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a b s t r a c t

Radiotherapy is still one of the most effective nonsurgical treatments for many tumors. However, radi-
oresistance remains a major impediment to radiotherapy. Although COX-2 inhibitors can induce radio-
sensitization, the underlying mechanism is not fully understood. In this study, we showed that COX-2
selective inhibitor celecoxib enhanced the radiation-induced inhibition of cell proliferation and apoptosis
in HeLa and SACC-83 cells. Treatment with celecoxib alone dephosphorylated phosphatase and tensin
homolog deleted on chromosome ten (PTEN), promoted PTEN membrane translocation or activation, and
correspondingly dephosphorylated or inactivated protein kinase B (AKT). By contrast, treatment with
radiation alone increased PTEN phosphorylation, inhibited PTEN membrane translocation and corre-
spondingly activated AKT in the two cell lines. However, treatment with celecoxib or another COX-2
selective inhibitor (valdecoxib) completely blocked radiation-induced increase of PTEN phosphoryla-
tion, rescued radiation-induced decrease in PTEN membrane translocation, and correspondingly inac-
tivated AKT. Moreover, celecoxib could also upregulate PTEN protein expression by downregulating Sp1
expression, thereby leading to the activation of PTEN transcription. Our results suggested that COX-2
inhibitors could enhance radiosensitization at least partially by activating PTEN to antagonize
radiation-induced AKT activation.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Radiotherapy is still one of the most effective nonsurgical
treatments for many tumors [1], although new therapeutic strate-
gies targeting molecules critical for tumors have shown promise
[2]. Radiation impedes cancer cell growth by inducing cytotoxicity
mainly through DNA damage [3]. However, radioresistance remains
a major impediment to radiotherapy [4,5]. Cancer cells resistant to
radiotherapy can result in the local recurrence [6,7]. Exposure of
cancer cells to radiation can activate several signal pathways that
lead to radiation resistance, including NF-kB and signal transducer
and activator of transcription 3 (STAT3) [8]. These pathways are
linked to radioresistance via the upregulation of cyclin D1, vascular
epithelial growth factor (VEGF), matrixmetalloproteinases (MMPs),
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and pro-inflammatory cytokines [9,10]. DNA-dependent protein
kinase catalytic subunit (DNA-PKcs) and ataxia telangiectasia-
mutated gene (ATM) induce radioresistance by triggering repara-
tion of radiation-induced DNA damage [11,12].

The PI3K/AKT signaling pathway also plays a crucial role in the
radioresistance of cancer cells. Phosphorylation of AKT at S473 or
T308 is the activated form of AKT [13]. AKT promotes cell prolif-
eration, inhibits apoptosis, and enhances cell invasion, thereby
regulating various cellular functions [14]. The PI3K/AKT pathway is
believed to be involved in three major radioresistance mechanisms,
as follows: intrinsic radioresistance, tumor-cell proliferation, and
hypoxia [15]. For example, the PI3K/AKT pathway is involved in
resistance to radiotherapy by upregulating VEGF and capillary-like
tubule formation in the tumor [16]. PI3K and AKT activation is
involved in cell cycle regulation by degradation of cyclin D1 and
cyclin-dependent kinase 4 (CDK4), thereby resulting in resistance
to radiation-induced apoptosis [17e19]. Therefore, targeting PI3K/
AKT pathway might be an important way to decrease
radioresistance.
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Phosphatase and tensin homolog deleted on chromosome ten
(PTEN) is an important tumor-suppressor and is a key negative
regulator of the PI3K/AKT pathway by dephosphorylating phos-
phatidylinositol-3,4,5-trisphosphate (PIP3) [20,21]. Deletions and
mutations of PTEN were observed in many cancers [22]. Membrane
translocation is critical for PTEN to function as a tumor suppressor
because its main substrate, PIP3, is located in the plasmamembrane
[23]. Membrane-bound PTEN is the activated form of PTEN
[23e25]. However, phosphorylation of PTEN at S380, T382, T383,
and S385 decreases PTEN membrane translocation, thereby deac-
tivating PTEN [24]. Therefore, we speculate that agents that can
activate PTEN would antagonize AKT's function in radioresistance.

