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Synergistic antitumor effects of the combined treatment
with an HDAC6 inhibitor and a COX-2 inhibitor
through activation of PTEN
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Abstract. Chemotherapy is one of the most effective non-
surgical treatments for various types of tumor. Identifying
different combinations of antitumor agents that can produce
synergistic antitumor effects remains an important clinical
strategy. In the present study, we showed that the combina-
tion of histone deacetylase 6 (HDAC6) inhibitor tubastatin A
together with cyclooxygenase-2 (COX-2) inhibitor celecoxib
resulted in synergistic antitumor effects in CAL 27 and
SACC-83 cells. Treatment with celecoxib alone promoted the
membrane translocation of phosphatase and tensin homolog
(PTEN), indicating PTEN activation, and consequently led
to protein kinase B (AKT) dephosphorylation (inactiva-
tion). Similarly, treatment with an HDACG6 inhibitor alone
promoted PTEN membrane translocation and correspond-
ingly dephosphorylated AKT. The combination of celecoxib
and an HDACS6 inhibitor synergistically increased PTEN
membrane translocation and inactivated AKT. Moreover,
celecoxib enhanced the HDAC6 inhibitor-induced antitumor
effects in PTEN-deficient U-87 MG cells that had been stably
transfected with wild-type PTEN, but not in the same cell line
stably transfected with mutant PTEN-K163R, which cannot
be activated by HDACG6 inhibitors. In summary, the results
indicated that the COX-2 inhibitor celecoxib enhanced the
HDACS6 inhibitor-induced antitumor effects by activating the
PTEN/AKT signaling pathway.

Correspondence to: Dr Ye-Hua Gan, Central Laboratory, Peking
University School of Stomatology, 22 Zhongguancun Avenue South,
Haidian, Beijing 100081, P.R. China

E-mail: kqyehuagan@bjmu.edu.cn

Key words: PTEN, COX-2, AKT, PGE2, HDAC, HDACS inhibitor,
celecoxib

Introduction

Chemotherapy is one of the major strategies for cancer treatment,
and functions by targeting the physiological characteristics of
cancer cells, including proliferation, angiogenesis, apoptosis,
invasion and migration (1). However, drug resistance (2) and
severe side-effects (3) still hinder the effects of chemotherapy.
The use of drug combinations has numerous benefits for cancer
therapy. It enhances the therapeutic effects or decreases the
required dosages of each drug thereby reducing the severity
of adverse effects (4). Thus, the search for combinations of
agents that can achieve synergistic antitumor effects remains
an important strategy with which to improve the effects of
chemotherapy.

Acetylation is a major form of protein post-translational
modification and is responsible for regulating various cellular
processes, including cell proliferation and cell survival (5).
Acetylation is catalyzed by histone acetyltransferases
(HATSs) and histone deacetylases (HDACs). HATs transfer
acetyl groups to lysine residues, whereas HDACs remove
acetyl groups from lysine residues (6). In total, 18 human
HDAC:Ss have been identified, which are categorized into four
classes: Class I (HDACI1, HDAC2, HDAC3 and HDACS), Ila
(HDAC4, HDACS, HDAC7 and HDACY), 1Ib (HDAC6 and
10) and IV (HDACI1) are classical HDACs, whose activities
are inhibited by pan-HDAC inhibitors, such as trichostatin A;
whereas class III HDACSs, also known as sirtuins, are not
affected by trichostatin A (7).

HDACSs are overexpressed in many types of tumors,
and inhibition of HDACs can result in the inhibition of cell
proliferation and induction of apoptosis (8). HDAC inhibitors
can achieve antitumor effects through the phosphatase and
tensin homolog (PTEN)/protein kinase B (AKT) signaling
pathway (9,10). To date, three pan-HDAC inhibitors, namely
vorinostat (SAHA), belinostat (PXD-101) and panobinostat
(LBH-589), have been approved by the US Food and Drug
Administration (FDA) for the treatment of cancer (11).
Clinical application of pan-HDAC inhibitors can result in
several adverse side-effects, such as fatigue, diarrhea, bone
marrow toxicity and thrombocytopenia (12). This is likely
due to the fact that most HDACs are necessary for important
biological processes; knockout of HDACI, or most other
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HDACSs (except HDACS6), leads to death or severe defects
during embryonic development or shortly after birth (13).
However, HDACG6-deficient mice typically survive (14), and
the inhibition of HDAC6 has antitumor effects (15). Aberrant
expression of HDACS6 is an independent prognostic indicator
in human breast cancer (16). Moreover, our previous study
demonstrated that the activation of PTEN through K163 acety-
lation, in response to the inhibition of HDACS6, is an important
mechanism underlying the antitumor effects of pan-HDAC
inhibitors (17). Therefore, HDACG6-specific inhibitors may
have potential clinical advantages as antitumor agents as they
do not affect other critical HDACs.

