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ABSTRACT
NSAIDs (non-steroidal anti-inflammatory drugs) have potential use as anticancer
agents, either alone or in combination with other cancer therapies. We found that
NSAIDs including celecoxib (CCB) and ibuprofen (IBU) significantly potentiated the
cytotoxicity of Hsp90 inhibitors in human multidrug-resistant (MDR) cells expressing
high levels of mutant p53 (mutp53) protein and P-glycoprotein (P-gp), and reversed
Hsp90 inhibitor resistance caused by activation of heat shock factor 1 (HSF1) and
by up-regulation of heat shock proteins (Hsps) and P-gp. Inhibition of Akt/mTOR
and STAT3 pathways by CCB induced autophagy, which promoted the degradation of
mutp53, one of Hsp90 client proteins, and subsequently down-regulated HSF1/Hsps
and P-gp. Inhibition of autophagy prevented mutp53 degradation and CCB-induced
apoptosis, and inhibition of caspase-3-mediated apoptotic pathway by Z-DEVD-FMK did
not completely block CCB-induced cell death in MDR cells, suggesting that autophagic
and apoptotic cell death may contribute to CCB-induced cytotoxicity in MDR cells.
Furthermore, CCB and IBU suppressed Hsp90 inhibitor-induced HSF1/Hsp70/P-gp
activity and mutp53 expression in MDR cells. Our results suggest that NSAIDs can
be used as potential Hsp90 inhibitor chemosensitizers and reverse resistance of MDR
cells to Hsp90 inhibitors via induction of apoptosis and autophagy. These results might
enable the use of lower, less toxic doses of Hsp90 inhibitors and facilitate the design
of practically applicable, novel combination therapy for the treatment of MDR cancer.

INTRODUCTION

been suggested to be active against many types of cancer
[2, 3]. Evidence of the activities of Hsp90 inhibitors has
been obtained in vitro and in animal models, and numerous
clinical trials (phase I-III) have been conducted to develop
novel cancer treatments [2–5]. A number of phase II
clinical trials have been performed on 17-allylamino-17demethoxy-geldanamycin (17-AAG; a geldanamycin
analog) and NVP-AUY922 (hereafter called AUY922; a
purine-scaffold derivative and non-geldanamycin analog of
17-AAG) [6–9]. However, their therapeutic benefits were
often limited by toxicity and resistance of cancer cells. It has
been reported that resistance to Hsp90 inhibitors is linked to
P-glycoprotein (P-gp)-mediated efflux and to the induction
of heat shock proteins (Hsps) [10, 11], which is caused by
the disruption of Hsp90 with heat shock factor 1 (HSF1)

Selective inhibition of target proteins in cancer cells
over their normal counterparts is one of the most critical
features of a successful protein inhibitor for clinical
applications. The molecular chaperone heat-shock protein
90 (Hsp90) is constitutively overexpressed or activated
in cancer cells than normal cells and therefore provides
an attractive target for the treatment of cancer [1]. Since
inhibition of Hsp90 simultaneously interrupts many
signal transduction pathways that are pivotal to tumor
progression and survival through degradation of large
numbers of oncogenic client proteins associated with
hallmarks of cancer, drugs aimed at inhibiting Hsp90 have
www.impactjournals.com/oncotarget
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RESULTS

complexes and consequent HSF1-mediated induction of
cytoprotective Hsps such as Hsp70 and Hsp27 [12].
Mutant p53 (mutp53) protein is often overexpressed
in tumors because it escapes proteolytic degradation and
consequently has a longer half-life than wild-type p53
(wtp53) protein, which has an extremely short half-life [13].
A high level of mutp53 is known to be related to greater
aggressiveness and resistance to therapy and poorer outcomes
in some tumors [14, 15]. Mutp53 is an important determinant
of HSF1, a major transcription factor for Hsps. Mutp53
facilitates recruitment of HSF1 to specific DNA sites of heat
shock elements in target gene promoters and subsequently
augments pro-survival HSF1-induced transcriptional
program, including expression of Hsps [10]. Inhibition
of Hsp90 has been shown to promote the degradation of
mutp53, a client protein of Hsp90 [16]. Therefore, Hsp90
inhibitors may be more effective in cancer cells with mutp53
than those with wtp53. Moreover, mutp53 contributes to the
transcriptions of multidrug resistant 1 (MDR1) gene through
cooperation with ETS-1 [17] as well as activation of HSF1
[18]. We previously reported that human MDR cells are
highly resistant to Hsp90 inhibitors as compared with their
parental cells, and that knockdown of HSF1 in MDR cells
induced the down-regulation of mutp53 and subsequently
prevented the P-gp-mediated efflux of Hsp90 inhibitor [19].
Therefore, we hypothesized that combined treatment of
Hsp90 inhibitor and novel HSF1/mutp53 modulator might
enhance the anticancer activity of Hsp90 inhibitors and
reverse resistance to Hsp90 inhibitors in MDR cells.
Non-steroidal anti-inflammatory drugs (NSAIDs)
are the most frequently consumed drugs worldwide and
they are very effective in the alleviation of pain, fever and
inflammation [20]. In addition to these effects, NSAIDs
have been shown to reduce cancer cell proliferation,
motility, angiogenesis and invasiveness in a wide variety
of cancer types [21–23]. The antitumor activity of
celecoxib (CCB), one type of NSAIDs, is thought to be
associated with its ability to induce apoptosis in a variety
of cancer cells [24, 25]. Ibuprofen (IBU), a relatively nontoxic and widely used NSAID, significantly decreased the
expression of Hsp70, which mediates the sensitivity to
cisplatin by enhancing apoptosis in lung cancer cells [26].
Moreover, several studies have indicated that NSAIDs
may sensitize cancer cells to the antiproliferative effects
of cytotoxic drugs by down-regulation of ATP-binding
cassette transport proteins (ABC transporters) [27–30].
The present study shows that NSAIDs such as CCB
and IBU significantly potentiate the sensitivity of MDR
cells to Hsp90 inhibitors via the autophagic degradation/
down-regulation of mutp53 achieved by inhibiting the
Akt/mTOR pathway and STAT3/HSF1/P-gp signaling
cascades, suggesting that the clinically approved NSAIDs
can be used to increase the overall efficacies and utilities
of Hsp90 inhibitors through inhibiting the resistance of
cancer cells to Hsp90 inhibitors.
www.impactjournals.com/oncotarget

