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Abstract. Increasing evidence suggests that celecoxib, a COX-2 
inhibitor with potent anticancer activity exerts its effects not 
only through COX-2, but also through COX-2-independent 
mechanisms. In the present study, we hypothesized that endo-
plasmic reticulum stress (ERS) is involved in the up-regulation 
of VEGF expression induced by celecoxib in colorectal cancer 
HCT116 cells and that ERS is a major mechanism by which 
celecoxib triggers tumor cell death in a COX-2-independent 
manner. HCT116 cells, which do not express COX-2, were 
cultured in the absence or presence of celecoxib. VEGF 
expression was detected by quantitative real-time RT-PCR and 
western blotting. ERS triggered by celecoxib was determined 
by expression of ER chaperones and other markers. PBA (an 
inhibitor of ERS) and GRP78 overexpression were both used 
to prevent ERS. Cell apoptosis was evaluated by TUNEL 
assay and fluorescence activated cell sorting. In HCT116 cells, 
celecoxib increased VEGF production with time-course and 
dose-response curves similar to those observed for the 
increase of the ER chaperone, GRP78. CHOP, a marker of 
ERS involved in apoptosis, was also increased by celecoxib. 
Moreover, celecoxib promoted cell apoptosis. Both apoptosis 
and up-regulation of VEGF were prevented by protecting cells 

from ERS. Celecoxib induces cell apoptosis and up-regulation 
of VEGF in HCT116 cells via activation of the ERS response. 
Further studies are necessary to evaluate whether the combi-
nation of celecoxib with anti-VEGF agents is a promising 
therapeutic modality for cancer.

Introduction

Colorectal cancer is one of the most common malignancies 
worldwide, and, despite advances in chemotherapy, remains a 
major cause of cancer-related deaths. Available anticancer 
drugs for colorectal cancer are associated with substantial 
side effects (1). For these reasons, there is much interest in 
novel pharmacological therapies. Among different options, 
the roles played by the cyclooxygenase-2 (COX-2) pathway 
and gut hormones in the control of colorectal cancer growth 
represent areas of active investigation (2).

Celecoxib is a selective inhibitor of COX-2 and it has 
potent anticancer activity in various animal tumor models. 
This effect is particularly well documented in relationship to 
colon and rectal cancer (3-6). Although the effect of celecoxib 
was believed to be based solely on its inhibitory effects of 
COX-2 activity, additional pharmacological activities of 
celecoxib have been discovered and have challenged this 
notion. Interestingly, there are an increasing number of reports 
describing potent antiproliferative and proapoptotic effects of 
these drugs in the absence of any apparent involvement of 
COX-2 (7-11). One of several lines of evidence excluding the 
potential contribution of COX-2 came from the use of COX-2 
incompetent derivatives of celecoxib. Despite inability to 
inhibit COX-2, these derivatives faithfully mimic the anticancer 
actions of celecoxib in vitro and in vivo (12-14). In addition, 
celecoxib has been shown to inhibit growth of cell lines that 
are deficient for COX-2 expression (15,16) and treatment with 
celecoxib results in growth inhibition of xenografts of COX-2-
deficient colorectal and prostate cancer cell lines in nude mice 
(17,18). Therefore, the COX-2-independent mechanisms of 
celecoxib anti-cancer action are of considerable interest.

It has been frequently reported that COX-2 promotes 
angiogenesis through up-regulation of vascular endothelial 
growth factor (VEGF) production in a prostaglandin-dependent 
mechanism in several cancer cells, and it was anticipated that 
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celecoxib would inhibit VEGF synthesis in a COX-2-dependent 
manner (19-21). However, we recently noted that celecoxib 
up-regulated the expression of VEGF in HCT116 cells 
(unpublished data). Since HCT116 cells do not express COX-2 
because of promoter hypermethylation, this clearly suggests a 
non-COX-2 dependent activity. This unexpected, but interesting 
finding prompted us to look for the mechanism by which 
celecoxib up-regulated VEGF expression.