PTEN is a tumor-suppressor gene that plays a crucial role
in cell growth, development and apoptosis (18). PTEN func-
tion is commonly lost by deletion or mutation in many types of
human cancer, including melanoma, pancreatic, colorectal and
lung cancer (19). PTEN inhibits cell growth and proliferation
by removing a phosphate group from PIP3, thus preventing
the activation of AKT (20). Membrane-bound PTEN is the
activated form of the protein (21,22).

Cyclooxygenase-2 (COX-2) is an important rate-limiting
enzyme in the process of prostaglandin E2 (PGE2) synthesis.
PGE?2 induces proliferation, invasion and migration of cancer
cells via several signaling pathways, including the 3-catenin
and AKT pathways (23,24). COX-2 is overexpressed in many
different types of cancer (25). Inhibition of COX-2 induces
the inhibition of proliferation and apoptosis in several cancer
cell lines, including colorectal, prostate and breast cancer cell
lines (26). These studies suggest that COX-2 may be a potential
novel therapeutic target for chemotherapy. The COX-2 selective
inhibitor celecoxib, alone or in combination with other agents,
is currently being clinically tested in lung cancer patients (27).
Although COX-2 inhibitors enhance the anti-angiogenic effects
of pan-HDAC inhibitors (28), it is not known which HDAC is
involved in the crosstalk with the COX-2 signaling pathway.
We previously demonstrated that COX-2 inhibitors upregulate
PTEN (22), and HDACS6 inhibitors can also activate PTEN (17).
This prompted the question of whether COX-2 inhibitors can
enhance the antitumor effects of HDACO6 inhibitors through the
synergistic activation of PTEN.

In the present study, celecoxib, a COX-2 inhibitor, was
shown to enhance the antitumor effects of an HDACG6 inhibitor
through synergistic activation of PTEN and inactivation of
AKT in CAL 27 and SACC-83 cells.

Materials and methods

Cell culture and treatments. CAL 27 cells derived from
human tongue squamous cell carcinoma (29) were cultured
in Dulbecco's modified Eagle's medium (DMEM; Gibco,
Grand Island, NY, USA) with 10% fetal bovine serum (FBS)
at 37°C in an atmosphere with 5% CO,. SACC-83 cells derived
from human salivary adenoid cystic cancer (30), were cultured
in RPMI-1640 medium (Gibco) with 10% FBS at 37°C with
5% CO,. U-87 MG cells that had been stably transfected with
wild-type PTEN and PTEN-K163R were incubated in DMEM
with 10% FBS at 37°C with 5% CO,. Cells were treated with
various doses of tubastatin A or celecoxib alone for 24 h, or
with a combination of an HDAC6 inhibitor (tubastatin A or
tubacin) and celecoxib for 24 h.
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Reagents and antibodies. Tubastatin A, tubacin and celecoxib
were purchased from Selleck Chemicals (Houston, TX, USA).
The anti-PTEN (#9552) and anti-phospho-AKT (S473; #4058)
antibodies were purchased from the Cell Signaling Technology,
Inc. (Danvers, MA, USA), and the anti-B-actin (I-19) antibody
(TA-09) was purchased from ZSGB-BIO Co. (Beijing, China).

Protein extraction and western blotting. Whole cell lysates
were extracted with RIPA lysis buffer (Applygen Technologies
Inc., Beijing, China). Membrane proteins were extracted using
a Nuclear-Cytosol Extraction kit (Applygen Technologies
Inc.). Protein concentrations were determined via BCA
protein assay (Thermo Fisher Scientific, Inc., Waltham, MA
USA). Equal amounts of samples were subjected to 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
and then transferred to a polyvinylidene fluoride membrane
(EMD Millipore, Billerica, MA, USA). The membrane was
blocked with fat-free milk (5%) in TBS-T (50 mmol/l Tris,
pH 7.5; 150 mmol/I NaCl; 0.05% Tween-20) for 1 h. Following
incubation with the primary antibodies (diluted 1:1,000
in TBS-T) overnight at 4°C, the membrane was washed
extensively with TBS-T three times (5 min/wash) at room
temperature and then incubated with a secondary antibody
conjugated with a fluorophore for 1 h at room temperature.
After extensive washing with TBS-T, the protein bands on the
membrane were visualized with an Odyssey infrared imaging
system (Odyssey; LI-COR, Lincoln, NE, USA).