Enhanced susceptibility of multidrug-resistant
human cancer cells to Hsp90 inhibitors by
NSAIDs
We previously reported that multidrug-resistant
(MDR) human cancer cells were significantly more
resistant to Hsp90 inhibitors than their parental drug
sensitive cells, and resistance to Hsp90 inhibitors in
MDR cells could be overcome through down-regulation
of Hsps and P-gp [19]. Since some commonly used
NSAIDs possessed P-gp modulator activity [28], we
investigated whether NSAIDs could act as a new class
of chemosensitizers for Hsp90 inhibitor-resistant MDR
cells. To evaluate the potential role of NSAIDs in the
response of MDR human cancer cells to Hsp90 inhibitors,
three different MDR cancer cell lines were treated with
gradual doses of 17-AAG, a geldanamycin analog Hsp90
inhibitor or AUY922, non-geldanamycin Hsp90 inhibitor,
alone or combined with celecoxib (CCB) and determined
whether CCB could enhance the susceptibility of MDR
cells to Hsp90 inhibitors using MTT assay. When we
tested the combination effect of Hsp90 inhibitors with
CCB in MCF7-MDR cells, MDR variant of human
breast cancer MCF-7 cells, CCB significantly enhanced
the susceptibility of MCF7-MDR cells to both 17-AAG
and AUY922 (Figure 1A and 1B). Average combination
index (CI) values for combination treatments with CCB
and 17-AAG (or AUY922) were lower than 0.5 at all
concentrations, indicating a synergistic effect in MCF7MDR cells. Similar result was observed in other MDR
cell lines, namely, CEM/VLB100 cells, MDR variant of
CEM human T-lymphoblastic leukemia cells (Figure
1C and 1D), and HeyA8-MDR cells, MDR variant of
HeyA8 human ovarian cancer cells (Figure 1E and 1F).
When CEM/VLB100 and HeyA8-MDR cells treated with
17-AAG or AUY922 alone or combined with CCB, the
growth-inhibitory effect of 17-AAG or AUY922 combined
with CCB was greater than that of 17-AAG (or AUY922)
alone, and average CI values for combination treatment
with Hsp90 inhibitor and CCB were lower than 0.5 at all
concentrations, indicating a synergistic effect of Hsp90
inhibitor and CCB in two other MDR cell lines. These
observations suggest that CCB could potentiate the
sensitivity of MDR cells to Hsp90 inhibitors. To more
confirm the combination effect of another NSAID and
Hsp90 inhibitor against MDR cells, we examined whether
ibuprofen (IBU) could enhance the cytotoxic effect of
Hsp90 inhibitor in MDR cells. Similarly, enhancement
of 17-AAG (or AUY922)-induced cytotoxicity by IBU
treatment was observed MCF7-MDR (Figure 2A and 2B),
CEM/VLB100 (Figure 2C and 2D) and HeyA8-MDR cells
(Figure 2E and 2F). In these three MDR lines, combination
treatment of IBU and 17-AAG (or AUY922) induced
synergistic growth inhibition, with CI value as low as
2
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Figure 1: Potentiation of Hsp90 inhibitor-induced cytotoxicity by celecoxib (CCB) in MDR cells. MCF7-MDR (A and
B), CEM/VLB100 (C and D) or HeyA8-MDR cells (E and F) were treated with increasing doses of 17-AAG or AUY922 in the presence or
absence of CCB (5 and 10 μM). Percentage of cell survival was determined after 96 h of incubation using the MTT assay. Results are the
means ± SEs of three experiments.* p < 0.05, **p < 0.01 and ***p < 0.001.
www.impactjournals.com/oncotarget
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Down-regulation of mutp53 protein in MDR cells
by NASIDs

0.9 at any concentration tested. These results suggest that
susceptibility of MDR cells to Hsp90 inhibitors might be
enhanced by NSAIDs, and therefore NSAIDs could act
as chemosensitizing agents for Hsp90 inhibitor-resistant
MDR cells.

P-glycoprotein (P-gp), MDR1 gene product, confers
multidrug resistance against antineoplastic agents but also

Figure 2: Potentiation of Hsp90 inhibitor-induced cytotoxicity by ibuprofen (IBU) in MDR cells. MCF7-MDR (A and

B), CEM/VLB100 (C and D) or HeyA8-MDR cells (E and F) were treated with increasing doses of 17-AAG or AUY922 in the presence or
absence of IBU (100 or 400 μM). Percentage of cell survival was determined after 96 h of incubation using the MTT assay. Results are the
means ± SEs of three experiments.* p < 0.05, **p < 0.01 and ***p < 0.001.
www.impactjournals.com/oncotarget
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contributes in part to acquired resistance to some Hsp90
inhibitors [12]. It has been reported that mutp53 protein,
one of important client proteins of Hsp90, up-regulated
the MDR1 promoter and thus positively regulated P-gp
[17]. To address whether treatment of MDR cells with
CCB specifically targets down-regulation of mutp53, we
investigated the differential effect of CCB on MCF-7 cells
carrying wild-type p53 (wtp53) protein and MCF7-MDR
cells carrying mutp53. Treatment of MCF-7 cells with
CCB resulted in a dose- and time-dependent up-regulation
of wtp53 (Figure 3A), whereas MCF7-MDR cells treated
with CCB showed a dose- and time-dependent downregulation of endogenous mutp53 protein levels under the
same treatment conditions (Figure 3B), indicating selective
down-regulation of mutp53 but not of wtp53 by CCB.
Similarly, the expression of mutp53 was significantly
reduced by CCB treatment in CEM/VLB100 and HeyA8MDR cells (Figure 3C). Moreover, in the three MDR
cell lines, the level of mutp53 was significantly reduced
by IBU treatment (Figure 3D), indicating the possible
involvements of mutp53 down-regulation in MDR cells
by NSAIDs. Next, to examine whether CCB downregulated mutp53 through post-translational degradation,
changes in levels of mutp53 protein in MCF7-MDR and
CEM/VLB100 cells were determined in the presence of
cycloheximide (CHX), a protein synthesis inhibitor, after
treatment with CCB. Mutp53 level in MCF7-MDR cells
was slightly reduced after treatment with CHX alone for
3 h but markedly reduced after co-treatment with CHX
and CCB for 3 h (Figure 3E). Similarly, mutp53 levels in
CEM/VLB100 cells were reduced to undetectable levels by
co-treatment with CHX and CCB for 4 h, whereas mutp53
level in cells treated with CHX alone was only slightly
reduced after treatment for 6 h (Figure 3F). These results
suggest that CCB reduces the half-life of mutp53 in MDR
cells possibly by degrading mutp53 protein, and thus,
down-regulating mutp53.

