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Nonsteroidal Anti-inflammatory Drugs Sensitize CD44-Overexpressing Cancer 
Cells to Hsp90 Inhibitor Through Autophagy Activation

Hyun-Jung Moon,1 So-Young Park,1 Su-Hoon Lee, Chi-Dug Kang, and Sun-Hee Kim

Department of Biochemistry, Pusan National University School of Medicine, Yangsan, South Korea

Recently, novel therapeutic strategies have been designed with the aim of killing cancer stem-like cells (CSCs), 
and considerable interest has been generated in the development of specific therapies that target stemness-
related marker of CSCs. In this study, nonsteroidal anti-inflammatory drugs (NSAIDs) significantly poten-
tiated Hsp90 inhibitor 17-allylamino-17-demethoxygeldanamycin (17-AAG)-mediated cytotoxicity through 
apoptotic and autophagic cell death induction, but COX-2-inhibitory function was not required for NSAID-
induced autophagy in CD44-overexpressing human chronic myeloid leukemia K562 (CD44highK562) cells. 
Importantly, we found that treatment with NSAIDs resulted in a dose-dependent increase in LC3-II level and 
decrease in p62 level and simultaneous reduction in multiple stemness-related markers including CD44, Oct4, 
c-Myc, and mutant p53 (mutp53) in CD44highK562 cells, suggesting that NSAIDs could induce autophagy, 
which might mediate degradation of stemness-related marker proteins. Activation of AMPK and inhibition 
of Akt/mTOR/p70S6K/4EBP1 participated in NSAID-induced autophagy in CD44highK562 cells. In addition, 
treatment of CD44highK562 cells with NSAIDs inhibited expression of HSF1/Hsps, which resulted in suppres-
sion of 17-AAG-induced activation of Hsp70, leading to reversal of 17-AAG resistance and sensitization of 
CD44highK562 cells to 17-AAG by NSAIDs. In conclusion, combining NSAIDs with Hsp90 inhibitor may offer 
one of the most promising strategies for eradication of CD44-overexpressing CSCs.
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INTRODUCTION

Cancer stem (-like) cells (CSCs) are characterized 
by an ability to self-renew and have a profound effect 
on tumorigenesis and progression1. In addition, CSCs 
resist chemo- and radiotherapy via their powerful self- 
renewal capacity, drug effluxion, and antiapoptotic abil-
ity. Conventional anticancer drugs kill rapidly prolifer-
ating non-CSCs, but have less effect on CSCs. Therefore, 
therapeutic strategies targeting CSCs may bring new and 
effective cancer therapy2.

Heat shock protein 90 (Hsp90) is an ATP-dependent 
molecular chaperone that is exploited by cancer cells to 
support activated oncoproteins, including many cancer-
associated kinases and transcription factors, and therefore 
Hsp90 may serve as a therapeutic target for the treatment 
of cancer3. Hsp90 inhibitor treatment leads to activation of 
the heat shock factor (HSF1). HSF1 is the master regulator 
of genes encoding molecular chaperones, and it upregulates 

heat shock proteins such as Hsp70, which causes a reduced 
Hsp90-targeted drug efficacy and resistance to Hsp90 
inhibitor4. HSF1 also controls the stability of mutant p53 
(mutp53) protein, a client of Hsp90, in human cancer cells 
through activation of Hsp905, and inhibition of Hsp90 has 
been shown to promote the degradation of mutp53 pro-
tein6. Therefore, the oncogenicity of mutp53 critically 
depends on HSF1 and/or a HSF1-mediated transcriptional 
program7. It has been reported that mutp53 is frequently 
expressed in a variety of human tumors and has a major 
role in formation of CSCs, and also HSF1 is necessary 
to regulate and maintain CSC phenotype in breast can-
cer cells, which makes mutp53 and HSF1 potential targets 
to develop CSC-specific therapies4,8. In addition, mutp53 
contributes to activation of HSF1 that increases expression 
level of multidrug resistance 1 (MDR1)/P-glycoprotein 
(P-gp)9, indicating the role of mutp53 expression in drug 
resistance of CSCs. Since it has been reported that P-gp-
mediated efflux of Hsp90 inhibitors is a limiting factor 



Delivered by Ingenta
IP: 89.252.132.194 On: Thu, 23 Jun 2022 05:51:52

Article(s) and/or figure(s) cannot be used for resale. Please use proper citation format when citing this article including the DOI,
publisher reference, volume number and page location.