Cyclooxygenase-2 (COX-2) is overexpressed in several tumors,
including lung cancer, colon cancer, breast cancer, and prostate
cancer [26]. COX-2 is the rate limiting enzyme that converts
arachidonic acid to prostaglandins. Arachidonic acid is mainly
converted to prostaglandin E2 (PGE2), which acts on multiple
signal pathways involved in cell proliferation, cell apoptosis,
angiogenesis, invasion, and promotion of tumor progression [27].
Radiation can induce COX-2 [28]. Conversely, COX-2 inhibitors can
also enhance tumor radioresponse by inhibiting nuclear epidermal
growth factor receptor transport and DNA repair or phosphoryla-
tion of STAT3 [29,30]. These studies suggest that COX-2 inhibitors
can be used as potential enhancers of radiosensitization. However,
the mechanism underlying COX-2 inhibitors enhancement on
radiosensitization is not fully understood.

In this study, we showed that COX-2 inhibitors enhanced radi-
osensitization by activating PTEN to antagonize radiation-induced
AKT activation in HeLa and SACC-83 cells.

2. Material and methods

2.1. Cell culture and treatments

HeLa cells were incubated in Dulbecco's modified Eagle's me-
dium (GIBCO) with 10% fetal bovine serum (FBS) at 37 �C with 5%
CO2. SACC-83 cells, which were derived from human salivary
adenoid cystic cancer (SACC) [31], were incubated in RPMI medium
1640 (GIBCO) with 10% FBS at 37 �C with 5% CO2. Cells were
exposed to radiation (Cobalt-60) at different doses at dose rate of
2.544 Gy/min and then cultured for 24 h. Cells were also exposed to
different doses of celecoxib or valdecoxib alone for 24 h. In another
treatment, cells were exposed to a combination of radiation and
COX-2 inhibitor (either celecoxib or valdecoxib); first, cells were
treated with radiation and then with celecoxib or valdecoxib for
24 h.

2.2. Plasmids, reagents and antibodies

Wild type ormutant PTEN promoter-reporterswere constructed
in our previous study [32]. Celecoxib and valdecoxib were pur-
chased from Selleck Chemicals. Anti-PTEN (#9552), anti-phospho-
AKT (T308) (#9275), anti-phospho-AKT (S473) (#4058), and anti-
phospho-PTEN (S380/T382/T383) (#9554) antibodies were pur-
chased from Cell Signaling Technology. Anti-b-actin (I-19) antibody
(sc-1616) was purchased from Santa Cruz Biotechnology.

2.3. Protein extraction and Western blot

Whole cell lysates were extracted with RIPA lysis buffer
(Applygen). Membrane proteins were extracted using Mem-PER
Eukaryotic Membrane Protein Extraction Reagent Kit (Thermo).
Protein concentrations were determined by BCA protein assay
(Thermo). Equal amounts of samples were subjected to 10% sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE)
and transferred onto a polyvinylidene fluoride membrane (Milli-
pore). The membrane was blocked with 5% fat-free milk in TBS-T
(50 mmol/L Tris, pH 7.5; 150 mmol/L NaCl; 0.05% Tween 20) for
1 h. After incubation with primary antibodies diluted 1:1000 in
TBS-T containing 1% milk overnight at 4 �C, the membrane was
washed extensively with TBS-T and then incubated with a sec-
ondary antibody conjugated with fluorophore for 1 h at room
temperature. After extensive washing with TBS-T, the membrane
was visualized with Odyssey infrared imaging system (Odyssey LI-
COR). For internal controls of equal loading, the blots were also
stripped and reprobedwith b-actin antibody. Protein expressions of
target genes were quantitated. The target bands on Western blots
were scanned, and densitometry was performed. Data were pre-
sented as mean ± standard deviation (SD) of three independent
experiments.