induction of autophagy [32]. Therefore, we evaluated
the autophagic degradation of mutp53 in MDR cells
by assessing changes in the levels of LC3-II and p62.
When LC3 conversion and p62 level were assessed in
IBU-treated CEM/VLB100 cells, treatment with IBU
dose-dependently enhanced LC3-II levels but reduced
p62 levels. In parallel with the autophagy-inducing
effect of IBU, the level of mutp53 was reduced in MDR
cells (Figure 4A), suggesting IBU-mediated autophagic
degradation of mutp53. It is well known that CCB, a
cyclooxygenase-2 (COX-2) specific inhibitor, has several
COX-2 independent activities [33], and 2, 5-dimethylcelecoxib (DMC), a close structural analog of the CCB,
lacks COX-2 inhibitory function [34] whereas IBU inhibits
COX-2 and COX-1 enzymes [35]. Our data showed both
DMC and CCB could induce autophagy in various MDR
cells. The level of LC3-II was significantly elevated but
p62 level was conversely reduced in DMC-treated CEM/
VLB100 cells, and DMC also reduced mutp53 levels,
indicating DMC can induce autophagy despite an inability
to block COX-2 (Figure 4B). Autophagy induction and
degradation of mutp53 by DMC, nonetheless, was lower
compared with those of CCB-treated MDR cells including
HeyA8-MDR cells (Figure 4C) and MCF7-MDR cells
(Figure 4D). These results suggest that NSAIDs-induced
autophagy and degradation of mutp53 in MDR cells occur
through both COX-2 inhibition and COX-2-unrelated
pathway.
To further confirm the effect of CCB on autophagic
degradation of mutp53, CEM/VLB100 cells were treated
with CCB in the presence of 3-methyladenine (3-MA), an
inhibitor of early stage autophagy, or chloroquine (CQ),
an inhibitor of late stage autophagy, and the modulation
of CCB-mediated p62 and mutp53 was determined
(Figure 5A). Both 3-MA and CQ were found to prevent
CCB-induced down-regulation of p62 and mutp53 in
MDR cells, suggesting that autophagy is associated with
degradation of mutp53. In addition, CCB-induced PARP
cleavage and Bcl-2 down-regulation were inhibited by
3-MA or CQ. Based on these results, we hypothesized that
CCB-induced apoptosis would be attenuated by autophagy
inhibition. After treatment of CEM/VLB100 cells with
CCB in the absence or presence of CQ, induction of
apoptosis was monitored with flow cytometry using
propidium iodide and annexin V. CCB-induced apoptosis
was significantly reduced by co-treatment with CQ, as
determined by summing percentages in the second and
fourth quadrants that are considered to be the percentage
of apoptotic cells (Figure 5B). These results suggest that
autophagy is associated at least in part with CCB-induced
cell death. It has also been reported that autophagic cell
death is distinct from apoptosis and occurs independently
of caspase activity, and thus, may be induced when the
apoptosis pathway is blocked [33]. To determine the
role of autophagy in CCB-induced cell death, we used
caspase-3 inhibitor Z-DEVD-FMK to block apoptosis in

Mutp53 degradation by NASIDs-induced
autophagy through COX-2 inhibition and COX2-unrelated pathways
Since it has been reported autophagy is a key
regulator of mutp53 stability [13], we considered that
NASID-induced mutp53 degradation might depend
on autophagy. To clarify the role of autophagy in the
instability of mutp53 induced by NSAIDs, we assessed the
effects of NSAIDs on the autophagy-mediated degradation
of mutp53. One approach is to detect LC3 conversion
(LC3-I to LC3-II) by immunoblot analysis because the
amount of LC3-II is clearly correlated with the number
of autophagosomes, and an increase in endogenous
LC3-II may be regarded as a marker for autophagy
[31]. In addition, p62 is known to be incorporated into
autophagosomes and efficiently degraded when autophagy
is induced, thus p62 is also an important marker for the
www.impactjournals.com/oncotarget
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Induction of autophagy by CCB via inhibition of
the Akt/mTOR and STAT3 signaling pathways

CCB-treated CEM/VLB100 cells. CEM/VLB100 cells were
treated with CCB in the presence of Z-DEVD-FMK, and
cell death was determined by flow cytometry. Z-DEVDFMK was not able to prevent CCB-induced apoptotic cell
death (Figure 5C), indicating the existence of a caspaseindependent type of cell death. Moreover, activation of
caspase-3 and PARP cleavage were significantly blocked
but LC3-II level was increased and p62 level was reduced
in CEM/VLB100 cells co-treated with CCB and Z-DEVDFMK compared with the cells treated with CCB alone
(Figure 5D). These results suggest that CCB can induce
caspase-3-independent cell death including autophagic cell
death.

Since Atg7, an essential protein for the induction
of autophagy, is required to recruit other proteins to the
autophagosomal membrane and to form the autophagic
vacuole, and also Akt/mammalian target of rapamycin
(mTOR) signaling pathway negatively regulates
autophagy [36], we next determined whether CCB could
regulate Atg7 expression and phosphorylation of Akt,
mTOR, and p70S6K and eukaryotic initiation factor
4E-binding protein (4E-BP1), two downstream effectors
of mTOR in CEM/VLB100 and MCF7-MDR cells (Figure

