involved in UC cell apoptosis. Down-regulation of GRP78 by siRNA, co-treatment
with EGCG (a GRP78 inhibitor) or with MG132 (a proteasome inhibitor) could enhance celecoxib-induced apoptosis. We
concluded that celecoxib induces cell cycle G1 arrest, ER stress, and eventually apoptosis in human UC cells. The down-
regulation of ER chaperone GRP78 by siRNA, EGCG, or proteosome inhibitor potentiated the cytotoxicity of celecoxib in UC
cells. These findings provide a new treatment strategy against UC.
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Introduction

Bladder urothelial carcinoma (UC) ranks fourth in incidence

among cancers in men and eighth in women in the United States [1].

The prognosis for patients with metastatic UC remains poor [2].

Even with chemotherapeutic treatment, the overall median survival is

about one year [2]. Cisplatin-based chemotherapy is the standard

treatment of patients with metastatic UC; however, despite regimens

such as the cisplatin, gemcitabine or paclitaxel combination, the

overall response rates vary between 40% and 65% [3–5]. The other

limiting factor associated with current chemotherapeutic regimens is

the substantial toxicities. Therefore, there is an urgent need for the

development of novel therapeutic agents for UC treatment.

Celecoxib is a selective inhibitor of cyclooxygenase-2 (COX-2)

and is widely used for anti-inflammation or pain control.

Considerable preclinical evidence supports the potential of

celecoxib against several types of malignancies [6]; however, the

utility of celecoxib by itself or in combination with other therapies

for treating UC has not been fully explored [7–10]. Several studies

have reported that celecoxib possesses the anti-tumor effect in the

absence of COX-2 involvement [8,11]. The previous studies have

shown that anti-tumor mechanisms of celecoxib may include the

death receptors, mitochondria-mediated pathways, cell cycle arrest,

Akt phosphorylation inhibition, endoplasmic reticulum (ER) stress,

and autophagy [8,11–17]. The exact underlying mechanisms of the

anti-tumor effects mediated by celecoxib remain unclear.

The unfolded protein response (UPR) is a cellular stress response of

the ER. The ER stress response is activated in response to an

accumulation of unfolded or misfolded proteins in the lumen of the

ER [18–20]. These unfolded proteins can be removed by ER-

associated degradation (ERAD), which delivers abnormal proteins to

the proteasomes [19,21–22]. In this study, we try to investigate the

role of UPR in celecoxib-induced cytotoxicity in human bladder UC

cells. We also examine whether the interference of UPR pathway can

enhance the celecoxib-induced cytotoxicity in UC cells.

Materials and Methods

Cell culture
We have performed the experiments on three cell lines. SV-

HUC cells were the SV40 transformed immortalized, non-

tumorigenic human urothelial cell line [23]. NTUB1 cells were
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derived at National Taiwan University Hospital from the surgical

specimen of a 70-year-old female patient with high grade

transitional cell carcinoma and was proved to be tumorigenic in

nude mice [24–25]. The T24 cells were derived from a highly

malignant grade III human urinary bladder carcinoma (Figure

S1). NTUB1 cells were kindly provided from Dr. Yeong-Shiau Pu

(Department of Urology, National Taiwan University Hospital,

Taipei, Taiwan). T24 human UC cell line was obtained from the

American Type Culture Collection (Manassas, VA). SV-HUC

cells were kindly provided from Dr. Tai-Lung Cha (Department of

Urology, Tri-Service General Hospital and National Defense

Medical Center, Taipei, Taiwan). Cells were maintained at 37uC

in RPMI-1640 medium (for NTUB1 cells), Dulbecco’s Modified

Eagle Medium (for T24 cells) or F12 (for SV-HUC) supplemented

with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and

100 mg/mL streptomycin (Invitrogen, Carlsbad, CA).

Reagents and antibodies
Celecoxib pure compound was provided by Pfizer (New York,

NY). Various concentrations of celecoxib were prepared as

suspensions in DMSO (Sigma-Aldrich, St. Louis, MO) and then

mixed with cell medium containing 10% FBS. LM-1685, a

celecoxib analogue, is another COX-2 inhibitor purchased from

Calbiochem (San Diego, USA). (2)-Epigallocatechin gallate

(EGCG) and MG132 (a proteasome inhibitor) were purchased

from Sigma-Aldrich (San Diego, USA). Antibodies against various

proteins for Western blot analysis such as poly (ADP-ribose)

polymerase (PARP), cleaved PARP, caspase-3, 4, 7, 8, 9, cleaved

caspase-3, 7, 8, 9, p21, p27, IRE-1a, GRP78, CHOP, and calnexin

were obtained from Cell Signaling Technologies (Danvers, MA).