Recently, endoplasmic reticulum stress (ERS) has been 
noted as a major mechanism by which celecoxib can trigger 
tumor cell death in vitro and in vivo (10, 22-24). Furthermore, 
some ER stressors, such as amino acid deprivation and 
homocysteine, increase the expression of VEGF by activation 
of the unfolded protein response (UPR), a coordinated adaptive 
program in response to ERS (25). Hence, we hypothesized 
that ERS is involved in up-regulation of VEGF by celecoxib 
in HCT116 cells, since the celecoxib is a potential trigger of 
ERS in many cells. In addition, although studies indicate that 
celecoxib-induced ERS contributes to its apoptotic effect in 
some cancers (10,11,22-24), this has not to date been documented 
in human colorectal cancer cells.

In this study, we demonstrate that celecoxib up-regulates 
VEGF expression by a mechanism involving ERS and confirm 
that celecoxib-induced ERS exerts apoptotic effects in HCT116 
cells.

materials and methods

Cell culture and treatment conditions. HCT116 human colon 
cancer cells were obtained from the American Type Culture 
Collection (ATCC; Manassas, VA, USA) and stored in our 
laboratory. Cells were cultured in McCoy's medium (Invitrogen, 
USA), with 10% fetal bovine serum (FBS) and supplemented 
with penicillin and streptomycin (both at 2%). Cells were 
maintained in a humidified incubator at 37˚C, in the presence 
of 5% CO2 and were subcultured following enzymatic digestion 
by trypsin/EDTA. Celecoxib was obtained as capsules from 
the pharmacy (Pfizer, USA), dissolved in DMSO at 100 mmol/l 
(stock solution, -20˚C) and added to the cell culture medium 
in a manner that kept the final concentration of solvent below 
0.1%. Cells were exposed to celecoxib by changing the medium. 
Unless otherwise noted, cells (1.0x104 cells/well in 24-well 
plates, 6x104 cells/well in 6-well plates, 6x105 cells in 100-mm 
plates) were cultured for 24 h before use in experiments.

Real time RT-PCR analysis. Total RNA was extracted from 
cells using an RNeasy kit (Qiagen, German), according to the 
manufacturer's protocols. The concentration and purity of 
RNA was determined using a spectrophotometer. cDNA was 
synthesized with the MMLV reverse transcriptase (Promega, 
Madison, WI, USA). Synthesized cDNA was subjected to 
real-time RT-PCR (ABI PRISM 7700) using the SYBR-Green 
Real-Time PCR Master mix (Applied Biosystems, USA) and 
analyzed with the ABI PRISM 7700 Sequence Detection 
Software according to the manufacturer's instructions. Primers 
and conditions were used as previously described (38). Specificity 
was confirmed by electrophoretic analysis of the reaction 
products and by inclusion of template- or reverse transcription-
free controls. To normalize the amount of total RNA present 
in each reaction, the actin gene was used as an internal control.

Werstern blot analysis. Cells were lysed on ice with lysis 
buffer containing 1 mM phenylmethylsulfonyl fluoride, 1 µg/ml 
leupeptin and 2 µg/ml aprotinin. Lysates were centrifuged for 
10 min at 4˚C and at 14,000 rpm to pellet cell debris. Protein 
concentrations were determined using an assay kit (Bio-Rad, 
Hercules, CA, USA). Supernatants were separated on 10% 
SDS-PAGE gels and transferred onto polyvinylidene fluoride 
membranes. Membranes were incubated in blocking buffer 
[tris-buffered saline (TBS), 0.1% Tween-20, and 5% non-fat 
dry milk) for 1 h at room temperature, followed by hybridization 
with anti-COX-2, anti-VEGF, anti-CHOP (all from Santa Cruz 
Biotechnology, CA, USA), anti-GRP78 antibody (from BD 
Transduction Laboratories, NJ, USA), or anti β-actin antibodies 
(Lab Vision, Fremont, CA, USA) at 4˚C overnight. After 3 
washes in TBS/0.1% Tween-20, the membranes underwent 
hybridization with a horseradish peroxidase-conjugated 
secondary antibody (Life Technologies Inc.) for 1 h at room 
temperature, and were developed using the ECL reagent (Pierce 
Chemical Co., Rockford, IL, USA).