836 MOON ET AL.

affecting the sensitivity of Hsp90 inhibitors against cancer 
cells10, downregulation of mutp53 and HSF1, which could 
reduce P-gp, might be involved in reversal of resistance 
against Hsp90 inhibitors. In addition, positive expression 
of mutp53 and CD44 is directly associated with clinico-
pathological features and poor prognosis of oral squamous 
cell carcinoma11. CD44 is the most common CSC surface 
marker and has a pivotal role in CSC communication with 
the microenvironment and in regulating CSC stemness 
properties, indicating that targeting CD44 is a promising 
approach with the potential to eliminate CSCs.

The effectiveness of long-term and regular use of 
nonsteroidal anti-inflammatory drugs (NSAIDs) in the 
prevention and treatment of certain cancers, including 
prostate, colon, breast, lung, and gastric cancers, has 
been suggested12. Celecoxib (CCB), a cyclooxygenase-2 
(COX-2)-selective NSAID, has been reported to increase 
the sensitivity of tumor cells to chemotherapy and radio-
therapy in preclinical investigations, and therefore CCB is 
an attractive drug for anticancer treatment13,14. Ibuprofen 
(IBU), a nonselective NSAID, also reduced the cancer-
ous characteristics of the adenocarcinoma gastric cells by 
inducing apoptosis, inhibition of cell proliferation, angio-
genesis, and stemness of the cells15. Moreover, NSAIDs 
can sensitize cancer cells to the antiproliferative effects  
of cytotoxic drugs via P-gp modulator activity16–19.

Eradicating CSCs by efficient targeting agents may 
have the potential to cure cancer. More complete elucida-
tion of the mechanisms underlying resistance of CSCs to 
treatment is necessary and may provide a more effective 
therapy to overcome such resistance. Herein we show 
that NSAIDs considerably potentiate sensitivity of CD44-
overexpressing CD44highK562 cells to Hsp90 inhibitor 
17-AAG by downregulation of multiple stemness-related 
markers and suppression of 17-AAG-induced Hsp70 
activation in CD44highK562 cells, suggesting one of new 
therapeutic approaches to eradicate CSCs.

MATERIALS AND METHODS

Cell Culture and Reagents

CD44highK562 cells isolated from human K562 chronic 
myeloid leukemia cell line showed higher protein levels  
of stemness-related markers and ABC transporters com-
pared with those of the parental K562 cells20. CD44high 

K562 cells maintained characteristics of cell morphology, 
cell proliferation ability, and high expression of stemness-
related markers through serial culture until passage 15 after 
recovery from stocks. Human lymphoblastic leukemia 
multidrug-resistant (MDR) CEM/VLB100 and MCF7-MDR 
(originally named MCF-7/Adr) cells were kindly provided 
by Dr. Fiedler (MD Anderson, Houston, TX, USA)21. 
Cells were maintained in RPMI or DMEM medium 
(Invitrogen, Carlsbad, CA, USA) supplemented with 

10% FBS and maintained at 37°C in humidified 5% CO2 
atmosphere. 17-Allylamino-17-demethoxygeldanamycin 
(17-AAG) was purchased from Enzo Life Sciences 
(Farmingdale, NY, USA). Celecoxib (CCB), ibuprofen 
(IBU), cycloheximide (CHX), 3-methyladenine (3-MA), 
chloroquine (CQ), 2,5-dimethyl-celecoxib (DMC), and 
rapamycin were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Z-DEVD-FMK was purchased from R&D 
Systems (Minneapolis, MN, USA). OSU-03012 was pur-
chased from Selleckchem (Houston, TX, USA).