Cell proliferation assay. The cell proliferation assay was
performed using Cell Counting Kit-8 (CCK-8; Dojindo,
Kumamoto, Japan) according to the manufacturer's instruc-
tions. In brief, the cells were seeded into 96-well plates
(1.5x10° cells/well) and treated with 20 uM celecoxib or 20 uM
HDACSG inhibitor (either tubastatin A or tubacin), or a combi-
nation of 20 yuM COX-2 inhibitor and 20 M HDACS6 inhibitor
for 24 h. Subsequently, 10 ul CCK-8 reagent was added to
each well. Cells were further incubated at 37°C for 3 h, then
the absorbance at 450 nm (OD,s,) of each well was measured.
Data are presented as the mean + standard deviation (SD) of at
least three independent experiments.

Analysis of drug interaction in vitro. The coefficient of drug
interaction (CDI) was used to analyze the synergistic inhibi-
tory effect of the drug combination. CDI was calculated as
follows: CDI = AB/(A x B). AB is the OD s, ratio of the two-
drug combination group to the control group; A and B are the
OD,,, ratios of each of the single-drug groups to the control
group. CDI <1 indicates a synergistic effect, CDI <0.7 indicates
a significant synergistic effect, CDI =1 indicates additivity, and
CDI >1 indicates antagonism (31).

Assessment of cell apoptosis. Cells were washed in
phosphate-buffered saline (PBS) three times, fixed with
10% formaldehyde for 5 min, and then incubated with 5 mg/
ml 4,6-diamidino-2-phenylindole dihydrochloride (DAPI)
in the dark for 5 min at room temperature. Following three
washes in PBS, the cells were examined under a fluorescence
microscope (Nikon Corporation, Tokyo, Japan). Apoptotic
cells were considered to be those that presented features of
nuclear condensation and fragmentation under fluorescence
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microscopy. Apoptotic cells were counted within five randomly
selected fields, and the rate of apoptotic cells is presented as
the mean + SD of at least three independent experiments.

Caspase-3/-7 activities were measured using Caspase-Glo® 3/7
assay (Promega Corporation, Madison, WI, USA) according
to the manufacturer's instructions. The cells were seeded into
96-well plates (1.5x10° cells/well) and treated with 20 yuM
celecoxib or 20 M HDACS6 inhibitor (either tubastatin A or
tubacin), or the combination of COX-2 and HDAC®6 inhibitors
for 24 h. Subsequently, the cells were separately transferred into
a white-walled 96-well plate (100 ul/well). Caspase-Glo® 3/7
reagent (100 ul; prepared prior to the start of the assay) was
added to each well, which contained 100 gl blank (culture
medium without cells) or treated cells in culture medium. The
plate was gently shaken using a plate shaker at 300 rpm for
30 sec, incubated at room temperature for up to 3 h, and then
measured for the luminescence of each well on an EnSpire
Multimode Plate Reader with Epic® Label-Free technology
(PerkinElmer, Bridgeville, PA, USA).

Transwell migration and invasion assays. Cell migration
and invasion assays were performed in Transwell chambers
(Corning Costar, Corning, NY, USA) with polycarbonate
membranes. For the migration assay, cells were seeded into the
upper chambers of each well (1x10° cells/well) in serum-free
culture medium, while culture medium containing 10% FBS
was added to the lower chambers. The cells were incubated for
12 h, after which the cells on the top surface of the membrane
were wiped off, and the cells on the bottom surface were fixed
with 4% paraformaldehyde and stained with 0.01% crystal
violet. Cells on the bottom surface of the membrane were
examined under a light microscope, counted and averaged
from six randomly selected fields.

The Transwell invasion assay was performed in the same
manner as the migration assay, except that the upper chambers
were coated with 20 g extracellular matrix gel (Sigma-Aldrich,
St. Louis, MO, USA) prior to seeding the cells.