2.4. Real-time quantitative PCR

Total RNA was extracted using TRIzol reagent (Invitrogen).
Reverse transcription and real-time PCR were performed as
described previously [32]. The primers for human PTEN are as
follows: 50-GACCATAACCCACCACAGC-30 (sense) and 50-
CCAGTTCGTCCCTTTCCAG-30 (antisense). The primers for human b-
actin are as follows: 50-CGGGAAATCGTGCGTGAC-30 (sense) and 50-
CAGGCAGCTCGTAGCTCTT-30 (antisense). All the primers were
designed using the Primer Premier Version 5.0 software. The effi-
ciency of all the primers was confirmed by sequencing their con-
ventional PCR products. Real-time PCRwas performed using a 7500
real-time PCR system of Applied Biosystems with FastStart Uni-
versal SYBR Green Master (Roche).

2.5. Luciferase assay

Luciferase assay was performed as described previously [32].
Briefly, PTEN reporter plasmid (1 mg) was transfected with Lip-
ofectamine 2000 (Invitrogen) into HeLa or SACC-83 cells in a 12-
well plate. The transfected cells were lysed in a cell lysis buffer
24 h after transfection. Luciferase activity was measured with a
LB960 microplate luminometer (Berthold) using luciferin as the
substrate, according to the manufacturer's instructions (Promega).

2.6. Cell proliferation assay

Cell proliferation assay was performed using Cell Counting Kit-8
(CCK-8, Dojindo) according to the manufacturer's instructions.
Briefly, cells exposed to or not exposed to radiation treatment were
seeded into 96-well plates (1.5 � 103 cells/well) and treated with
20 mM celecoxib or valdecoxib for 0, 24, 48, or 72 h. CCK-8 at 10 mL
was added to each well after COX-2 inhibitor treatment. Cells were
further incubated at 37 �C for 3 h and measured for absorbance at
450 nm. Data were presented as mean ± SD of at least three in-
dependent experiments.

2.7. Assessment of cell apoptosis

Cells were washed with phosphate-buffered saline (PBS) thrice,
fixed with 10% formaldehyde for 5 min, and incubated with 5 mg/
ml 40,6-diamidino-2-phenylindole dihydrochloride (DAPI) in the
dark for 3 min at room temperature. After washing with PBS, the
cells were examined under a fluorescence microscope (Nikon). The
cells presenting features of nuclear condensation and fragmenta-
tion were identified as apoptotic cells and were counted within the
six randomly selected fields. The rate of apoptotic cells was pre-
sented as mean ± SD of at least three independent experiments.
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2.8. Statistical analysis

Statistical analysis was performed using SPSS 11.5 for Windows.
All data were presented as mean ± SD. Differences between mul-
tiple groups were analyzed by one-way analysis of variance. A value
of P < 0.05 was considered as statistically significant.
3. Results

3.1. COX-2 inhibitor celecoxib enhanced radiation-induced
inhibition of cell proliferation and apoptosis

To examine whether COX-2 inhibitor celecoxib could enhance
radiosensitization, HeLa and SACC-83 cells were exposed to radia-
tion with 8 Gy at the dose rate of 2.544 Gy/min or 20 mM celecoxib
(a selective inhibitor for COX-2) alone for 24 h. A treatment
involving the combination of radiation and celecoxib was also
performed. Radiation treatment was initially performed followed
by celecoxib for 24 h. As shown in Fig. 1AeD, treatment with ra-
diation or celecoxib alone only resulted in a slight inhibition of cell
proliferation and a slight increase in apoptosis, whereas treatment
with celecoxib after radiation treatment significantly enhanced
radiation-induced HeLa cell proliferation inhibition and apoptosis.
Similar results were also observed in SACC-83 cells (Supplementary
Fig. 1).
3.2. COX-2 inhibitor celecoxib upregulated PTEN partially by
inhibiting Sp1, and activated PTEN and inactivated AKT

To understand the mechanism underlying the enhancement
of radiosensitization by COX-2 inhibitor celecoxib, we treated
HeLa or SACC-83 cells with increasing doses of celecoxib and
examined the activated forms of PTEN and AKT. As shown in
Fig. 2A and B and Supplementary Fig. 2, the protein expression of
PTEN was upregulated after treatment with celecoxib, whereas
the phosphorylation of PTEN (S380/T382/T383) and AKT (both
T308 and S473) were inhibited in HeLa or SACC-83 cells. Since
membrane-bound PTEN is the activated form of PTEN and is
negatively regulated by phosphorylation at the C-terminal tail,
we further detected the change of membrane-bound PTEN
after treatment with celecoxib. Correspondingly, membrane-
bound PTEN was also dose-dependently increased after the
treatment.