Cell Proliferation Assay

Cell proliferation was measured using the 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay. Exponentially growing cells were plated 
in a 96-well plate and incubated in growth medium con-
taining the indicated concentrations of 17-AAG and/or 
CCB/IBU at 37°C for 96 h. Inhibition of cell prolifera-
tion was expressed as a percentage of the untreated con-
trol cell growth. Interactions between 17-AAG and CCB/
IBU were assessed using the CompuSyn Software pro-
gram (ComboSyn, Paramus, NJ, USA), which utilizes the 
Chou–Talalay equation. Combination index (CI) was used 
to determine synergy (CI < 0.9), additivity (0.9 < CI < 1.1), 
and antagonism (CI > 1.1) of the drug combinations tested.  
All experiments were carried out in triplicate.

Western Blot and Coimmunoprecipitation Analysis

Protein samples were separated by SDS-PAGE and 
blotted to a nitrocellulose membrane (Hybond-ECL, GE 
Healthcare, USA). The membrane was incubated with 
antibody as specified, followed by secondary antibody  
conjugated with horseradish peroxidase. Specific antigen–
antibody complexes were detected by enhanced chemilu-
minescence (PerkinElmer, Life Science, Waltham, MA, 
USA). Western blot analysis was performed with the fol-
lowing antibodies: LC3B (LC3), p62 (Novus Biologicals, 
Littleton CO, USA), CD44, Oct4, Atg7, Beclin1, Mcl-1, 
STAT3, phospho-STAT3 (Tyr705), AMPK, phospho-
AMPK (Thr172), Akt, phospho-Akt (Thr308), mTOR, 
phospho-mTOR (Ser2448), 4E-BP1, phospho-4E-BP1 
(Thr37/46), p70-S6 kinase (p70S6K), phospho-p70S6K 
(Thr389), caspase 3 (Cell Signaling, Danvers, MA, USA), 
c-Myc (Epitomics, CA, USA), β-actin (Sigma-Aldrich), 
p53, HSF1, P-gp (Santa Cruz Biotechnology, Santa Cruz, 
CA, USA), Hsp27, Hsp70, and Hsp90 (Enzo Life Sciences). 
The p53 antibody (DO-1) is a mouse monoclonal anti-
body raised against amino acids 11–25 of p53 of human 
origin, as recommended for detection of wild and mutp53 
of human origin. For coimmunoprecipitation, whole cell 
extracts from CD44highK562 cells treated with or without 
CCB were incubated with indicated antibody overnight at 
4°C. Protein G-Sepharose beads with immunocomplexes 
were boiled, electrophoresed on 8% SDS-polyacrylamide 
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gels, and analyzed by Western blotting using the indica-
ted antibody. Data shown are representative results from 
at least two independent experiments.

Apoptosis Assessment by Annexin V Staining

CD44highK562 cells were treated with 17-AAG 
in the presence/absence of CCB/IBU or autophagy/
apo ptosis inhibitor under indicated conditions for 24 h.  
Subsequently, cells were centrifuged and resuspended 
in 100 μl of the kit’s staining solution containing annex-
in V–fluorescein (FITC Apoptosis detection kit; BD 
PharMingen San Diego, CA, USA) and propidium iodide 
(PI; Sigma-Aldrich) in HEPES buffer. After incubation 
at room temperature for 20 min, the percentages of early 
and late apoptotic cells were quantified by performing 
FACS for annexin V and PI staining.

Flow Cytometric Analysis for CD44 Surface Expression

Surface expression of CD44 on cells treated with or 
without NSAIDs was determined by flow cytometry. 
Briefly, cells were washed once at the time of harvest-
ing with PBS/0.1% sodium azide and aliquoted into 
polystyrene tubes. Cells were stained with FITC-labeled 
anti-CD44 mAbs (BD PharMingen). Autofluorescence  
and isotype (IgG2b)-matched control Abs (BD Bio-
sciences, San Jose, CA, USA) were included. Data were 
acquired on a CANTO II and Calibur (BD Biosciences) 
and analyzed using FlowJo (ver. 10; Tree Star, Ashland, 
OR, USA).