Other antibodies against ubiquitin, b-actin and a-tubulin were

purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and

anti-GAPDH antibody was purchased from Genetex (Irvine, CA).

Figure 1. Celecoxib reduces cell viability and induces apoptosis in UC cells and SV-HUC cells. (A) Cells were treated with various
concentrations of celecoxib for 24 h. Cell viability was assessed by MTT assay. (B) Cells were exposed to mock (untreated) and 100 mM celecoxib for
24 h. Apoptotic cells were analyzed by FACS flow cytometry with propidium iodide (PI) and annexin V-FITC staining. The lower-right panel presented
annexin V-positive cells (early apoptotic cells); the upper-right panel presented late apoptotic cells with membranes permeable to PI and annexin V
staining. (C) Quantitative analysis of total apoptosis (early and late) population following 100 mM celecoxib treatment was presented. In (A) and (C),
data are presented as means6 SD of three independents experiments. * p,0.05 as compared with control. In (B), results shown are representative of
at least three independent experiments.
doi:10.1371/journal.pone.0033615.g001
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Measurement of cell viability
Cell viability was determined by using 3-(4,5-dimethylthiazol-2-

yl)- 2,5-diphenyl tetrazolium (MTT, Sigma-Aldrich). In brief, cells

were seeded with culture medium in 96-well microplates (4500

cells/well) and incubated at 37uC for 24 h before drug exposures.

At the end of treatments with drugs, cells were incubated with

completed-medium containing 0.4 mg/ml MTT at 37uC for 4 h.

The reduced MTT crystals were dissolved in DMSO and the

absorbance was detected at 570 nm with a plate reader.

Immunoblotting
After various treatments, the NTUB1 and T24 cells were

washed with cold phosphate buffered saline (PBS) and then lysed

with cell lysis buffer (Cell Signaling Technologies) on ice. The cell

lysates were centrifuged at 14000 rpm for 30 min at 4uC. The

supernatants were collected and the concentrations of the proteins

were determined by BCA protein assay (Thermo Scientific Pierce,

Rockford, IL). Equal quantity of each samples were resolved in

SDS-polyacrylamide then transfer to polyvinylidene fluoride

Figure 2. Celecoxib caused cell cycle arrest at G1 phase in NTUB1 and T24 UC cells. (A) NTUB1 and T24 cells were treated with mock
(untreated) or celecoxib (100 mM) for 12 and 24 h, and cell cycle analysis was measured as described in Materials and methods. Data are presented as
means 6 SD of three independents experiments. * p,0.05 as compared with control. (B) The expressions of p21 and p27 at 12 and 24 h after
celecoxib treatment were analyzed by Western blotting. Results shown are representative of at least three independent experiments.
doi:10.1371/journal.pone.0033615.g002
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(PVDF) membrane (Millipore, Billerica, MA). The membranes

were incubated with 5% skim milk in PBS and then incubate

appreciate amount of primary antibodies in PBS at 4uC overnight.

The membranes were then washed twice with PBST (PBS

containing 0.05% Tween 20) and incubated at room temperature

for 1 h with applicable horseradish peroxidase (HRP)-conjugated

secondary antibodies (Genetex) at appropriate dilution ratios in

PBS. After washed twist with PBST, antibody bound-membranes

were visualized by enhanced chemiluminescence western blotting

detection reagents (Millipore).

Knockdown of GRP78 by using siRNA
For knockdown of GRP78, the cells were transfected with small

interfering RNA (siRNA) against GRP78. NTUB1 and T24 cells

were transfected with various concentrations of siRNA for GRP78

(Thermo Scientific Dharmacon, Lafayette, CO) or nonsilencing

scramble siRNA with the use of SiLenFect (Bio-Red) according to

the manufacturer’s instructions. The transfected cells were incubat-

ed with or without 100 mM celecoxib in complete medium for 24 h.

Analysis of apoptosis by fluorescence-activated cell
sorting (FACS)
Cells were stained with annexin V-FITC apoptosis detection kit

(Strong Biotech, Taipei, Taiwan), and apoptotic cells identified

and quantified by flow cytometry. Briefly, after exposing to

different treatments, NTUB1 and T24 cells were washed with PBS

and then harvested by trypsin-EDTA solution (Invitrogen). The

cell suspensions were centrifuged at 1000 rpm for 5 min to remove

trypsin-EDTA solution. Then the cells were re-suspended and

incubated with propidium iodide (PI), annexin V-FITC, and

annexin V binding buffer for 15 min at room temperature. The

stained cells were analyzed on a FACS flow cytometry (Becton

Dickinson Cockeysville, MD).