Xenograft tumor inoculation. BALB/c nude mice (6 weeks of
age) were purchased from the Beijing Vital River Laboratory
Animal Technology Co. Ltd. (Beijing, China). The care and
treatment of experimental animals followed institutional
guidelines. Mice were randomly allocated to four groups
(n=4/group). CAL 27 cells were subcutaneously inoculated
(5x10° cells/mouse) into the left axilla of each mouse. After
10 days, each group received daily celecoxib (40 mg/kg
dissolved in methylcellulose) alone via gavage, or tubastatin A
(0.5 mg/kg dissolved in dimethyl sulfoxide) alone via intra-
peritoneal injection, or a combination of celecoxib (40 mg/kg)
and tubastatin A (0.5 mg/kg), or their dissolvents, via gavage
or intraperitoneal injection, for three weeks. The mice were
then euthanized, and the weights of the xenograft tumors were
measured.

Statistical analysis. All statistical examinations were
performed using SPSS 21 for Windows (SPSS, Inc., Chicago,
IL, USA). All data are presented as the mean + SD. Differences
between multiple groups were analyzed by one-way analysis
of variance. P<0.05 was considered to indicate a statistically
significant difference.
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Results

Combined treatment with an HDAC6 inhibitor and a COX-2
inhibitor exerts synergistic effects on the proliferation,
migration and invasion of CAL 27 cells. To examine whether
the combination of HDAC6 and COX-2 inhibitors achieves
synergistic effects on cell proliferation, migration and inva-
sion, CAL 27 cells were treated with 20 yM celecoxib alone,
20 uM tubastatin A alone, or a combination of celecoxib and
tubastatin A for 24 h. As shown in Fig. 1A-C, following treat-
ment of the cells with celecoxib or tubastatin A alone, cell
proliferation, migration and invasion were slightly inhibited.
The combined-treatment group showed synergistic inhibition
of proliferation, and inhibition of cell migration and invasion.
The CDI of the HDACS6 inhibitor tubastatin A combined
with the COX-2 inhibitor celecoxib was calculated as 0.32 in
CAL 27 cells, which indicated a significant synergistic effect.

Combined treatment with HDAC6 and COX-2 inhibitors
exerts synergistic effects on the proliferation, migration and
invasion of SACC-83 cells. To examine whether the syner-
gistic effects on cell proliferation, migration and invasion are
achieved by combining an HDACG6 inhibitor with a COX-2
inhibitor in SACC-83 cells, the cells were treated with 20 xM
celecoxib alone, 20 #M tubastatin A alone, or a combination
of celecoxib and tubastatin A for 24 h. As shown in Fig. 2A-C,
proliferation, cell migration and invasion were slightly inhib-
ited in the cells treated with celecoxib or tubastatin A alone
whereas the combined-treatment group showed synergistic
inhibition of proliferation, and inhibition of cell migration and
invasion. The CDI of the combined treatment was calculated
as 0.51 in SACC-83 cells, which indicated a significant syner-
gistic effect.

Apoptosis is induced following treatment with tubastatin A
and/or celecoxib. DAPI staining and caspase-3/-7 activity were
measured to detect the induction of apoptosis by tubastatin A
alone, celecoxib alone and the combination of tubastatin A
and celecoxib in CAL 27 and SACC-83 cells. The cells were
treated with 20 uM celecoxib alone, 20 #M tubastatin A alone,
or a combination of celecoxib and tubastatin A for 24 h. As
shown in Fig. 3A-D, treatment with celecoxib or tubastatin A
alone led to a slight induction of cell apoptosis and marginal
upregulation of caspase-3/-7 activity, whereas the combined-
treatment group showed significant induction of cell apoptosis
and significant upregulation of caspase-3/-7 activity.

Treatment with celecoxib or tubastatin A activates PTEN and
inactivates AKT. To understand the mechanism underlying the
synergistic antitumor effects of the combination of celecoxib
and tubastatin A, we evaluated the levels of membrane-bound
PTEN and phospho-AKT in the cells after treatment with
celecoxib for 24 h. As shown in Fig. 4A, membrane-bound
PTEN and total PTEN were dose-dependently upregulated,
whereas phosphorylation of AKT was dose-dependently down-
regulated in the CAL 27 and SACC-83 cells. Subsequently,
the levels of membrane-bound PTEN and phospho-AKT
following treatment with tubastatin A for 24 h were evaluated.
As shown in Fig. 4B, tubastatin A induced the dose-dependent
upregulation of membrane-bound PTEN, but did not affect
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Figure 1. Synergistic effects of the combined treatment with an HDACS6 inhibitor and a COX-2 inhibitor on CAL 27 cell proliferation, migration and invasion.
CAL 27 cells were treated with an HDAC6 inhibitor and/or a COX-2 inhibitor. (A) Phase-contrast photomicrographs of CAL 27 cells. Cell proliferation was
evaluated by CCK-8 assay after the different treatments. (B) Transwell migration assay of CAL 27 cells after the different treatments. (C) Transwell invasion
assay of CAL 27 cells after the different treatments. All data are presented as the mean + SD of at least three independent experiments; "P<0.05 vs. control