Statistical Analysis

A Student’s t-test was used to calculate the statistical 
significance of the experimental data, and the level of  
significance was set as p < 0.05, p < 0.01, and p < 0.001.

RESULTS

Potentiation of Hsp90 Inhibitor-Mediated Cytotoxicity 
and Apoptosis by NSAIDs

CD44highK562 cells exhibited highly enriched in CD44+ 
population (92.1%) compared with parental K562 cells 
(0.3%) (Fig. 1A). Indeed, we reported that CD44highK562 
cells exhibited high basal expression of stemness-related 
markers such as Oct4, CD34, mutp53, c-Myc, and ABC 
transporters as well as CD44, and resistance to multiple 
anticancer drugs, and inhibition of P-gp by SIRT1 inhibi-
tor promoted reversal of drug resistance20. Since some 
NSAIDs displayed inhibitory activity of P-gp18,19,22, we 
determined whether clinically useful NSAIDs could act 
as a new class of chemosensitizer for Hsp90 inhibitor-
resistant CD44highK562 cells. CD44highK562 cells treated 
with 17-AAG, an ansamycin Hsp90 inhibitor, in the pres-
ence or absence of CCB showed that combined treatment 
of 17-AAG and CCB significantly increased cytotoxicity 
compared to either of the drugs alone, and average CI 

values for combination treatments with 17-AAG and CCB 
were lower than 1 at all concentrations, indicating a syner-
gistic effect in CD44highK562 cells (Fig. 1B), even though 
CCB sensitivity of CD44highK562 cells (IC50; 15.6 μM)  
was less sensitive than that of parental K562 cells (IC50; 
8.5 μM; data not shown). This result indicates that CCB 
synergistically enhances celecoxib-induced growth and 
could sensitize CD44highK562 cells to 17-AAG. Next, 
the combined effect of Hsp90 inhibitor and NSAIDs on 
apoptosis was further confirmed. Induction of apoptosis 
was monitored with flow cytometry using PI and annexin 
V. When CD44highK562 cells were treated with 17-AAG 
(1 or 10 μM) in the presence or absence of CCB (10 μM)  
or IBU (400 μM), both CCB and IBU significantly 
enhanced 17-AAG-induced apoptosis in CD44highK562 
cells, as determined by summing percentages in the sec-
ond and fourth quadrants that are considered to be the 
percentage of early and late apoptotic cells (Fig. 2A and 

Figure 1. Potentiation of 17-allylamino-17-demethoxygeldan-
amycin (17-AAG) cytotoxicity by nonsteroidal anti-inflamma-
tory drugs (NSAIDs). (A) Cell surface expression of CD44 in 
CD44high and parental K562 cells was quantified by flow cytom-
etry after labeling both cells with anti-CD44 antibody. (B) 
CD44highK562 cells were treated with serial doses of 17-AAG 
in the presence or absence of celecoxib (CCB). The percentage 
of cell survival was determined after 96 h of incubation using 
MTT assay. Each bar represents the mean ± SD of triplicate 
experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.
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B). These results suggest that NSAIDs could potentiate 
Hsp90 inhibitor-mediated cytotoxicity and apoptosis and 
thus sensitize CD44highK562 cells to Hsp90 inhibitor.