Figure 3: Reduction of mutp53 protein levels in MDR cells by NSAIDs. MCF-7 (A) and MCF7-MDR cells (B) were treated

with increasing doses of CCB for 24 h or with 25 μM CCB for the indicated times, and the levels of wild-type (wtp53) and mutant p53
(mutp53) proteins were determined by western blot analysis and. Changes in mutp53 level in CEM/VLB100 or HeyA8-MDR cells treated
with increasing doses of CCB for 24 h (C) and in three MDR cell lines treated with increasing doses of IBU for 24 h (D) were determined
by western blot analysis. MCF7-MDR (E) or CEM/VLB100 cells (F) were treated with cycloheximide (CHX, 20 μg/ml for 3~6 h) in the
absence or presence of 25μM CCB. Changes in mutp53 levels were determined by western blot analysis. β-Actin (actin) was used as a
loading control.
www.impactjournals.com/oncotarget
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6A and 6B) We found that treatment of MDR cells with
CCB resulted in a dose-dependent increase in Atg7
expression but decrease in phospho-Akt (p-Akt), phosphomTOR (p-mTOR), phospho‑p70S6K (p-p70S6K) and
phospho‑4E‑BP1(p-4E‑BP1) without affecting total
levels of them. These results suggest that inhibition of
Akt/mTOR/p70S6K/4E-BP1 phosphorylation by CCB
participates in the event of CCB-induced autophagy.
Recently, myeloid cell leukemia-1 (Mcl-1), an
anti-apoptotic Bcl-2 homolog, has been reported to have
a vital role in the regulation of autophagy and also acts
as a stress sensor that coordinately controls autophagy
and apoptosis [35]. Mcl-1 is known to interact with the
autophagy inducing protein Beclin-1, leading to the
abrogation of autophagy, and thus signal transducer and
activator of transcription 3 (STAT3) mediated-inhibition
of autophagy likely occurs through its ability to augment
Mcl-1 expression [37]. Since STAT3 regulates the

expression of Bcl-2 and Mcl-1, we determined whether
CCB could modulate total and phospho-STAT3 (p-STAT3)
levels and expression of Bcl-2 and Mcl-1 in MDR cells.
In CEM/VLB100 and MCF7-MDR cells, CCB significantly
reduced p-STAT3 and down-regulated the expression of
Mcl-1 and Bcl-2 (Figure 6C and 6D). Furthermore, coimmunoprecipitation studies conducted in CCB-treated
CEM/VLB100 cells revealed CCB reduced the interaction
between Beclin-1 and Mcl-1 without affecting Beclin-1
levels (Figure 6E). These results demonstrated that
CCB suppressed p-STAT3 and Mcl-1 and increased
Beclin-1 release and thus disrupted Beclin-1/Mcl-1
complex by inhibiting the STAT3 signaling pathway.
These observations suggest that CCB induces autophagy
by inhibiting the Akt/mTOR signaling pathway and
disruption Beclin-1/Mcl-1-complex, and that Akt/mTOR
and STAT3 pathways play a role in the regulation of CCBinduced autophagy.

Figure 4: Induction of autophagy and degradation of mutp53 in MDR cells by NSAIDs. CEM/VLB100 (A and B), HeyA8-

MDR cells (C) or MCF7-MDR (D) were treated with IBU (200~800 μM), 2,5-dimethyl-celecoxib (DMC, 5 or 25 μM), or CCB (5 or 25
μM) for 24 h, respectively. The levels of LC3-I/II, p62 and mutp53 were determined by western blot analysis. Actin was used as a loading
control.
www.impactjournals.com/oncotarget
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Inhibition of HSF1 and Hsps and subsequent
down-regulation of P-gp expression by NSAIDs

promoter [17, 18]. Therefore, we hypothesized that downregulation of mutp53 by NASIDs would reduce HSF1/
Hsps and subsequent P-gp levels in MDR cells. To define
NSAIDs have the ability to modulate the expression of
HSF1/Hsps and P-gp, the changes in of HSF1/Hsps and
P-gp levels by CCB and IBU were investigated in three
MDR cell lines. When CEM/VLB100 cells were treated
with increasing doses of CCB, the levels of HSF1 and
subsequent Hsp70/90 were significantly reduced by
treatment of CCB, which caused the down-regulation
of P-gp in the MDR cells (Figure 7A). Similarly, the

Acquired resistance to Hsp90 inhibitor has been
associated with activation of HSF1 and subsequent
induction of Hsp70 [12]. Since mutp53 promoted HSF1
activation and up-regulated expression of Hsps [10, 11],
and STAT3 inhibition by AG490 lead to HSF1 and Hsp70
reduction in primary effusion lymphoma cells [38]. In
addition, both HSF1 and mutp53 selectively up-regulates
P-gp through the transcriptional activation of MDR1

Figure 5: Prevention of CCB-induced autophagic cell death by autophagy inhibitor and crosstalk between CCBinduced apoptotic and autophagic cell death. (A) CEM/VLB100 cells were treated with 25 μM CCB in the absence or presence of 10

mM 3-MA or treated with 20 μM CCB in the absence or presence of 5 μM CQ for 24 h, and levels of p62, mutp53, Bcl-2 and cleaved PARP
(Cl PARP) were determined by western blot analysis. CEM/VBL100 cells were treated with 20 μM CCB and/or 5 μM CQ (B) or 25 μM CCB
and/or 25 μM Z-DEVD-FMK (C) for 24 h, and the percentages of early and late apoptotic cells were quantified by FACS for Annexin-V
and PI staining. Images shown are representative of three independent experiments. (D). Levels of cleaved caspase-3 (Cl cas-3) and Cl
PARP and changed levels of LC3-I/II, p62 and mutp53 of CEM/VBL100 cells treated with 25 μM CCB and/or 25 μM Z-DEVD-FMK for 24
h were determined by western blot analysis.
www.impactjournals.com/oncotarget
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Acceleration of Hsp90 inhibitor-mediated downregulation of mutp53 and suppression of Hsp90
inhibitor mediated-activation of HSF1, Hsp70
and P-gp by NSAIDs

treatment of the MDR cells with IBU resulted in downregulation of HSF1/Hsps and P-gp in CEM/VLB100 cells
(Figure 7B). MCF7-MDR and HeyA8-MDR cells also
showed down-regulation of HSF1, Hsp70/90 and P-gp by
treatment of CCU or IBU (Figure 7C, 7D, 7E and 7F).
These results indicate that treatment of MDR cells with
NASIDs reduced HSF1/Hsps via inhibition of STAT3
pathway, which caused down-regulation of P-gp and
consequently led to sensitization of MDR cells to Hsp90
inhibitors.