group; “P<0.05 vs. celecoxib or tubastatin A groups (n=3).

total PTEN expression in the CAL 27 and SACC-83 cells.
Correspondingly, phospho-AKT was dose-dependently down-
regulated by tubastatin A.

Combined treatment with an HDACG6 inhibitor and COX-2
inhibitor exerts synergistic effects on PTEN and AKT. Finally,
we examined whether the combination of celecoxib and the
HDACEG inhibitor tubastatin A affects the activation of PTEN
and inactivation of AKT in the CAL 27 and SACC-83 cells.
As shown in Fig. 5A and B, celecoxib or tubastatin A treat-
ments alone slightly upregulated membrane-bound PTEN
and downregulated phospho-AKT, whereas the combination

of celecoxib and tubastatin A synergistically upregulated
membrane-bound PTEN and correspondingly downregulated
phospho-AKT. Similar results were observed when the cells
were treated with combined celecoxib and tubacin (another
HDACS® inhibitor). These results suggest that the synergistic
antitumor effects achieved by the combination of an HDAC6
inhibitor and a COX-2 inhibitor may be due, at least partially,
to the activation of PTEN and inactivation AKT.

Combined treatment with celecoxib and tubastatin A
does not induce synergistic inhibition of proliferation in
PTEN-deficient U-87 MG cells. To further examine whether
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Figure 2. Synergistic effects of the combined treatment with an HDACG6 inhibitor and a COX-2 inhibitor on SACC-83 cell proliferation, migration and invasion.
SACC-83 cells were treated with an HDAC®6 inhibitor and/or a COX-2 inhibitor. (A) Phase-contrast photomicrographs of SACC-83 cells after the different
treatments. Cell proliferation was evaluated by CCK-8 assay after the different treatments. (B) Transwell migration assay of SACC-83 cells after the different
treatments. (C) Transwell invasion assay of SACC-83 cells after the different treatments. All data are presented as the mean + SD of at least three independent
experiments; "P<0.05 vs. the control group; “P<0.05 vs. the celecoxib or tubastatin A groups (n=3).

the PTEN/AKT signaling pathway is required for the
synergistic antitumor effects of celecoxib and tubastatin A,
PTEN-deficient U-87 MG cells were treated with 20 uM
celecoxib alone, or 20 ¢M tubastatin A alone or the two
combined. As shown in Fig. 6A and B, the combined treatment
did not significantly affect proliferation (CDI=1.0). Similarly,
the level of phospho-AKT in the combined-treatment group
was not different from the level noted in the celecoxib alone,
tubastatin A alone, or control groups (Fig. 6C).

Combined treatment with celecoxib and tubastatin A
synergistically inhibits the proliferation of U-87 MG
cells stably transfected with wild-type PTEN, but not with

mutant PTEN-KI63R. In our previous study, inhibition of
HDACG6 was shown to activate PTEN via PTEN acetylation
at K163 (17). To examine whether the synergistic antitumor
effects of the combined treatment with tubastatin A and
celecoxib were dependent on PTEN acetylation at K163,
U-87 MG cells were stably transfected with wild-type
PTEN and mutant PTEN-K163R (with lysine replaced by
arginine), and subsequently treated for 24 h with celecoxib
alone, tubastatin A alone, or the two agents combined. As
shown in Fig. 7A, synergistic inhibition of proliferation was
achieved by the combination of tubastatin A and celecoxib in
the U-87 MG cells stably transfected with wild-type PTEN
(CDI=0.6), but not in the cells stably transfected with the
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Figure 3. Synergistic effects of the combined treatment with an HDACG6 inhibitor and a COX-2 inhibitor on apoptosis. (A) Fluorescent photomicrographs of
DAPI-stained CAL 27 cells after the different treatments. Apoptotic cells, exhibiting nuclear condensation (arrows with triangle) or fragmentation (arrows),
were observed. (B) Caspase-3/-7 activity of CAL 27 cells after the different treatments. (C) Fluorescent photomicrographs of DAPI-stained SACC-83 cells.
Apoptotic cells, exhibiting nuclear condensation (arrows with triangle) or fragmentation (arrows), were calculated. (D) Caspase-3/-7 activity of SACC-83 cells
after the different treatments. All data are presented as the mean = SD of at least three independent experiments; "P<0.05 vs. the control group; #P<0.05 vs. the
celecoxib or tubastatin A groups (n=3).