Induction of Autophagy and Subsequent Downregulation 
of Stemness-Related Markers and Cell Surface 
Expression of CD44 by NSAIDs

Since downregulation of mutp53 is involved in the 
reversal of Hsp90 inhibitor resistance in MDR cells7,23, 
and autophagy contributed to mutp53 degradation in can-
cer cells24,25, we examined whether NSAIDs could induce 
downregulation of stemness-related markers involving 
mutp53 and other in CD44highK562 cells via autophagy-
dependent pathway (Fig. 3). To investigate whether 
NSAIDs could induce autophagy in CD44highK562 
cells, we assessed autophagy activation by tracking the 

conversion of microtubule-associated protein 1 light chain 
3 (LC3)-I to LC3-II26 and the level of p62 degradation27. 
When the levels of LC3-II and p62 in CD44highK562 
cells were evaluated in the presence or absence of CCB, 
dose-dependent accumulation of LC3-II and reduction in 
p62 were observed in CCB-treated CD44highK562 cells, 
which was closely associated with CCB-induced down-
regulation of multiple stemness-related markers (Fig. 3A).  
Mutp53 can regulate the expression of the endog-
enous c-Myc gene and is a potent activator of the c-Myc 
promoter28,29. Moreover, degradation of c-Myc might be 
regulated by autophagy30,31. Our results showed that CCB-
induced autophagy was associated with downregulation of 
c-Myc as well as mutp53. Interestingly, CCB also induce 
dose-dependent reduction in CD44 and Oct4 levels in 
CD44highK562 cells. Similarly, IBU-treated CD44highK562 

Figure 2. (A) Enhancement of 17-AAG-induced apoptosis by NSAIDs. CD44highK562 cells were treated with 17-AAG in the absence 
(w/o) or presence of CCB or ibuprofen (IBU) for 24 h, and the percentage of apoptotic cells was quantified using FACS. The upper 
right quadrants contain late apoptotic cells (positive for both PI and annexin V), and the lower right quadrants represent early apoptotic 
cells (annexin V+ and PI). Images shown are representative of three independent experiments. (B) Bar graph shows mean percentage 
of apoptotic cells, and values represent the means ± SD. *p < 0.05, **p < 0.01.
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cells showed that a dose-dependent increase in LC3-II level 
and decrease in p62, and simultaneous reduction in mutp53, 
c-Myc, CD44, and Oct4 (Fig. 3B), indicate that NSAID 
could induce autophagy, which might promote downregu-
lation of multiple stemness-related markers. To further con-
firm CCB-induced downregulation in CD44 in other cancer 

cells with high level of CD44, cell surface expression of 
CD44 in CD44-high-expressing CEM/VLB100 and MCF7-
MDR cells as well as CD44highK562 cells was determined 
using flow cytometry (Fig. 3C). Dose-dependent reduction 
in CD44 cell surface expression by CCB was observed in 
CD44highK562, CEM/VLB100, and MCF7-MDR cells. These 

Figure 3. Induction of autophagy and downregulation of stemness-related markers by NSAIDs, and CCB-mediated reduction in 
CD44 cell surface expression. CD44highK562 cells were treated with serial doses of CCB (A), IBU (B) for 24 h, and the changed levels 
of autophagy (LC3B-1/II and p62) and expression of stemness-related markers (mutp53, c-Myc, CD44, and Oct4) were determined by 
Western blot analysis. Actin was used as a loading control. (C) CD44highK562, CEM/VLB100

, and MCF7-MDR cells were treated with 
serial doses of CCB for 24 h, and the change in CD44 cell surface expression of each cell was determined by FACS.
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results raised the possibility that NSAID might be effective 
at targeting both CD44-high-expressing cancer cells and 
CSCs by downregulation of stemness-related markers.