Cell cycle analysis by flow cytometry
NTUB1 and T24 cells were grown in medium as mentioned

above. At 50% confluency, cells were treated with DMSO control or

100 mM celecoxib for 24 h. Cells were collected and processed for

cell cycle analysis. Briefly, 0.56105 cells were suspended in 0.5 mL of

PI solution, and incubated 30 min in the dark. Cell cycle distribution

was then analyzed by FACS flow cytometry (Becton Dickinson).

Statistical analysis
The GraphPad PrismH 4 software was used to perform all data

analysis. All data were expressed as mean 6 SD and analyzed by

one-way ANOVA followed by Bonferroni post hoc test, with

values of P,0.05 considered statically significant.

Results

Celecoxib affected viability, apoptosis, GRP78 protein
expression, and cell cycle in human UC cells
We first assessed the effect of celecoxib on the viability of human

UC cell lines (NTUB1 and T24) and SV-HUC cells using the

Figure 3. Effects of celecoxib on the ER stress-related signaling molecules IRE-1a, GRP78, CHOP, and caspase-4 in NTUB1 and T24
cells. In (A) and (B), NTUB1 cells were exposed to mock (untreated) and 100 mM celecoxib. The cell lysates were harvested at each time point and
analyzed by Western blotting with specific antibodies to detect ER stress-related molecules IRE-1a, CHOP, calnexin, GRP78, and caspase-4,. CF is the
abbreviation of cleaved form. (C) and (D) showed the similar experiments performed in T24 cells. Results shown are representative of at least four
independent experiments.
doi:10.1371/journal.pone.0033615.g003
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MTT assay. After 24 h exposure, celecoxib effectively reduced cell

viability in a dose-dependent manner in NTUB1 and T24 cells

and had no significant effect on cell viability of SV-HUC

(Figure 1A). Moreover, apoptotic cells were analyzed by flow

cytometry (FACS) with propidium iodide (PI) and Annexin V-

FITC staining. Celecoxib (100 mM) markedly induced the cell

apoptosis in NTUB1 and T24 cells after 24 h exposure (Figures 1B

and C).

Next, we determined whether celecoxib has a cell cycle arrest

effect in human UC cells. Celecoxib-treated UC cells were blocked

in the G1 phase after 12 and 24 h treatment (Figure 2A).

Moreover, the expressions of Cdk inhibitor proteins p21 and p27

in NTUB1 and T24 cells were markedly increased at 12 and 24 h

after exposure to celecoxib (100 mM) (Figure 2B).

Celecoxib induced ER stress in human UC cells
Celecoxib has been reported to induce ER stress in several types of

cancer cells [12,17,26–27]. Here, we found that treatment of NTUB1

and T24 cells with 100 mM celecoxib could also induce ER stress

(Figure 3). During the 24 h exposure, celecoxib induced the protein

expressions of IRE-1a, GRP78, andCHOPand the cleavage of caspase-

4 in NTUB1 (Figures 3A and 3B) and T24 cells (Figures 3C and 3D). In

addition, the suppression of calnexin was also shown after celecoxib

(100 mM) treatment in NTUB1 (Figure 3A) and T24 cells (Figure 3C).

Figure 4. The combinative effects of celecoxib and GRP78 knockdown on apoptosis of NTUB1 and T24 cells. (A) Cells were transfected
with GRP78 siRNA (10 nM) or scramble siRNA (10 nM) (as a control); then treated with 100 mM celecoxib. The combinative effect of celecoxib and
GRP78 knockdown on apoptosis was determined by flow cytometry (FACS) with annexin V-FITC and PI labeling in (a). (b) Quantitative analysis of total
apoptosis (early and late) population was presented. Data are presented as means 6 SD of three independents experiments. * p,0.05 as compared
with scramble siRNA+celecoxib. (B) Cells were transfected with 10, 15 and 20 nM GRP78 siRNA, and 20 nM scramble siRNA as control; then treated
with 100 mM celecoxib. Cell lysates were harvested and analyzed by Western blotting with specific antibodies against GRP78, caspase-3, 8, cleaved
caspase-3, 8 (a), caspase- 9, 7, cleaved caspase-7, 9, PARP and cleaved PARP (b). CF is the abbreviation of cleaved form. Results shown are
representative of at least three independent experiments.
doi:10.1371/journal.pone.0033615.g004
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GRP78 knockdown enhanced celecoxib-induced
apoptosis in human UC cells
GRP78 has been reported to be associated with chemoresistance

[28–29]. The celecoxib-induced expression of GRP78 raises a

question concerning the relationship between GRP78 expression

and apoptosis in NTUB1 and T24 cells. To clarify this issue, we

used the siRNA approach to examine the role GRP78 in celecoxib-

induced apoptosis in NTUB1 and T24 cells (Figure 4A). Transfec-

tion of GRP78 siRNA, which actually decreased the protein

expression of GRP78 (Figure 4B), significantly enhanced the

increase of cell apoptosis (Figures 4A) and the cleavage of caspases

and PARP (Figures 4B) in celecoxib (100 mM)-treated NTUB1 and

T24 cells. These results indicate that GRP78 expression may be

correlated to the chemoresistance to celecoxib in human UC cells.