Resistance of MDR cells to Hsp90 inhibitors has
been closely linked to up-regulation of P-gp as well as
HSF1/Hsps [19]. We therefore hypothesized that downregulation of mutp53 and HSF1/Hsps and consequent
suppression of P-gp function by NASIDs could contribute
to sensitize MDR cells to Hsp90 inhibitors and thus reverse

Figure 6: Inhibition of Akt/mTOR signaling pathway and disruption of Beclin-1/Mcl-1 complex via inhibition of
STAT3 signaling pathway by CCB in MDR cells. CEM/VLB100 (A) or MCF7-MDR cells (B) were treated with increasing doses

of CCB for 36 h, and Atg7, Akt/p-Akt, mTOR/p-mTOR, p70S6K/p-p70S6K, and 4E-BP1/p-4E-BP1 levels were determined by western
blotting. The expressions of STAT3/p-STAT3 and Mcl-1 in two MDR cells treated with increasing doses of CCB for 36 h (C and D) were
determined by western blot analysis (E). Mcl-1 or Beclin-1 were immunoprecipitated from CEM/VLB100 cells treated with CCB (25 μM for
36 h) and analyzed for the presence of Mcl-1 or Beclin-1, respectively.
www.impactjournals.com/oncotarget
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Hsp90 inhibitor resistance of the cells. We first determined
whether CCB could enhance susceptibility of CEM/
VLB100 cells to 17-AAG-induced apoptosis using flow
cytometry. We observed a dose-dependent sensitization of
CEM/VLB100 cells to 17-AAG-induced apoptosis by CCB
(Figure 8A). Next, we examined whether combination of
Hsp90 inhibitor and CCB could modulate Hsp90 inhibitormediated changes in mutp53/HSF1/Hsp70 and p62 levels
and PARP activity in MCF7-MDR and HeyA8-MDR
cells (Figure 8B and 8C). CCB significantly augmented
17-AAG-mediated degradation of mutp53 and suppressed

17-AAG-mediated activation of HSF1 and up-regulation
of Hsp70 in these MDR cells. We also determined whether
CCB could potentiate Hsp90 inhibitor-mediated reduction
of p62 in MDR cells since geldanamycin, one of Hsp90
inhibitors, could induce autophagy by modulating LC3II and p62 expression [39]. CCB accelerated 17-AAGmediated reduction of p62 level, indicating that the
combined effect of 17-AAG and CCB on the induction
of autophagy would accelerate 17-AAG-mediated mutp53
degradation by CCB in these MDR cells. As was expected,
PARP cleavage was enhanced by co-treatment with 17-

Figure 7: The effects of NSAIDs on HSF1, Hsp70/90 and P-gp levels in MDR cells. CEM/VLB100 (A and B), MCF7-MDR (C

and D) or HeyA8-MDR cells (E and F) were treated with increasing doses of CCB for 36 h (or IBU for 24 h), and changed levels HSF1,
Hsp70/90 and P-gp were determined by western blot analysis.
www.impactjournals.com/oncotarget
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AAG and CCB versus 17-AAG alone. Moreover, IBU also
significantly reduced 17-AAG (or AUY922)-mediated
mutp53, HSF1/Hsp70, and p62 levels but enhanced PARP
cleavage in MCF7-MDR and HeyA8-MDR cells (Figure
8D and 8E). Similarly, CEM/VLB100 cells showed that

CCB accelerated 17-AAG-mediated down-regulation of
p62 and mutp53 degradation and suppressed 17-AAGmediated activation of HSF1 and up-regulation of Hsp70,
resulting in enhanced PARP cleavage (Figure 9A). In
addition, the combined effect of IBU and AUY922 on

Figure 8: Enhancement of Hsp90 inhibitor-induced apoptosis and acceleration of autophagic mutp53 degradation and
suppression of HSF1/Hsp70 activation of MDR cells treated with Hsp90 inhibitor by NSAIDs. (A) CEM/VBL100 cells were
treated with 17-AAG (3 or 25 μM) and/or CCB (10 or 30 μM) for 24 h, and the percentages of viable, early apoptosis and late apoptosis/
necrosis cells were assessed by flow cytometry with AnV/IP staining. MCF7-MDR (B and D) and HeyA8-MDR (C and E) were treated
with 17-AAG (1 or 10 μM) or AUY922 (10 or 50 nM) in the presence or absence of 25 μM CCB (or 300 μM IBU) for 24 h. Change levels
of mut p53, HSF1/Hsp70, p62 and cleaved PARP were determined by western blot analysis.
www.impactjournals.com/oncotarget
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autophagic degradation of mutp53 and suppression of
HSF1/Hsp70 was occurred in CEM/VLB100 cells, and
consequently IBU accelerated AUY922-mediated-caspase
3 activation and Bcl-2 down-regulation (Figure 9B). When
the apoptotic effects of 17-AAG, CCB alone, or 17-AAG
plus CCB on CEM/VLB100 cells were assessed by flow
cytometry, it was found that co-treatment of 17-AAG and
CCB had a significantly greater effect than treatment with
17-AAG or CCB alone (Figure 9C) Similarly, potentiation
of AUY922-induced apoptosis by IBU was observed in
CEM/VLB100 cells (Figure 9D). These results suggest that
down-regulation of Hsp70 and mutp53 by NSAIDs may
contribute to sensitize MDR cells to Hsp90 inhibitormediated apoptosis. We next determined whether the
combined effect of 17-AAG and CCB on autophagy
induction and mutp53 degradation could be prevented by
inhibiting autophagy. After co-treatment of CEM/VLB100
cells with 17-AAG and CCB in the absence or presence
of LY294002, an early stage autophagy inhibitor, or CQ,
we then examined changes in mutp53 and p62 levels and
PARP activity (Figure 9E and 9F). The acceleration of the
17-AAG-induced down-regulation of mutp53 and p62
and PARP activation by CCB were prevented by early- or
late- stage autophagy inhibitors, indicating that inhibition
of autophagy, either at early or late stage of the process,
could block autophagic degradation of mutp53 induced by
combined treatment with17-AAG and CCB.
Since P-gp-mediated Hsp90 inhibitor efflux limits
the effectiveness of Hsp90 inhibitors [19, 40], we asked
whether down-regulation of mutp53 and HSF1/Hsp70
by NSAIDs would effectively block the pump function
of Hsp90 inhibitor-mediated P-gp activity. For this
purpose, P-gp-mediated transport/efflux was examined
using intracellular reduction of fluorescent P-gp substrate
Rhodamine 123 (Rho123) determined by flow cytometry
in three MDR cell lines treated with 17-AAG or CCB
alone versus 17-AAG combined with CCB. In terms of
blocking P-gp-mediated Rho123 efflux, co-treatment with
CCB and 17-AAG was more effective than each drug
alone at blocking P-gp-mediated Rho123 efflux, possibly
caused by CCB-induced down-regulation of P-gp in CEM/
VLB100 cells (Figure 10A). Similarly, IBU and 17-AAG
had combination effect in blocking P-gp-mediated Rho123
efflux of CEM/VLB100 cells (Figure 10B). We also checked
the effect of NSAIDs on Rho123 efflux in MCF7-MDR
cells. The efflux of Rho123 in MCF7-MDR cells was
prominently blocked by co-treatment of 17-AAG and CCB
(or IBU) compared with each drug alone (Figure 10C and
10D). When HeyA8-MDR cells treated with 17-AAG,
Rho123 efflux increased, possibly due to the induction of
Rho123 efflux by 17-AAG, though this was significantly
suppressed by co-treatment of CCB (or IBU) and 17-AAG
(Figure 10E and 10F). These results suggest that downregulation of mutp53/HSF1 and consequent inhibition of
P-gp function by NSAIDs may involve sensitization of
MDR cells to Hsp90 inhibitors. Hence, we propose that
www.impactjournals.com/oncotarget