Since CCB, a cyclooxygenase-2 (COX-2)-specific 
inhibitor, has several COX-2-independent activities32, the 
question arose as to whether or not its COX-2-inhibitory 
function is required for its autophagy-inducing property. 
We therefore employed 2,5-dimethyl-celecoxib (DMC), 
which is a close structural analog of celecoxib that lacks 
a COX-2 inhibitory function33. We found that DMC 
potently mimicked the autophagy-inducing effect of CCB 
(Fig. 4A). Treatment of CD44highK562 cells with DMC 
as well as CCB resulted in elevation of the LC3-II/LC3-I 
and reduction in p62 level in parallel with reduction in 
multiple stemness-related marker levels, even though the 
autophagic ability of DMC was less than that of CCB, 
indicating that these changes occur regardless of COX-2 
inhibitory activity for autophagic degradation of stem-
ness-related marker proteins. Since it has been reported 
that OSU-03012, a non-COX-inhibiting celecoxib deriva-
tive, is capable of inducing apoptosis in various cancer 
cell types34, we next determined whether OSU-03012 
also could induce autophagy and downregulate multiple 
stemness-related markers. Treatment of CD44highK562 
cells with OSU-03012 resulted in elevation of the LC3-II/
LC3-I level in parallel with reduction in multiple stem-
ness-related marker levels. These results strongly suggest 
that COX-2-inhibitory function is not required for NSAID-
induced autophagic degradation of stemness-related 
marker proteins in CD44highK562 cells. We also found 
that rapamycin, a well-known inducer of autophagy35, 
induced downregulation of multiple stemness-related 
markers, coincident with autophagy-inducing NSAIDs 
(Fig. 4B). It seems likely that autophagic pathway may 
be involved in degradation of stemness-related marker 
proteins. Moreover, in the presence of CCB, the half-life 
of stemness-related marker protein in CD44highK562 cells 
was further reduced as observed via CHX chase assay  
(Fig. 4C). The levels of multiple stemness-related marker 
proteins in CD44highK562 cells were determined in the 
presence of protein synthesis inhibitor CHX after treatment 
with CCB. Degradation of stemness-related marker pro-
teins in CCB-treated cells was accelerated in the presence 
of CHX compared with CCB-untreated cells, indicating 
that CCB reduced half-lives of stemness-related marker 
proteins possibly through autophagic degradation. To fur-
ther confirm the effect of CCB on autophagic degradation 
of stemness-related markers, CD44highK562 cells were 
treated with CCB in the presence or absence of autophagy 
inhibitor, and the modulation of CCB-mediated p62 and 
stemness-related markers was determined (Fig. 5A, left). 
Inhibition of autophagy at an early stage using 3-MA pre-
vented CCB-induced downregulation of p62 and subse-
quent reduction in CD44, mutp53, c-Myc, and Oct4 in 

CD44highK562 cells. Similarly, suppression of autophagy 
at a late stage by CQ also prevented CCB-induced down-
regulation of p62 and these stemness-related markers  
(Fig. 5A, right), indicating that autophagy might be associa-
ted with degradation of stemness-related marker proteins.

The molecular connections between autophagy and 
cell death are complicated, and autophagic cell death 
induces independently of caspase activity when the apo-
ptotic pathway is blocked36. To further evaluate involve-
ment of autophagic cell death in CCB-induced cell death, 
CD44highK562 cells were treated with CCB in the presence 
of Z-DEVD-FMK, a caspase 3 inhibitor, and the degree 

Figure 4. Comparison of autophagic-inducing effect of CCB 
derivatives and rapamycin, and autophagic degradation of stem-
ness-related markers by CCB. CD44highK562 cells were treated 
with CCB or 2,5-dimethyl-celecoxib (DMC) (A) or OSU-03012 
or rapamycin (B) for 24 h. (C) The cells were treated with or 
without 25 μM CCB for 24 h and were collected at 0, 3, and 6 h 
after, following treatment with 20 μg/ml cycloheximide (CHX), 
and the levels of stemness-related marker proteins were deter-
mined by Western blot analysis.
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of cell death was determined by FACS. We found that 
Z-DEVD-FMK did not completely block CCB-induced 
cell death, indicating the existence of a caspase-indepen-
dent type of cell death (Fig. 5B). These results suggest 
that CCB can induce caspase-independent autophagic 
cell death, which could enhance apoptotic cell death that 
can occur in response to treatment with CCB.