To confirmwhether upregulation of PTEN protein expression by
celecoxib was due to the activation of PTEN transcription, we
detected PTEN promoter activity and mRNA expression after
treatment with celecoxib. As shown in Fig. 2C and D, both PTEN
promoter activity and mRNA expression were dose-dependently
upregulated by celecoxib in HeLa or SACC-83 cells. Since we pre-
viously showed that Sp1 is an important negative regulator of PTEN
transcription [32], and other group also showed that COX-2 in-
hibitors can downregulate Sp1 expression [33], we further detected
whether Sp1 was involved in celecoxib-induced PTEN over-
expression. As shown in Fig. 2A and B and Supplementary Fig. 2,
Sp1was dose-dependently downregulated in HeLa or SACC-83 cells
after treatment with celecoxib. Moreover, mutation of Sp1 binding
site (at �918/�913, the translational start site was defined as þ1),
which is responsible for the negative regulation of PTEN tran-
scription by Sp1 in our previous study [32], in the PTEN full-length
promoter reporter construct partially abolished celecoxib-induced
increase in PTEN promoter activity in HeLa cells (Fig. 2E). These
results suggested that COX-2 inhibitor celecoxib upregulated PTEN
protein expression at least partially by inhibiting Sp1 to activate
PTEN transcription.
3.3. Radiation inactivated PTEN and activated AKT

To examine whether radiation could affect the activation of
PTEN and AKT, we exposed HeLa and SACC-83 cells to increasing
doses of radiation and examined the phosphorylation of PTEN and
AKT. As shown in Fig. 3 and Supplementary Fig. 3, radiation induced
phosphorylation of PTEN at S380, T382 and T383 without affecting
the expression of total PTEN. Radiation also induced phosphoryla-
tion of AKT at T308 and S473 without affecting the expression of
total AKT, thereby suggesting that radiation inactivated PTEN and
activated AKT.

3.4. COX-2 inhibitors antagonized radiation-induced inactivation of
PTEN and activation of AKT

To further detect whether COX-2 inhibitors could antagonize
radiation-induced inactivation of PTEN and activation of AKT, we
examined the phosphorylation of PTEN and AKT and membrane
translocation of PTEN after HeLa or SACC-83 cells were exposed to
radiation or celecoxib (or valdecoxib) alone, or to a combination of
radiation and COX-2 inhibitor. First, the cells were radiated and
then were treated with celecoxib or valdecoxib for 24 h. As shown
in Fig. 4A and Supplementary Fig. 4A, celecoxib completely blocked
radiation-induced increase in PTEN phosphorylation, thereby
rescuing radiation-induced decrease of membrane-bound PTEN
and correspondingly blocking radiation-induced increase in AKT
phosphorylation. Treatment with valdecoxib showed similar re-
sults to that with celecoxib (Fig. 4B and Supplementary Fig. 4B).
These results suggested that COX-2 inhibitors contributed to radi-
osensitization at least partially by antagonizing radiation-induced
inactivation of PTEN and activation of AKT.

4. Discussion

In this study, we showed that COX-2 inhibitors could upregulate
PTEN expression and promote PTEN membrane translocation or
activation to contribute to radiosensitization of cancer cells. Our
results provided new information, as follows: radiation could in-
crease PTEN phosphorylation to decrease PTEN membrane trans-
location or activation; and COX-2 inhibitors could upregulate and
activate PTEN to block radiation-induced activation of AKT.