Treatment with EGCG, a known GRP78 inhibitor,
potentiated celecoxib-induced apoptosis in human UC cells
Recently, several compounds have been discovered to be

GRP78 antagonists and have anticancer activity [28–29]. These

compounds worked in synergy with chemotherapeutic drugs to

reduce tumor growth. EGCG has been reported to bind to the

ATP binding domain of GRP78 and thereby blocks its function

[29–30]. Here, we investigated the apoptosis induction effect of

EGCG in combination with celecoxib on NTUB1 and T24 cells.

As shown in Figure 5A, treatment with EGCG promotes

celecoxib-induced apoptosis in NTUB1 and T24 cells. The

combinative treatment of EGCG induced down-regulation of

GRP78 and enhanced the celecoxib-induced cytotoxicity in

NTUB1 and T24 cells (Figure 5B and C).

Figure 5. The combinative effects of celecoxib and EGCG on apoptosis in NTUB1 and T24 cells. Cells were incubated in the presence of
100 mM celecoxib and EGCG (10, 20, 33.3 and 40 mM) individually or in combination. (A) Cells were stained with annexin V-FITC and PI for apoptosis
analysis by FACS flow cytometry. Results shown are representative of at least three independent experiments. Data are presented as means 6 SD of
three independents experiments. * p,0.05 as compared with celecoxib alone. (B) and (C) Cell lysates were harvested and analyzed by Western
blotting with specific antibodies against caspase-3, 7, 8, 9, PARP, GRP78, and CHOP. CF is the abbreviation of cleaved form. Results shown are
representative of at least three independent experiments.
doi:10.1371/journal.pone.0033615.g005
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MG132 enhanced celecoxib-induced apoptosis in human
UC cells
To reduce UPR, the proteasome pathway plays a role in the

degradation of unfolded protein [21,26,31]. It is conceivable that

inhibition of proteasome may aggravate celecoxib-induced cell

apoptosis due to the accumulation of unfolded protein. To test this

issue, we examined the combinative effect of celecoxib and

proteasome inhibitor, MG132, on NTUB1 and T24 cells. At low

dose (0.5 and 1 mM), MG132 did not affect cell viability, whereas

the combination of celecoxib and MG132 enhanced the cell death

(Figure 6A), apoptosis (Figures 6B and 6C), and the cleavages of

caspases and PARP (Figure 6D) in NTUB1 and T24 cells.

Moreover, MG132 could furthermore increase celecoxib-induced

ubiquitin and CHOP and downregulate GRP78 expressions in

NTUB1 and T24 cells (Figure 6E). These findings also indicated

that proteosome inhibitor MG132 aggravated the celecoxib-

induced unfolded protein stress and potentiate the ER stress-

related apoptosis.

GRP78 knockdown sensitize LM-1685, a non-coxib COX-2
inhibitor, -induced apoptosis in human UC cells
On the contrary, celecoxib analogue LM-1685, a non-coxib COX-2

inhibitor, had no inhibitory effects on the viability of NTUB1 and T24

cells (Figure 7A). LM-1685 did not induce the expression of ER stress-

related molecules after 24 h treatment (Figure 7B). Transfection with

GRP78 siRNA significantly enhanced the apoptotic effect of LM-1685

in NTUB1 and T24 UC cells (Figure 7C). We believed that down-

regulation of GRP78 could sensitize the drug resistance of LM-1685 to

UC cells. These findings suggest the critical role of GRP78 on the

survival of UC cells after COX-2 inhibitor treatment.