Establishment of stable T24/83 cell lines overexpressing 
GRP78. HCT116 cells grown to 30% conf luence were 
transfected with 5 µg of the pcDNA3.1-GRP78 expression 
plasmid (a gift from Dr Austin Richard, McMaster University, 
Canada) using 30 µl of SuperFect transfection reagent 
(Qiagen), as described by the manufacturer. As a vector 
control, HCT116 cells were transfected with pcDNA3.1 
(Invitrogen) under the same conditions. Stable transfectants 
were selected in complete medium containing 1.2 mg/ml 
G418 (Life Technologies Inc.) for 2 weeks. G418-resistant 
clones were subsequently isolated and cultured in complete 
medium containing 1.0 mg/ml G418. Overexpression of 
GRP78 was assessed using Western blotting.

Analysis of apoptosis by TUNEL. Fragmented DNA was 
detected by TUNEL assay (Boehringer Mannheim, German) 
according to the manufacturer's protocols. For quantitative 
evaluation of apoptotic cells, 20 fields (at least 200 cells) were 
counted in each preparation. The apoptosis rate (%) was 
calculated as follows: (number of apoptotic cells)/(number of 
total cells) x100%.

Analysis of apoptosis by fluorescence activated cell sorting 
(FACS). Apoptosis was monitored by FACS analysis as 
previously described (26). Briefly, cells were cultured in 
100-mm plates and collected by centrifugation. Pellets were 
fixed with 70% ethanol for 4 h at -20˚C and centrifuged again. 
Pellets were resuspended in phosphate-citrate buffer (0.2 M 
Na2HPO4 and 4 mM citric acid) and incubated for 20 min at 
room temperature. After centrifugation, the pellets were 
resuspended in DNA staining solution (50 mg/ml PI and 
10 mg/ml RNase A) and incubated for 20 min at RT. Samples 
were scanned with a FACSCanto  II (BD Biosciences, NJ, 
USA) cell sorter and the percentage of apoptotic cells was 
determined.

Statistical analysis. All assays were conducted 3 times and 
found to be reproducible. Data were expressed as mean ± SD. 
and analyzed by SPSS 10.0 software (SPSS, Chicago, IL). 
Differences were considered statistically significant at p<0.01.
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Results

Celecoxib up-regulates the expression of VEGF in HCT116 
cells. HCT116 cells were cultured without or with celecoxib as 
indicated in fig. 1. Real-time PCR and immunoblotting 
techniques were used to assess VEGF. As shown in fig. 1A 
and B, celecoxib clearly increased mRNA levels and cellular 
protein levels of VEGF at doses of 40 and 60 µM, respectively. 
A time course study further demonstrated a VEGF protein 
increase occurring after treatment with 100 µM celecoxib for 
4 h with further increases until 12 h (Fig. 1C). It has been 
reported that HCT116 cells do not express COX-2 because of 
promoter hypermethylation. We confirmed this observation 
by western blotting and found no detectable COX-2 expression 
in HCT116 cells (Fig. 1D). These results show that the COX-2-
selective inhibitor, celecoxib, up-regulates the expression of 
VEGF at the mRNA and protein level independently of 
COX-2 inhibition.

Mechanism for up-regulation of VEGF by celecoxib. To test 
our hypothesis that ERS is involved in up-regulation of VEGF 
by celecoxib in HCT116 cells, cells were treated with increasing 
concentrations of celecoxib or with 100 µM celecoxib for 2, 4, 
8 or 12 h. Western blotting was used to detect the expression 
of the ERS marker glucose-regulated protein 78 (GRP78) and 
another ERS response protein, C/EBP homologous transcription 
factor (CHOP). CHOP is a proapoptotic factor and is important 
to the induction of apoptosis by ER stressors (27,28). As 
shown in Fig. 2, celecoxib increased the expression of GRP78 
and CHOP. GRP78 expression increased after treatment with 
100 µM celecoxib for 4 h, while CHOP expression increased 
after 8 h, indicating that celecoxib triggers ERS in HCT116 
cells. In addition, the time course and dose-response curves 
for the up-regulation of GRP78 were similar to those observed 
for the celecoxib-induced VEGF increase (Figs. 1 and 2).