NSAIDs promote both apoptotic and autophagic cell
death through inhibition of Akt/mTOR/p70S6K pathway
and down-regulation of Bcl-2/Mcl-1, and thus trigger
autophagy-mediated degradation of mutp53 and suppress
activity of HSF1/Hsp70 and P-gp, eventually leading to
sensitization of MDR cells to Hsp90 inhibitors (Figure 11).

DISCUSSION
Resistance to drug therapy remains a major
challenge in cancer chemotherapy. In vitro screening
of clinical drugs to enhance Hsp90 inhibitor activity in
human MDR cancer cells, we found that CCB and IBU,
clinically approved NSAIDs, could significantly increase
sensitivity of multiple human MDR cancer cell lines
toward Hsp90 inhibitors and sensitize the MDR cells to
Hsp90 inhibitors, representing NSAIDs as a new class
of chemosensitizers for Hsp90 inhibitors. Previously,
we reported that amurensin G, a natural SIRT1 inhibitor,
enhanced susceptibility of MDR cancer cells to Hsp90
inhibitors, but clinical trial of amurensin G have not
been performed yet. NSAIDs, a commonly used class of
drugs that act to reduce inflammation, have been tested
in clinical trials for its chemopreventive and therapeutic
effects against a broad spectrum of human cancers either
as a single agent or in combination with other agents [20–
25].
We firstly found that NSAIDs-mediated autophagic
degradation of mutp53 protein in multiple human MDR
cell lines. In MCF7-MDR cells carrying mutp53, CCB
consistently reduced mutp53 levels in a dose and time
dependent manner but the level of wtp53 protein in CCBtreated parental MCF-7 cells carrying wtp53 was increased
under the same conditions, indicating that the regulation
of the stability of mutp53 differs from that of wtp53,
and mutp53 may be a direct substrate for autophagic
degradation. This finding concurs with that of previous
study, in which autophagy promoted the destabilization
of mutp53 but stabilized wtp53 [13]. Accumulation
of mutp53 in MDR cells are known to contribute to
resistance to multiple anticancer agents including
Hsp90 inhibitors [17, 19]. Thus, prevention of mutp53
accumulation provides an important chemopreventive
and chemotherapeutic strategy. Furthermore, Hsp90 is
known to be required for the post-translational stability
of mutp53, and Hsp90 inhibitors promote the degradation
of mutp53 [16]. It is also known that ubiquitin-dependent
proteasomal degradation of wtp53 proceeds via the
E3-ubiquitin ligase MDM2 [41]. Recently, it has been
reported that autophagy is the main route for mutp53
degradation and autophagy controls mutp53 expression
levels [42]. Since many p53 mutations have a misfolded
configuration and display a high tendency to aggregate,
they possess characteristics of typical autophagic
substrates. Autophagy protects cells from different types
of stress and does not necessarily induce cell death, but
12
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on the other side may contribute to cell death (type II
programmed cell death, referred to as autophagic cell
death). In fact, as autophagy functions to suppress tumors,
autophagic activity is often impaired in cancer cells [13].
We present here a novel NSAIDs-induced strategy for
killing MDR cells expressing high levels of mutp53 that
offers the possibility of reducing elevated mutp53 level in

MDR cells. Autophagy may permit cells to survive under
unfavorable conditions [31], but paradoxically, stimulation
of autophagy in cancer cells could induce cell death, and
therefore autophagy, consistent with apoptosis, is also
important for the regulation of cancer development and
progression and may be regarded as a potential therapeutic
approach for anticancer researches [32]. Indeed, rapamycin

Figure 9: Attenuation of NSAIDs-induced autophagic degradation of mutp53 and apoptosis in MDR cells treated with
Hsp90 inhibitor by autophagy inhibition. CEM/VBL100 cells were co-treated with 17-AAG (1 or 10 μM) 25 μM CCB or AUY922