Figure 6. The combinative effect of celecoxib and MG132 on cell growth and apoptosis in NTUB1 and T24 cells. Cells were incubated
in the presence of 100 mM celecoxib and MG132 (0.5 and 1 mM) individually or in combination. (A) Cell viability was measured by MTT assay. (B) Cells
were stained with annexin V-FITC and PI for apoptosis analysis by FACS flow cytometry. (C) Quantitative analysis of total apoptosis (early and late)
population was presented. (D) and (E) Cells were incubated in the presence of 100 mM celecoxib and MG132 (1 mM) individually or in combination.
Cell lysates were harvested and analyzed by Western blotting with specific antibodies against, caspase-3, 7, 8, 9, PARP, CHOP, GRP78, and ubiquitin. In
A and C, data are presented as means 6 SD of three independents experiments. * p,0.05 as compared with celecoxib alone. In B and D, results
shown are representative of at least three independent experiments.
doi:10.1371/journal.pone.0033615.g006
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Figure 7. Effects of LM-1685, a non-coxib COX-2 inhibitor, on the viability and induction of ER stress-related molecules in NTUB1
and T24 cells. (A) Cells were treated with LM-1685 (0–160 mM) for 24 h. Cell viability was analyzed by MTT assay. Data are presented as means6 SD
of three independents experiments. (B) Cells were treated with LM-1685 (80 and 160 mM) or celecoxib (100 mM) for 24 h. The cell lysates were
harvested at each time point and analyzed by Western blotting with specific antibodies to detect ER stress-related molecules IRE-1a, CHOP, calnexin,
and GRP78, and caspase-4. CF is the abbreviation of cleaved form. (C). Cells were transfected with GRP78 siRNA (10 nM) or scramble siRNA (10 nM) (as
a control), and then treated with 160 mM LM-1685. The combinative effect of LM-1685 and GRP78 knockdown on apoptosis was determined by flow
cytometry (FACS) with annexin V-FITC and PI labeling. The quantitative analysis of total apoptosis (early and late) population was presented. Data are
presented as means 6 SD of three independents experiments. * p,0.05 as compared with scramble siRNA+LM-1685.
doi:10.1371/journal.pone.0033615.g007
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Discussion

Systemic chemotherapy is the only modality to improve the

survival in patients with metastatic UC. However, the treatment of

metastatic UC by cytotoxic chemotherapy has reached a therapeu-

tic plateau. To search for novel treatment modalities is imperative.

COX-2 inhibitors have been studied in pre-clinical investigation as

therapeutic or chemo-preventive agents in various cancers [7–8,11–

13,15]. However, the treatment efficacy of COX-2 inhibitors in UC

has not been fully explored [7–8,32–34]. In this study, we showed

that celecoxib is capable of inducing the ER stress, apoptosis, and

cell death in human UC cells. GRP78 knockdown by siRNA,

GRP78 inhibitor, or proteasome inhibitor effectively enhanced the

celecoxib-induced caspases-regulated UC cell apoptosis.

The UPR can induce the transcription of genes encoding ER-

resident chaperones to facilitate protein folding. Meanwhile, the

ERAD can be activated to degrade the unfolded proteins

accumulated in the ER [21–22]. The goal of UPR is to alleviate

the cellular stress and restore proper ER homeostasis. However, if

the ER stress persists intensely, these signaling pathways can

trigger cell apoptosis [19–20]. In mammalian cells, signaling

molecules PERK, IRE-1a, and ATF6 sense the presence of

unfolded proteins in the ER lumen and transduce the signals to the

cytoplasm and the nucleus [19,35]. GRP78 is a main regulator of

the pro-survival pathway in the UPR and plays an important role

in protein folding and assembly [19,35]. Aggregation of unfolded

proteins resulted in the ER stress induction that GRP78 dissociates

from the three ER transmembrane receptors (PERK, ATF-6, and

IRE-1a), which leads to their activation and triggers the UPR

[18,20]. The activated PERK pathway induces downstream

CHOP expression, and then triggered the cell apoptosis. Calnexin,

an ER transmembrane chaperone, plays the key roles in

translocation, protein folding, and quality control of newly

synthesized polypeptides [18,20].

The roles of GRP78 in tumor formation, progression and

angiogenesis have been demonstrated [29,35]. Drug resistance of

cancer cells to a broad range of therapeutic agents, many of which

are not directly linked to ER stress, has been attributed to GRP78.

GRP78 has been shown to reduce the ER stress-related cancer cell

apoptosis [28,35]. Constitutive over-expression of GRP78 has also

been reported to confer chemo-resistance in cancer therapy

[28–29]. Down-regulation of GRP78 by siRNA or chemical

inhibition has been shown to enhance the chemo-sensitivity in

tumor-associated endothelial cells [29]. Recently, several com-

pounds have been shown to be GRP78 inhibitors, which have

anticancer activity and work in synergy with chemotherapeutic

drugs to reduce tumor growth [28–30]. Chemo-resistance remains

a major challenge in treatment of metastatic UC. Identifying

mechanisms of drug resistance and development of new

therapeutic agent are important in treatment of UC [2]. In this

study, exposure of human UC cells to celecoxib actually induces

UPR activation. The celecoxib-induced UPR in human UC cells

is associated with the up-regulation of GRP78. GRP78 knockdown

by using siRNA or chemical inhibition (EGCG) could potentiate

the cytotoxic and apoptotic effect of celecoxib in UC cells.