Next, we sought to determine whether celecoxib-induced 
ERS leads to up-regulation of VEGF expression. Overexpression 

Figure 1. Up-regulation of VEGF by celecoxib. (A) HCT116 cells were incubated with the indicated concentrations of celecoxib for 12 h and total RNA was 
extracted. Samples were subjected to real-time RT-PCR by use of a specific primer for VEGF. (B) Cells were incubated with the indicated concentrations of 
celecoxib for 12 h. Supernatants of whole cell extracts were analyzed by western blotting with an antibody against VEGF or actin. (C) HCT116 cells were 
incubated with 100 µM celecoxib for the indicated time periods and western blotting used to analyze the expression of VEGF. (D) Western blot analysis of 
COX-2 expression in HCT116 cells. Lanes 1 and 2, samples from HCT116 cells; lanes 3 and 4, positive controls of cox-2 expression. Values of real-time 
RT-PCR or western blotting were normalized to actin gene expression and expressed relative to the control sample (i.e. without celecoxib) or as relative 
intensity (*p<0.01 control vs. others).
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of GRP78 protects cells from ERS and restores ER homeo-
stasis (29-31). Stably transfected cells overexpressing GRP78 
(HCT116-GRP78 cells) were generated to assess whether 
blocking celecoxib-induced ERS suppressed the expression of 
VEGF. As shown in Fig. 3A, HCT116-GRP78 cells exhibited a 
6.2-fold increase in GRP78 protein levels, compared with 
wild-type or vector-transfected cells, indicating that HCT116 
cells overexpressing GRP78 were successfully established. 
Further, when treated with celecoxib, the expression of VEGF 
was greatly increased in vector-transfected cells after celecoxib 
treatment for 4 h, but in HCT116-GRP78 cells, this up-regulation 
was clearly blocked (Fig.  3B). The chemical chaperone 
4-phenyl butyric acid (PBA), a specific inhibitor of ERS was 
also used to test the effect of ERS induced by celecoxib on the 
expression of VEGF. PBA suppressed the occurrence of ERS 
induced by celecoxib efficiently (Fig. 4). Furthermore, in cells 
treated with PBA, the induction of VEGF protein by celecoxib 
was greatly attenuated (Fig. 4). 

Taken together, these results indicate that the ERS response 
plays an important role in the up-regulation of VEGF induced 
by celecoxib.

The effect of celecoxib-induced ERS on cell growth. Since 
celecoxib triggers ERS and CHOP induction in HCT116 cells, 
it is plausible that celecoxib-induced ERS may cause apoptosis 
in these cells. We thus investigated the apoptosis in different 
HCT116 cells (HCT116; HCT116-pcDNA; HCT116-GRP78) 
in the presence or absence of celecoxib. After treatment with 
celecoxib (100 µM) for 24 h, TUNEL staining showed more 
apoptosis in HCT116 or HCT116-pcDNA cells compared with 
their untreated controls. Conversely, in HCT116-GRP78 cells, 
celecoxib did not increase apoptosis (Fig. 5). FACS was also 
used to evaluate cell apoptosis mediated by celecoxib-induced 
ERS. The results showed that a marked sub-G0/G1 peak 
appeared in the presence of celecoxib, but this peak was 
diminished by PBA (Fig. 6). We thus demonstrate that celecoxib 
promotes apoptosis in HCT116 cells and this proapoptotic 
effect is due to celecoxib-induced ERS.

Discussion

The present study provides the first evidence that celecoxib 
up-regulates VEGF expression by inducing ERS. We further 

Figure 2. Celecoxib induces the expression of GRP78 and CHOP in HCT116 cells. (A) Western blot analysis of protein levels of GRP78 and CHOP in HCT116 
cells cultured for 12 h in the absence (control) or presence of celecoxib in indicated concentrations. (B) Western blot analysis of protein levels of GRP78 and 
CHOP in HCT116 cells cultured in the absence or presence of 100 µM celecoxib for the indicated time periods. Total protein lysates were separated on 10% 
SDS-PAGE and transferred to nitrocellulose membranes and immunostained with antibodies against GRP78, CHOP or actin. Values were normalized to actin 
and expressed as relative intensity (*p<0.01 control vs. others).

  A   B
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confirmed that in the COX-2-deficient colorectal cancer line 
HCT116, ERS plays a key role in celecoxib-induced apoptosis.