Activation of AKT by radiation could be due to the inactivation of
PTEN by radiation. Radiation induced AKT phosphorylation at T308
and S473 in the two types of cancer cells. This finding was consis-
tent with that of a previous study, in which radiation induced AKT
phosphorylation and correspondingly promoted oxidative stress
[34]. Moreover, radiation induced PTEN phosphorylation and
decreased PTEN membrane translocation or activation. To the best
of our knowledge, the present study is the first report on the in-
duction of PTEN phosphorylation by radiation. We further
confirmed that induction of PTEN phosphorylation by radiation
resulted in the reduction of PTEN membrane translocation or
activation. This finding was consistent with the knowledge that
PTEN phosphorylation at the C-terminal is an inactivated form of
PTEN and is not localized in the membrane [24]. Given that PTEN is
a key negative regulator of AKT and is inactivated by radiation,
radiation-induced activation of AKT could have been caused by the
inactivation of PTEN by radiation. However, other factors may also
have contributed to radiation-induced activation of AKT. Certainly,
the mechanism underlying PTEN inactivation or PTEN phosphory-
lation induction by radiation needs to be explored. PTEN inactiva-
tion by radiation contributed to radiation-induced activation of
AKT, and this finding supports our speculation that agents that can
activate PTEN could be used to antagonize the AKT's function in
radiosensitization, as is the case for COX-2 inhibitors.



Fig. 1. COX-2 inhibitor, celecoxib, enhanced radiation-induced inhibition of cell proliferation and apoptosis. (A) Microphotographs of cells after different treatments. Apoptotic cells
were shrunk and floating (arrows). (B) Fluorescent microphotographs of cells after different treatments. Cells were stained with DAPI after different treatments and those with
nuclear condensation (arrows) or fragmentation (triangle) were identified as apoptotic cells. Bar ¼ 50 mm. (C) Cell proliferation after different treatments. Data were presented as
mean ± SD of at least three independent experiments. *P < 0.05 vs. the radiation or celecoxib or combinational group; #P < 0.05 vs. the radiation or celecoxib group (n ¼ 3). (D)
Apoptotic rate of cells after different treatments. Data were presented as mean ± SD of at least three independent experiments. *P < 0.05 vs. the control group; #P < 0.05 vs. the
celecoxib or radiation group (n ¼ 3).
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COX-2 inhibitors enhanced radiosensitization at least partially
by activating PTEN to antagonize radiation-induced activation of
AKT.We observed that COX-2 inhibitor celecoxib could significantly
enhance radiosensitization of the two types of cancer cells. We also
observed that both COX-2 inhibitors, namely, celecoxib and valde-
coxib, not only significantly induced PTEN expression, but also
dephosphorylated PTEN, thereby promoting PTEN membrane
translocation or activation. These findings indicated that COX-2
inhibitors were PTEN inducers and PTEN activators. COX-2 in-
hibitors also inactivated AKT. COX-2 inhibitors completely blocked
radiation-induced increase of PTEN phosphorylation, thereby
rescuing radiation-induced decrease of PTEN membrane trans-
location and correspondingly blocking radiation-induced activation
of AKT. Considering that AKT activation plays a crucial role in
radioresistance [17e19], our results suggested that upregulating
and activating PTEN by COX-2 inhibitors contributed to the