Moreover, LM1685 did not up-regulate GRP78 as celecoxib, nor

did it induce cytotoxicity in human UC cells. However, GRP78

knockdown did effectively enhance celecoxib cytotoxicity and

reverse resistance to LM1685. Our findings indicate the critical

role of GRP78 in protecting cancer cells from COX-2 inhibitor-

induced apoptosis. Down-regulation of GRP78 can significantly

enhance the susceptibility to COX-2 inhibitor in UC cells.

The ubiquitin proteosome pathway is another pathway for

intracellular protein degradation to maintain homeostasis during

cell encounter the UPR stress [31]. A previous study has shown that

a combination of celecoxib and proteosome inhibitor MG132

provides synergistic anti-proliferative effect in human liver tumor

cells [21]. In the present study, we found that combined treatment

withMG132 in human UC cells could potentiate celecoxib-induced

cytotoxicity with concomitant down-regulation of GRP78.

Celecoxib is commonly administered orally with dosage of

200 mg twice daily, resulting in mean peak serum concentration of

1–2 mM [36]. Reported side effects of celecoxib in therapeutic

dosage include cardiovascular thrombosis, congestive heart failure,

gastrointestinal ulceration, renal or hepatic injury, and platelet

aggregation [37]. Some reports on side effects of celecoxib in

supratherapeutic dosage in clinical trial showed that there were no

significant side effects in supratherapeutic dosage [38]. In our

study, using in vitro methods, we chose 100 mM as the working

concentration of celecoxib, a concentration much higher than the

concentration corresponding to the FDA recommended maximal

dose. This is in line with a variety of studies on the anti-tumor

effect of celecoxib in vitro showing that the concentration of

celecoxib needed to inhibit growth of cancer cells in vitro is much

higher than that needed in vivo for bladder and other cancers

[7–8,10,39–42]. This discrepancy indicates that tumor growth in

vivo is determined by interactions between factors intrinsic to

tumor cells and extrinsic factors such as the extracellular matrix,

stromal cells, and other host factors. These extrinsic factors are

generally absent under in vitro conditions. Cell culture models are

often used to evaluate the therapeutic potential of COX-2

inhibitors against cancer, but it must be noted that in vitro results,

particularly as relates to relative dose of agent used, cannot be

directly extrapolated to the whole organism (in vivo) [42].

In conclusion, the present study showed that celecoxib can

significantly inhibit the proliferation of human UC cells. The

aggravated unfolded protein stress caused by down-regulation of

GRP78 or by proteasome inhibitor will further enhance the

celecoxib-induced UC cell apoptosis. These findings are promising

and warrant further study for the development of new therapeutic

strategies against UC.

Supporting Information

Figure S1 Both T24 and NTUB1 cells showed high level
of COX-2 and GRP78 expression.

(TIF)

Acknowledgments

We thank the personnel of the Second and Sixth Core Laboratories of

National Taiwan University Hospital.

Author Contributions

Conceived and designed the experiments: SHL KHH SCC TIW.

Performed the experiments: KLK YTC. Analyzed the data: KLK YTC

YCT. Contributed reagents/materials/analysis tools: YSP CKC SCC.

Wrote the paper: KHH.

References

1. Jemal A, Siegel R, Xu J, Ward E (2010) Cancer statistics, 2010. CA Cancer J Clin
60: 277–300.

2. Latini DM, Lerner SP,Wade SW, LeeDW,Quale DZ (2010) Bladder cancer detection,
treatment and outcomes: opportunities and challenges. Urology 75: 334–339.

3. Harker WG, Meyers FJ, Freiha FS, Palmer JM, Shortliffe LD, et al. (1985)
Cisplatin, methotrexate, and vinblastine (CMV): an effective chemotherapy
regimen for metastatic transitional cell carcinoma of the urinary tract. A
Northern California Oncology Group study. J Clin Oncol 3: 1463–1470.

Celecoxib Induces ER Stress and Apoptosis in UC

PLoS ONE | www.plosone.org 9 March 2012 | Volume 7 | Issue 3 | e33615



4. Sternberg CN, Yagoda A, Scher HI, Watson RC, Geller N, et al. (1989)
Methotrexate, vinblastine, doxorubicin, and cisplatin for advanced transitional
cell carcinoma of the urothelium. Efficacy and patterns of response and relapse.
Cancer 64: 2448–2458.

5. von der Maase H, Hansen SW, Roberts JT, Dogliotti L, Oliver T, et al. (2000)
Gemcitabine and cisplatin versus methotrexate, vinblastine, doxorubicin, and
cisplatin in advanced or metastatic bladder cancer: results of a large,
randomized, multinational, multicenter, phase III study. J Clin Oncol 18:
3068–3077.