The critical contribution of the ERS to tumor cell growth 
and survival has only recently begun to be recognized (32-34). 
The primary purpose of the ERS response is to alleviate the 
disturbance and restore proper ER homeostasis; however, in 
the case of intense or persistent ERS, these pathways will 
trigger programmed cell death/apoptosis. One of the central 
prosurvival regulators of the ERS response is GRP78, which 
has an important role in protein folding and assembly, in 
targeting misfolded protein for degradation, and in controlling 
the activation of transmembrane ERS sensors. It is, therefore, 
considered to be the paradigmatic marker of the ERS response. 
On the other hand, CHOP is a critical executioner of the 
proapoptotic arm of ERS. In cases of intense or persistently 
high stress, the defensive functions (such as elevated levels of 
GRP78) are overwhelmed, and the proapoptotic components 
(such as CHOP) will gain dominance and trigger cell death. 
Overexpression of GRP78 can protect cells from ERS and 

help restore ER homeostasis (29-31). We demonstrated that 
celecoxib-induced ERS increased the expression of GRP78 
and CHOP, and induced cell apoptosis in HCT116 cells. 
Furthermore, apoptosis was reversed by overexpression of 
GRP78 or by the ERS inhibitor, PBA. These results indicate 
that, in the human colorectal cancer line HCT116, celecoxib 
exerted its proapoptotic functions by triggering the ERS. Our 
results in HCT116 cells together with previous and recent new 
findings in other cells (11,22-24) suggest that celecoxib triggers 
ERS as a part of its general mechanism of action, independent 
of cell types, and this induction may be a key mechanism of 
the anti-cancer activity of celecoxib.

Angiogenesis is necessary for tumors to grow beyond a 
certain size, and it is a prerequisite for tumor invasion and 
metastasis. A relationship between COX-2 and angiogenesis 
has been noted, and hence it is considered that COX-2 inhibitors 
may be effective as antiangiogenic agents (19-21). However, in 
this study, exposure of HCT116 cells to celecoxib led to 
up-regulation of VEGF expression. VEGF has been shown to 

Figure 3. Overexpression of GRP78 prevents the increase in protein levels of VEGF. (A) Western blot analysis of GRP78 expression in wild-type (HCT116), 
vector transfected (HCT116-pcDNA), or GRP78 overexpressing (HCT116-GRP78) cells (*p<0.01 HCT116-GRP78 vs. HCT116 or HCT116-pcDNA). (B) Western 
blot analysis of protein levels of VEGF in vector transfected (HCT116-pcDNA) and GRP78 overexpressing (HCT116-GRP78) cells in the absence of presence 
or 100 µM celecoxib for the indicated time periods. Total protein was extracted, and western blot analysis was performed with antibodies against GRP78, 
VEGF and actin. Values were normalized to actin and expressed relative to the control (*p<0.01 control vs. others).
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be the major mediator of physiological and pathological 
angiogenesis. In addition, recent studies suggest that VEGF is 
associated with cell growth and anti-apoptosis. Castro-Rivera 
et al (35) found that VEGF could suppress apoptosis in lung 
and breast cancer cells. Pidgeon et al (36) found that VEGF 
could up-regulate Bcl-2 levels in breast cancer cells, thus 

inhibiting apoptosis in both tumor cells and vascular endothelial 
cells. The up-regulation of VEGF expression by celecoxib has 
also been observed in head and neck squamous cell carcinoma 
(HNSCC) cells (37). Park et al (37) observed that COX-2 
inhibitors increase VEGF synthesis, but that COX-2-siRNA 
inhibited VEGF production in HNSCC. Rather, small molecule 
COX-2 inhibitors increased VEGF synthesis irrespective of 
inhibition of prostaglandins production. Taken together, these 
results indicate that: i) up-regulation of VEGF expression by 
COX-2 inhibitors, at least by celecoxib, is not a unique phenom-
enon observed only in the COX-2-deficient colorectal cancer 
line HCT116; ii) this up-regulation of VEGF by celecoxib is 
an off-target, COX-2-independent action, and this action may 
overwhelm the effect of VEGF down-regulation due to inhibition 
of COX-2 activity. In addition, Park et al found that celecoxib 
in the range of doses that increased VEGF production could 
inhibit cell proliferation (37). These data are in agreement to 
our results indicating that celecoxib promotes cell apoptosis 
coupled with up-regulation of VEGF expression.