K163R mutant form of PTEN (CDI=1.0). Correspondingly, MG cells stably transfected with wild-type PTEN, but not the
the synergistic upregulation of membrane-bound PTEN and  KI163R mutant (Fig. 7B). Similar findings were observed with
downregulation of phospho-AKT was observed in the U-87  individual celecoxib or tubastatin A treatments, which slightly
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Figure 4. Treatment with the COX-2 inhibitor celecoxib or the HDACG6 inhibitor tubastatin A activates PTEN and inactivates AKT. (A) Western blot analysis
of AKT and PTEN in the CAL 27 and SACC-83 cells following treatment with various doses of celecoxib for 24 h. Cells were lysed and total or membrane
proteins were extracted. (B) Western blot analysis of AKT and PTEN in the CAL 27 and SACC-83 cells after treatment with various doses of tubastatin A
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“P<0.05 vs. the control group; “P<0.05 vs. the 20 or 40uM groups (n=3).
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Figure 6. Combined treatment with the COX-2 inhibitor celecoxib and the HDAC6 inhibitor tubastatin A does not synergistically inhibit the proliferation of
PTEN-deficient U-87 MG cells. (A) Cell proliferation was evaluated by CCK-8 assay after the different treatments. (B) Apoptosis was evaluated by DAPI
staining after the different treatments. Data are presented as the mean + SD of at least three independent experiments. (C) Western blot analysis of AKT after
the different treatments.
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Figure 7. Combined treatment with the COX-2 inhibitor celecoxib and the HDAC6 inhibitor tubastatin A synergistically inhibits the proliferation of U-87
MG cells transfected with wild-type PTEN, but not those transfected with mutant-K163R. U-87 MG cells were stably transfected with wild-type PTEN or
mutant PTEN-K163R. (A) Proliferation of stably transfected cells after the different treatments. The K163R mutation abolishes the HDACG6 inhibitor-induced
acetylation and membrane translocation of PTEN. Cell proliferation was evaluated by CCK-8 assay. All data are presented as the mean + SD of at least
three independent experiments; "P<0.05 vs. the control group; “P<0.05 vs. the control group; “P<0.05 vs. the celecoxib or tubastatin A groups; “P<0.05 (n=3).
(B) Western blot analysis of PTEN and AKT after the different treatments. U-87 MG cells stably transfected with wild-type PTEN or K163R mutant were

treated with celecoxib and/or tubastatin A.
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Figure 8. Combined treatment with the HDACG6 inhibitor tubastatin A and
the COX-2 inhibitor celecoxib synergistically inhibits xenograft tumor
growth. Images and weights of xenograft tumors derived from CAL 27 cells
are presented. "P<0.05 vs. the control group; "P<0.05 vs. the celecoxib or
tubastatin A groups (n=4).

upregulated membrane-bound PTEN and downregulated
phospho-AKT in the cells transfected with wild-type PTEN,
but not in those transfected with mutant PTEN-K163R.

Combined treatment with inhibitor tubastatin A and celecoxib
synergistically inhibits xenograft tumor growth. To further
confirm the synergistic antitumor effects of the HDAC6

inhibitor tubastatin A and the COX-2 inhibitor celecoxib
in vivo, nude mice were inoculated with CAL 27 cells for
10 days, and the mice were then treated for three weeks with
celecoxib and/or tubastatin A, or with the carriers as a control.
As shown in Fig. 8, the weights of the xenograft tumors were
significantly lower in the combined-treatment group than that
noted in the other groups.

Discussion

In the present study, we demonstrated that combining an
HDACS6 inhibitor with a COX-2 inhibitor produced synergistic
antitumor effects. Our observations suggest a potential novel
clinical strategy using HDACS6 inhibitors in combination with
COX-2 inhibitors for antitumor therapy.