6. Dannenberg AJ, Subbaramaiah K (2003) Targeting cyclooxygenase-2 in human
neoplasia: rationale and promise. Cancer Cell 4: 431–436.

7. Dhawan D, Craig BA, Cheng L, Snyder PW, Mohammed SI, et al. (2010)
Effects of short-term celecoxib treatment in patients with invasive transitional
cell carcinoma of the urinary bladder. Mol Cancer Ther 9: 1371–1377.

8. Dhawan D, Jeffreys AB, Zheng R, Stewart JC, Knapp DW (2008)
Cyclooxygenase-2 dependent and independent antitumor effects induced by
celecoxib in urinary bladder cancer cells. Mol Cancer Ther 7: 897–904.

9. Dovedi SJ, Kirby JA, Davies BR, Leung H, Kelly JD (2008) Celecoxib has
potent antitumour effects as a single agent and in combination with BCG
immunotherapy in a model of urothelial cell carcinoma. Eur Urol 54: 621–630.

10. Mohammed SI, Dhawan D, Abraham S, Snyder PW, Waters DJ, et al. (2006)
Cyclooxygenase inhibitors in urinary bladder cancer: in vitro and in vivo effects.
Mol Cancer Ther 5: 329–336.

11. Kulp SK, Yang YT, Hung CC, Chen KF, Lai JP, et al. (2004) 3-
phosphoinositide-dependent protein kinase-1/Akt signaling represents a major
cyclooxygenase-2-independent target for celecoxib in prostate cancer cells.
Cancer Res 64: 1444–1451.

12. Chen ST, Thomas S, Gaffney KJ, Louie SG, Petasis NA, et al. (2010) Cytotoxic
effects of celecoxib on Raji lymphoma cells correlate with aggravated
endoplasmic reticulum stress but not with inhibition of cyclooxygenase-2. Leuk
Res 34: 250–253.

13. Huang S, Sinicrope FA (2010) Celecoxib-induced apoptosis is enhanced by
ABT-737 and by inhibition of autophagy in human colorectal cancer cells.
Autophagy 6: 256–269.

14. Jendrossek V, Handrick R, Belka C (2003) Celecoxib activates a novel
mitochondrial apoptosis signaling pathway. FASEB J 17: 1547–1549.

15. Liu X, Yue P, Zhou Z, Khuri FR, Sun SY (2004) Death receptor regulation and
celecoxib-induced apoptosis in human lung cancer cells. J Natl Cancer Inst 96:
1769–1780.

16. Pyrko P, Kardosh A, Liu YT, Soriano N, Xiong W, et al. (2007) Calcium-
activated endoplasmic reticulum stress as a major component of tumor cell death
induced by 2,5-dimethyl-celecoxib, a non-coxib analogue of celecoxib. Mol
Cancer Ther 6: 1262–1275.

17. Tsutsumi S, Gotoh T, Tomisato W, Mima S, Hoshino T, et al. (2004)
Endoplasmic reticulum stress response is involved in nonsteroidal anti-
inflammatory drug-induced apoptosis. Cell Death Differ 11: 1009–1016.

18. Kulkarni P, Rajagopalan K, Yeater D, Getzenberg RH (2011) Protein folding
and the order/disorder paradox. J Cell Biochem 112: 1949–1952.

19. Rutkowski DT, Kaufman RJ (2004) A trip to the ER: coping with stress. Trends
Cell Biol 14: 20–28.

20. Wu J, Kaufman RJ (2006) From acute ER stress to physiological roles of the
Unfolded Protein Response. Cell Death Differ 13: 374–384.

21. Cusimano A, Azzolina A, Iovanna JL, Bachvarov D, McCubrey JA, et al. (2010)
Novel combination of celecoxib and proteasome inhibitor MG132 provides
synergistic antiproliferative and proapoptotic effects in human liver tumor cells.
Cell Cycle 9: 1399–1410.

22. Schonthal AH (2009) Endoplasmic reticulum stress and autophagy as targets for
cancer therapy. Cancer Lett 275: 163–169.

23. Christian BJ, Loretz LJ, Oberley TD, Reznikoff CA (1987) Characterization of
human uroepithelial cells immortalized in vitro by simian virus 40. Cancer Res
47: 6066–6073.

24. Hour TC, Huang CY, Lin CC, Chen J, Guan JY, et al. (2004) Characterization
of molecular events in a series of bladder urothelial carcinoma cell lines with
progressive resistance to arsenic trioxide. Anticancer Drugs 15: 779–785.

25. Yu HJ, Tsai TC, Hsieh TS, Chiu TY (1992) Characterization of a newly
established human bladder carcinoma cell line, NTUB1. J Formos Med Assoc
91: 608–613.