The mechanisms whereby celecoxib increases VEGF 
production were elucidated in the present study. In cells 

Figure 4. Protection of cells from ERS by PBA prevents the increase in protein levels of VEGF. HCT116 cells were incubated with 100 µM celecoxib for the 
indicated time periods. Before celecoxib treatment, cells were pretreated without or with 3 mM PBA for 6 h. (A) Western blot analysis of the effect of PBA on 
the expression of GRP78 induced by celecoxib. (B) Western blot analysis of VEGF when ERS is suppressed by PBA. Total protein was extracted, and western 
blot analysis was performed with antibodies against GRP78, VEGF and actin. Values were normalized to actin and expressed relative to control (*p<0.01 
control vs. others).

Figure 5. Celecoxib induces cell apoptosis which is prevented by over-
expression of GRP78. Cells (HCT116, HCT116-pcDNA or HCT116-GRP78 
cells) were either untreated or treated with 100 µm celecoxib for 24 h, and 
apoptosis was determined by TUNEL (*p<0.01 celecoxib+ vs. celecoxib-).
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overexpressing GRP78 (HCT116-GRP78), celecoxib mediated 
VEGF expression was blocked, implicating induction of ERS 
in the process. The results indicate that ERS is involved in the 
up-regulation of VEGF induced by celecoxib. This view is 
further supported by the observation that VEGF expression 
was not increased in response to celecoxib in the presence of 
PBA, an inhibitor of ERS, in HCT116 cells. Furthermore, 
from our data, it can be concluded that celecoxib induces cell 
apoptosis and up-regulates VEGF expression by the same 
mechanism (ERS) and this provides an explanation whereby 
celecoxib, in the range of doses that increases VEGF production, 
inhibits cell proliferation.

It is well known that the UPR, in response to ERS, is 
initiated by three distinct signaling branches, protein kinase 
R-like ER kinase (PERK), inositol-requiring kinase I (IREI), 
and activating transcription factor 6 (ATF6) (28). We did not 
study which branches or which downstream components were 
involved in the up-regulation of VEGF by celecoxib in detail, 
but previous study has shown the transcription factor ATF4, a 
downstream effector of PERK, plays a key role in up-regulating 
VEGF expression by homocysteine (25). In addition, it has 
been reported that the PERK-eIF2α-ATF4 pathway is activated 
by celecoxib in human gastric cells (10). Therefore, it is 
speculated that ATF4 might be important for the celecoxib- 
induced up-regulation of VEGF expression in HCT116 cells.

Some authors have reported inhibition of VEGF production 
by NSAIDs in colon cancer cells. Wang et al (39) found that 
celecoxib significantly reduced the levels of PGE2 and VEGF 

in xenografts of HT-29 cells. Compared to their study, the 
HCT116 cells used in this study are COX-2 negative; therefore, 
celecoxib exerts a COX-2 independent effect and thus would 
not decrease VEGF production via the prostaglandin-dependent 
mechanism. Abdelrahim and Safe (40) reported that celecoxib 
decreased VEGF production in colon cancer cells expressing 
and not expressing COX-2, but they used a low concentration 
of celecoxib (30 µM). It is postulated that only high-dose 
celecoxib triggers the ERS response and therefore up-regulates 
VEGF production (in our study, celecoxib triggered ERS at 
doses of 60 µM or higher). In fact celecoxib has been used at 
800 mg/day in clinical oncology trials, twice the maximum 
anti-inflammatory dose.

In conclusion, celecoxib at relatively high doses induces 
cell apoptosis and up-regulates VEGF expression in HCT116 
cells. Both of the two functions arise from the induction of 
ERS by celecoxib. VEGF may attenuate the anti-cancer action 
of celecoxib because of its potential to induce angiogenesis 
and thus, the activity of celecoxib combined with other drugs 
targeted to VEGF should be studied.
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Figure 6. PBA protects cells from celecoxib-induced apoptosis. HCT116 cells were pretreated without or with PBA 3 mM for 6 h, and then incubated in the 
presence or absence of 100 µM celecoxib for 24 h. Cells were stained with propidium iodide, followed by detection of apoptotic cells using FACS. Cells with 
sub-G0/G1 DNA content are apoptotic, and the percentage of total cells in this area is given. (A) Cells exposed to neither PBA nor celecoxib; (B) cells exposed 
to PBA but not to celecoxib; (C) cells exposed to celecoxib but not to PBA; (D) cells exposed to both PBA and celecoxib.
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