(10 or 50 nM) in the presence or absence of (or 300 μM IBU) for 24 h, respectively, and changed levels of mut p53, HSF1/Hsp70, p62, Bcl2, Cl cas-3 and Cl PARP were determined by western blot analysis (A and B). CEM/VLB100 cells were treated with 10 μM 17-AAG and/or
10 μM CCB (C) or 50 nM AUY922 and/or 300 μM IBU for 24 h (D), and the percentages of early and late apoptotic cells were assessed by
flow cytometry with Annexin-V/PI staining. Images shown are representative of three independent experiments. CEM/VLB100 cells were
co-treated with 25 μM CCB and 10 μM 17-AAG in the presence or absence of 10 μM LY294002 (or 5 μM CQ) for 24 h and changed levels
of mutp53, p62 and Cl PARP were determined by western blot analysis (E and F).
www.impactjournals.com/oncotarget
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exhibits an antitumor effect by inducing autophagy in
malignant glioma cells and malignant chronic myeloid
leukemia, respectively [43]. The functional relationship
between autophagic and apoptotic pathways is complex
because apoptotic and autophagic response machineries
share common inducers, components and this sometimes
results in combined autophagy and apoptosis [44], which
raises the possibility of developing anti-cancer strategies

based on the synergistic modulations of autophagy and
apoptosis. Autophagic cell death occurs independently of
caspase activity and may be induced when the apoptosis
pathway is inhibited. In the present study, treatment of
MDR cells with Z-DEVD-FMK (a caspase-3 inhibitor)
did not restore cell viability and failed to suppress CCBinduced cell death completely, indicating that apoptosis
induced by CCB is partially regulated by a caspase-3

Figure 10: Effect of NSAIDs on P-gp-mediated efflux activity of Hsp90 inhibitors in MDR cells. Cell suspensions were
isolated from CEM/VBL100 (A and B), MCF7-MDR (C and D) or HeyA8-MDR cells (E and F) treated with 5 μM 17-AAG in the presence
or absence of CCB (25 μM for 36 h) or IBU (400 μM for 24 h). And then these are incubated with rhodamine 123 (Rho123) and further
incubated at 37°C for 4 h to allow P-gp transporter-mediated efflux. Cellular fluorescences were analyzed immediately by flow cytometry.
www.impactjournals.com/oncotarget
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independent, autophagy-based cell death mechanism
in MDR cells. In addition, CCB-induced autophagic
cell death accelerated 17-AAG-induced autophagy,
and subsequent mutp53 down-regulation by CCB were
blocked by pretreating MDR cells with autophagy
inhibitor, which indicates autophagy inhibition prevents
the autophagic degradation of mutp53 by treatment of
CCB alone or combined treatment of CCB with Hsp90
inhibitor. As a response to anticancer treatments, whether
autophagy activation leads to cell survival or cell death
remains controversial, and also autophagy has a dual role
in MDR tumors, having tumor-promoting and tumorsuppressing properties [41]. In the present study, NSAIDs
induced autophagy in multiple MDR cells since treatment
of MDR cells with NSAIDs such as CCB and IBU led to
a dose-dependent increase in LC3-II level and decrease
in p62 level that plays a central role in autophagyassociated cell death, which also contributed to potentiate
Hsp90 inhibitor-induced cell death of MDR cells by
NSAIDs. NASIDs induced mutp53 degradation of MDR
cells through autophagy in COX-2 inhibition and COX2-unrelated pathways since COX-2 inactive analogue
DMC also induced autophagic degradation of mutp53.
Indeed, a number of selective COX-2 inhibitors involving
CCB possessed many additional targets besides COX-2
through which they exert their antitumor activities [33].
Therefore, we propose a molecular mechanism whereby
COX-2 inhibition and COX-2-unrelated pathways cause
the degradation/down-regulation of mutp53 in MDR cells,
which rendered MDR cells sensitive to Hsp90 inhibitormediated cell death.
We present that inhibition of Akt/mTOR/
p70S6K/4E-BP1 phosphorylation participates in the
molecular events of CCB-induced autophagy. Moreover,
CCB induced down-regulation of p-STAT3 and Mcl-1,
a downstream target of STAT3, and caused to release of
Beclin-1 and disruption of the Beclin-1/Mcl-1 complex,

and it could contribute to induce autophagy in MDR cells
because Mcl-1-dependent activation of Beclin-1 through
disruption of the Beclin-1/Mcl-1 complex mediates
autophagic cell death [37]. Mcl-1 plays a key role in
determining cell fate by coordinately regulating apoptosis
and autophagy. Indeed, in a previous study, CCB induced
apoptosis by inhibiting the expressions of p-STAT3
and Mcl-1 in nasopharyngeal carcinoma cells [45].
Therefore, inactivation of STAT3 and subsequent downregulation of Mcl-1 by NSAIDs might be a key event in
the activation of apoptosis and autophagy in MDR cells.
The Hsp90 inhibitor-induced activation of HSF1 and upregulation Hsp70, major determinants of Hsp90 inhibitor
resistance, might be modulated by the expression of Mcl-1
through STAT3 signaling [37]. Indeed, down-regulation
of the expression of HSF1/Hsp70 by STAT3 inhibitor
AG490 suppressed Mcl-1 and led to the induction of
apoptosis and autophagy in primary effusion lymphoma
cells [38]. The present study shows that CCB-mediated
down-regulation of STAT3/Mcl-1 was associated with
down-regulation of HSF1 and Hsp70/90 in MDR cells,
suggesting down-regulation of Hsps by NSAIDs leads
to induction of autophagy as a compensatory mechanism
to maintain cell integrity. Therefore, our results suggest
that regulation of Akt/mTOR and STAT3/Mcl-1 pathways
plays a major role in activation of autophagy and apoptosis
in MDR cells. As mutp53 is an important determinant
of HSF1 activity, HSF1 is specifically up-regulated by
mutp53 but not wtp53 [11] and also controls the stability
of mutp53 protein in human cancer cells via activation of
Hsp90, which strongly stabilizes mutp53 [41], indicating
cross-talk between HSF1 and mutp53. Moreover, upregulation of HSF1 and mutp53 could increase MDR1/Pgp expression in MDR cells [17, 18], and thus, inhibition
of HSF1/Hsps and mutp53 by NSAIDs might contribute
to the overcoming of Hsp90 inhibitor resistance in
MDR cells [19]. It has been reported that IBU inhibits