26. Kardosh A, Golden EB, Pyrko P, Uddin J, Hofman FM, et al. (2008) Aggravated
endoplasmic reticulum stress as a basis for enhanced glioblastoma cell killing by
bortezomib in combination with celecoxib or its non-coxib analogue, 2,5-
dimethyl-celecoxib. Cancer Res 68: 843–851.

27. Tsutsumi S, Namba T, Tanaka KI, Arai Y, Ishihara T, et al. (2006) Celecoxib
upregulates endoplasmic reticulum chaperones that inhibit celecoxib-induced
apoptosis in human gastric cells. Oncogene 25: 1018–1029.

28. Lee AS (2007) GRP78 induction in cancer: therapeutic and prognostic
implications. Cancer Res 67: 3496–3499.

29. Virrey JJ, Dong D, Stiles C, Patterson JB, Pen L, et al. (2008) Stress chaperone
GRP78/BiP confers chemoresistance to tumor-associated endothelial cells. Mol
Cancer Res 6: 1268–1275.

30. Ermakova SP, Kang BS, Choi BY, Choi HS, Schuster TF, et al. (2006) (2)-
Epigallocatechin gallate overcomes resistance to etoposide-induced cell death by
targeting the molecular chaperone glucose-regulated protein 78. Cancer Res 66:
9260–9269.

31. Egger L, Madden DT, Rheme C, Rao RV, Bredesen DE (2007) Endoplasmic
reticulum stress-induced cell death mediated by the proteasome. Cell Death
Differ 14: 1172–1180.

32. Gee J, Lee IL, Jendiroba D, Fischer SM, Grossman HB, et al. (2006) Selective
cyclooxygenase-2 inhibitors inhibit growth and induce apoptosis of bladder
cancer. Oncol Rep 15: 471–477.

33. Gee JR, Burmeister CB, Havighurst TC, Kim K (2009) Cyclin-mediated G1
arrest by celecoxib differs in low-versus high-grade bladder cancer. Anticancer
Res 29: 3769–3775.

34. Qin J, Yuan J, Li L, Liu H, Qin R, et al. (2009) In vitro and in vivo inhibitory
effect evaluation of cyclooxygenase-2 inhibitors, antisense cyclooxygenase-2
cDNA, and their combination on the growth of human bladder cancer cells.
Biomed Pharmacother 63: 241–248.

35. Li J, Lee AS (2006) Stress induction of GRP78/BiP and its role in cancer. Curr
Mol Med 6: 45–54.

36. Davies NM, McLachlan AJ, Day RO, Williams KM (2000) Clinical
pharmacokinetics and pharmacodynamics of celecoxib: a selective cyclo-
oxygenase-2 inhibitor. Clin Pharmacokinet 38: 225–242.

37. Menter DG, Schilsky RL, DuBois RN (2010) Cyclooxygenase-2 and cancer
treatment: understanding the risk should be worth the reward. Clin Cancer Res
16: 1384–1390.

38. Leese PT, Hubbard RC, Karim A, Isakson PC, Yu SS, et al. (2000) Effects of
celecoxib, a novel cyclooxygenase-2 inhibitor, on platelet function in healthy
adults: a randomized, controlled trial. J Clin Pharmacol 40: 124–132.

39. Adhim Z, Matsuoka T, Bito T, Shigemura K, Lee KM, et al. (2011) In vitro and
in vivo inhibitory effect of three Cox-2 inhibitors and epithelial-to-mesenchymal
transition in human bladder cancer cell lines. Br J Cancer 105: 393–402.

40. Ferrandina G, Ranelletti FO, Legge F, Lauriola L, Salutari V, et al. (2003)
Celecoxib modulates the expression of cyclooxygenase-2, ki67, apoptosis-related
marker, and microvessel density in human cervical cancer: a pilot study. Clin
Cancer Res 9: 4324–4331.

41. Mohammed SI, Bennett PF, Craig BA, Glickman NW, Mutsaers AJ, et al.
(2002) Effects of the cyclooxygenase inhibitor, piroxicam, on tumor response,
apoptosis, and angiogenesis in a canine model of human invasive urinary
bladder cancer. Cancer Res 62: 356–358.

42. Williams CS, Watson AJ, Sheng H, Helou R, Shao J, et al. (2000) Celecoxib
prevents tumor growth in vivo without toxicity to normal gut: lack of correlation
between in vitro and in vivo models. Cancer Res 60: 6045–6051.

Celecoxib Induces ER Stress and Apoptosis in UC

PLoS ONE | www.plosone.org 10 March 2012 | Volume 7 | Issue 3 | e33615