Fig. 2. COX-2 inhibitor celecoxib activated PTEN, inactivated AKT, and upregulated PTEN. (A, B) Western blot analysis of AKT, PTEN, and Sp1 after treatment with celecoxib. HeLa (A)
and SACC-83 cells (B) were treated with different doses of celecoxib for 24 h. Cells were lysed or extracted for membrane proteins and subjected to Western blot assay. p-AKT,
phosphorylated AKT; p-PTEN, phosphorylated PTEN. (C) Celecoxib upregulated PTEN promoter activity. HeLa or SACC-83 cells were transfected with PTEN promoter-reporter
constructs and treated with celecoxib for 24 h, after which luciferase activity was measured and normalized by total protein concentration.*P < 0.05 vs. the control (n ¼ 3). (D)
Celecoxib increased PTEN mRNA expression. The mRNA expression of PTEN was quantitated by real-time PCR after HeLa cells were treated with celecoxib for 24 h *P < 0.05 vs. the
control (n ¼ 3). (E) Sp1 was involved in celecoxib-induced PTEN promoter activity. Upper panel shows the schematic map of PTEN promoter. The PTEN promoter is simulated by a
straight line. The Sp1-binding site is represented by a filled diamond shape, and the mutated Sp1-binding site is represented by a crossed circle. The translational start site was
defined as (þ1) because multiple transcriptional start sites between �958 and �821 before the initiation codon ATG were reported. The black box represents the luciferase reporter
(pGL3-B, pGL3-Basic plasmid). Lower panel shows the data of luciferase assay. Luciferase activity was measured after HeLa cells were transfected with wild type or mutated PTEN
promoter-reporter constructs and treated with 20 mM celecoxib for 24 h.
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antagonism of radiation-induced AKT activation. This occurrence
could be another important mechanism underlying COX-2 in-
hibitors' enhancement of radiosensitization besides the other pre-
viously reportedmechanisms [29,30]. Therefore, our results further
supported the assumption that COX-2 inhibitors could be a clini-
cally available and promising enhancer of tumor radiotherapy. A
phase I clinical study already showed that celecoxib can improve
radiotherapy of non-small cell lung cancer patients [35]. However,
according to our results, the enhancement of radiosensitization by
COX-2 inhibitors could be compromised in tumors with aberrant
PTEN. Further studies are needed to evaluate how much the
enhancement on radiosensitization by COX-2 inhibitors would be
compromised in PTEN-null cells. Nevertheless, our results have
clinical relevance because the application of COX-2 inhibitors as an
enhancer for radiotherapy may be more suitable for tumors whose
PTEN was not mutated or deleted.

COX-2 inhibitors upregulated PTEN protein expression at least
partially by inhibiting Sp1 expression, thereby activating PTEN



Fig. 3. Radiation inactivated PTEN and activated AKT. (A, B) Western blot analysis of AKT and PTEN after radiation. HeLa (A) and SACC-83 cells (B) were lysed and subjected to
Western blot after exposure to increasing doses of radiation.

Fig. 4. COX-2 inhibitors antagonized radiation-induced inactivation of PTEN and activation of AKT. (A) Western blot analysis of AKT and PTEN after different treatments. HeLa and
SACC-83 cells were treated with radiation, celecoxib, or both radiation and celecoxib. (B) HeLa and SACC-83 cells were treated with radiation, valdecoxib, or both radiation and
valdecoxib. Cells were lysed or extracted for membrane proteins and then subjected to Western blot.
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transcription. Several phosphorylation sites of PTEN have been
identified, including S362, T366, S370, S380, T382, T383, and S385
in the C-terminal of PTEN [36e39]. Phosphorylation of the C-ter-
minal of PTEN contributes PTEN stabilization because mutations at
S380, T382, and T383 in the C-terminal of PTEN lead to low stability
of the PTEN protein [36]. Our study showed that COX-2 inhibitors
dephosphorylated PTEN at S380, T382, and T383 in the C-terminal.
However, COX-2 inhibitors did not downregulate the total PTEN
protein, but rather conversely upregulated it. This finding may
explainwhy COX-2 inhibitors strongly activated PTEN transcription,
thereby sufficiently compensating for and even exceeding the
dephosphorylation-induced loss of PTEN stability. COX-2 inhibitor
celecoxib could dose-dependently upregulate PTEN mRNA and
activate the PTEN promoter. Moreover, we also showed that COX-2
inhibitor-induced upregulation of PTENwas at least partially due to
the inhibition of Sp1 expression, since COX-2 inhibitor celecoxib
dose-dependently downregulated Sp1 expression, and the muta-
tion of the Sp1 specific binding site in the PTEN promoter partially
abolished the effect of celecoxib on PTEN promoter activity.

In conclusion, we showed that COX-2 inhibitors activated PTEN
to antagonize radiation-induced PTEN inactivation and AKT acti-
vation, thereby contributing to radiosensitization.
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