Figure 11: A proposed model of molecular targets of celecoxib in enhancing the cytotoxicity of Hsp90 inhibitors and
promoting both apoptotic and autophagic cell death. Inhibition of Hsp90 leads to disruption of regulatory complexes of Hsp90

with HSF1 and client protein such as mutp53, thereby causing HSF1-mediated induction of Hsps such as Hsp70 and up-regulation of
MDR1/P-gp, which is responsible for the resistance of MDR cells to Hsp90 inhibitor. CCB inhibits phosphorylation of STAT3 that can
up-regulate HSF-1, resulting in reduced resistance against Hsp90 inhibitor in MDR cells. Moreover, CCB can promote both apoptotic and
autophagic cell death through inhibition of Akt/mTOR/p70S6K pathway and down-regulation of Bcl-2/Mcl-1, which trigger autophagymediated degradation of mutp53.
www.impactjournals.com/oncotarget
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the expression of Hsp70 by down-regulating HSF1 in
human lung cancer A549 cells [26]. Our data show that
NSAIDs including CCB and IBU have the ability to
down-regulate HSF1/Hsps, and thus, to reverse Hsp90
inhibitor resistance in MDR cells. Knockdown of HSF1
significantly promoted starvation-induced autophagy
and conversely overexpression of Hsp70 significantly
blocked this autophagy induction in cell culture model
[46], indicating involvement of HSF1/Hsp70 expression
in autophagy regulation. Our results indicated that downregulation of HSF1/Hsps by NSAIDs was involved in
autophagy induction in MDR cells, which is possibly
aimed at the elimination of the accumulating unfolded
proteins such as mutp53. To the best of our knowledge,
this is the first study to demonstrate that NSAIDs induce
autophagy and promote the apoptotic and autophagic cell
deaths of MDR cells treated with Hsp90 inhibitor, and that
NSAIDs significantly attenuated Hsp90 inhibitor-mediated
upregulation of HSF1/Hsp70 levels and accelerated Hsp90
inhibitor-mediated of p62 reduction, mutp53 degradation
and PARP cleavage, suggesting that NSAIDs can increase
the cytotoxicity of Hsp90 inhibitors via augmentation of
autophagic and apoptotic pathways. It has been reported
that over-expression of P-gp is a possible mechanism of
acquired resistance to Hsp90 inhibitors [12, 19, 40], and
thus P-gp inhibitors might offer a means of overcoming
Hsp90 inhibitor resistance caused by P-gp overexpression. Our data showed that co-treatment of CCB
(or IBU) and 17-AAG resulted in suppression of P-gp
pump function through blocking P-gp-mediated efflux
of Rho123 more effectively than CCB (or IBU) alone in
multiple MDR cell lines, indicating that NSAIDs-induced
potentiation of Hsp90 inhibitor cytotoxicity in MDR
cells depends on down-regulation of mutp53/HSF1/P-gp
signaling cascade.
Taken together, our results have demonstrated that
NSAIDs promote both apoptotic and autophagic cell death
through inhibition of Akt/mTOR/p70S6K pathway and
down-regulation of Bcl-2/Mcl-1, and consequently trigger
autophagy-mediated degradation of mutp53 and suppress
Hsp90 inhibitor-induced activation of HSF1/Hsp70
and P-gp, causing sensitization of MDR cells to Hsp90
inhibitors. Therefore, CCB and IBU can be considered
as chemosensitizers of Hsp90 inhibitor for effective
treatment of MDR cancers.

(MCF7-MDR and HeyA8-MDR cells) or RPMI1640
(CEM/VLB100 cells) supplemented with 10% fetal bovine
serum and were incubated at 37°C, 5% CO2 and 95%
humidity. 17-allylamino-17-demethoxy-geldanamycin
(17-AAG) and NVP-AUY922 were purchased from Enzo
Life Sciences Inc. (Farmingdale, NY, USA) and Selleck
Chemicals (Houston, TX, USA), respectively. Celecoxib
(CCB), (S)-(+)-ibuprofen (ibuprofen, IBU), cycloheximide
(CHX), chloroquine (CQ), 3-methyladenine (3MA),
2, 5-dimethyl-celecoxib (DMC) and LY294002 were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Z-DEVD-FMK was purchased from R&D Systems
(Minneapolis, MN, USA).

Cell proliferation assay
The effects of Hsp90 inhibitor and/or NSAIDs
on cell proliferation were determined using a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. Exponentially growing MDR cells
were plated in a 96-well plate and treated with 17-AAG
or AUY922 in the presence or absence of CCB or IBU, at
37°C for 96 h. Growth inhibitions of drug-treated MDR
cells were expressed as percentages of untreated controls.
At least two separate experiments were performed in
triplicate. Interactions between 17-AAG (or AUY922)
and CCB (or IBU) were assessed using the Compu-Syn
Software program (ComboSyn, Paramus, NJ, USA),
which utilizes the Chou-Talalay equation. A combination
index (CI) of < 0.9 represents drug synergism, of 0.9 to
< 1.1 near additive effects, and of ≥ 1.1 antagonism. All
experiments were carried out in triplicate.

Western blot and co-immunoprecipitation
analysis
Cell lysates from control and drug-treated cells were
prepared using M-PER Reagent (Thermo Scientific Inc.,
USA). Lysates were clarified by centrifugation, and equal
amounts of proteins were resolved by SDS-PAGE and
immunoblotted with indicated antibodies. Western blot
analysis was performed using specific primary antibodies
against LC3 and p62 (Novus Biologicals, Littleton, CO,
USA), Atg7, Beclin-1, Mcl-1, STAT3, phospho-STAT3
(Tyr705) Akt, phospho-Akt (Thr308), mTOR, phosphomTOR (Ser2448), 4E-BP1, phospho-4E-BP1 (Thr37/46),
p70S6K, phospho‑p70S6K (Thr389) and caspase-3 (Cell
Signaling, Danvers, MA, USA), p53, PARP, Bcl-2, Bax,
HSF1, P-gp (Santa Cruz Biotechnology, CA, USA),
Hsp70, Hsp90 (Enzo Life Sciences, NY, USA) and b-actin
(Sigma-Aldrich, St. Louis, MO, USA). The p53 antibody
(DO-1) used was a mouse monoclonal antibody raised
against amino acids 11-25 of p53 of human origin, which
was recommended for detection of wild and mutant human
p53. For co-immunoprecipitation, whole cell extracts
from CEM/VLB100 cells treated with or without CCB

MATERIALS AND METHODS
Cell culture and reagents
Three human MDR cell-line variants, MCF7MDR cells isolated from human breast cancer MCF7 cells, CEM/VLB100 cells isolated from CEM human
lymphoblastic leukemia cells and HeyA8-MDR cells
isolated from HeyA8 human ovarian cancer cells were
used in this study. These cells were maintained in DMEM
www.impactjournals.com/oncotarget
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