The combined treatment resulted in synergistic antitumor
effects by activation of PTEN and inactivation of AKT. The
combination of the HDACG6 inhibitor tubastatin A and the
COX-2 inhibitor celecoxib induced apoptosis and inhibited
proliferation, migration and invasion to a greater extent than
either of the treatments alone in CAL 27 and SACC-83 cells.
The synergistic antitumor effects achieved by the combined
treatment were further confirmed in nude mice with CAL 27
tumor xenografts. The combined-treatment group showed
significantly decreased xenograft tumor weights than each of
the single-treatment groups. The combination of tubastatin A
and celecoxib achieved these affects by activating PTEN and
inactivating AKT, which was demonstrated by the significant
upregulation of membrane-bound PTEN (the activated form),
and the corresponding significant downregulation of phospho-
AKT, in the combined-treatment group compared with either
of the single-treatment groups. Moreover, the combination of
tubastatin A and celecoxib failed to produce synergistic inhibi-
tion of proliferation in PTEN-deficient U-87 MG cells, whereas
the synergistic inhibition of proliferation was rescued in U-87
MG cells that had been stably transfected with wild-type PTEN,
but not those transfected with mutant PTEN-K163R. In our
previous study, it was demonstrated that wild-type PTEN could
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be acetylated and activated by a HDAC6 inhibitor, whereas the
acetylation and activation of the mutant PTEN-K163R could
not be induced by an HDACS6 inhibitor (17). Consistently, the
levels of membrane-bound PTEN and phospho-AKT in the
combined-treatment group were significantly upregulated and
downregulated, respectively, in the U-87 MG cells stably trans-
fected with wild-type PTEN, but not the mutant PTEN-K163R.
Therefore, these results suggest that PTEN is responsible for
the synergistic antitumor effects achieved by combination
treatment with HDAC6 and COX-2 inhibitors.

To the best of our knowledge, these results demonstrated
for the first time that COX-2 inhibitors are important agents
for enhancing the antitumor effects of HDACG6 inhibitors.
Therefore, these results provide the rationale for the use
of combined HDAC6 inhibitors and COX-2 inhibitors in
cancer chemotherapy. However, it should be noted that the
combination of HDACG6 inhibitors and COX-2 inhibitors may
be better applied in tumors that do not harbor aberrant or
deleted PTEN. Otherwise, the use of this combination may fail
to generate synergistic antitumor effects.

It was previously demonstrated that the upregulation of
PTEN protein expression by COX-2 inhibitors was partially
achieved through the downregulation of Spl, whereas the
upregulation of membrane-bound PTEN by COX-2 inhibitors
is due to inhibition of phosphorylation (S380/T382/T383)
in the PTEN C-terminal tail, as well as the upregulation of
PTEN protein expression (22). Spl is an important negative
regulator of PTEN that acts by recruiting HDACI to the core
promoter of PTEN. Therefore, knockdown of Spl upregulates
PTEN mRNA and protein expression (32). Moreover, COX-2
inhibitors downregulate Spl protein expression by promoting
the degradation of Spl (33). These previous studies suggest
that the underlying mechanism of COX-2 inhibitor-induced
upregulation of membrane-bound PTEN relies partially on
the downregulation of Spl, and partially on reduced PTEN
phosphorylation. Correspondingly, the present study found
that celecoxib upregulated total PTEN and slightly upregu-
lated the membrane-bound PTEN in CAL 27 and SACC-83
cells. The upregulation of membrane-bound PTEN in U-87
MG cells stably transfected with wild-type PTEN may be due
to the downregulation of PTEN phosphorylation, as the total
exogenous PTEN was not affected by the COX-2 inhibitor.
However, surprisingly, celecoxib did not affect membrane-
bound PTEN in U-87 MG cells stably transfected with mutant
PTEN-K163R. Currently, we do not have an explanation for
this phenomenon. We speculate that abolishing acetylation
at K163 may somehow interfere with the regulation of PTEN
membrane translocation by phosphorylation at the C-terminal
tail. Further study is required to test this hypothesis.

In conclusion, the present study demonstrated that the
combination of an HDAC6 inhibitor and a COX-2 inhibitor
produced a synergistic antitumor effects through activation of
PTEN and inactivation of AKT. Application of this combina-
tion may be suitable for the treatment of tumors without PTEN
mutations or deletions.
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