Regulation of AMPK, Akt/mTOR/p70S6K/4EBP1,  
and STAT3 Pathways by NSAIDs

The autophagy-related (Atg) protein Atg7 is necessary 
for processing LC3-I to activate LC3-II and autophago-
some formation37, and phospho-AMP-activated protein 
kinase (p-AMPK), which serves as an indicator of AMPK 
activity, is a positive regulator of autophagy38. We exam-
ined whether the expressions of Atg7 and p-AMPK could 
be modulated by treatment of CCB. CD44highK562 cells 
showed that CCB treatment induced Atg7 expression and 
phosphorylation of AMPK in a dose-dependent manner, 
which is involved in the autophagy-inducing ability of CCB 

(Fig. 6A, top). To elucidate further the potential pathways 
of CCB involved in the regulation of autophagic responses 
in CD44highK562 cells, we next examined the effect of 
CCB on the signaling pathway of Akt/mammalian target of 
rapamycin (mTOR) and, p70S6K and eukaryotic initiation 
factor 4E-binding protein 1 (4EBP1), downstream targets 
of mTOR, in autophagy regulation since inhibition of the 
Akt/mTOR pathway has been associated with triggering 
autophagy in cancer cells39,40. Our results showed that the 
phosphorylation/total protein levels of p-Akt/Akt, p-mTOR/
mTOR, p-p70S6K/p70S6K, and p-4EBP/4EBP were 
decreased in CCB-treated CD44highK562 cells (Fig. 6A, 
bottom). CCB treatment markedly reduced levels of p-Akt 
and p-mTOR and subsequently p-P70S6K and p-4EBP in 
CD44highK562 cells, in a dose-dependent manner. The signal 
transducer and activator of transcription 3 (STAT3), another  
downstream signal of mTOR, and myeloid leukemia-1 
(Mcl-1) have been reported to play a role in governing 
regulation of autophagy41. We therefore examined the 
changed levels of STAT3, phospho-STAT3 (p-STAT3), 

Figure 5. Crosstalk between CCB-induced apoptotic and autophagic cell death. (A) CD44highK562 cells were treated with 25 μM CCB 
in the absence or presence of 10 mM 3-methyladenine (3-MA, left) or 5 mM chloroquine (CQ, right) for 24 h, and levels of p62 and 
stemness-related markers were determined by Western blot analysis. (B) CD44highK562 cells were treated with CCB in the absence 
(w/o) or presence of Z-DEVD-FMK, and the percentages of apoptotic cells were quantified by FACS for annexin V and PI staining. 
Images shown are representative of three independent experiments (left). Bar graph shows mean percentage of early and late apoptotic 
cells, and values represent the means ± SD. ***p < 0.001.
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and Mcl-1 in CD44highK562 cells by NSAIDs. CCB sig-
nificantly reduced p-STAT3, and Mcl-1, a downstream  
molecule of STAT3, in a dose-dependent manner. IBU also 
reduced p-STAT3 and Mcl-1 levels in CD44highK562 cells  
(Fig. 6B). Next, we investigated the interaction of Mcl-1 with 
Beclin-1 in CCB-treated CD44highK562 cells by coimmuno-
precipitation assay (Fig. 6C). CCB reduced the interaction 
between Mcl-1 and Beclin-1. These results imply that CCB 
inhibits the expression of Mcl-1 through STAT3 inactivation, 
thereby relieving inhibition of Beclin-1 and promoting fur-
ther formation of autophagosomes to activate autophagy in 
CD44highK562 cells, indicating that CCB disrupts the Mcl-1/
Beclin-1 complex via inhibition of STAT3 signaling path-
way. Based on the above results, we suggest that NSAIDs 
exert their autophagy-inducing effect through activation of 
AMPK and inhibition of Akt–mTOR–p70S6K–4EBP1 sig-
naling axis and also STAT3/Mcl-1 pathways.

Acceleration of 17-AAG-Mediated Autophagy and 
Downregulation of Stemness-Related Markers by 
NSAIDs

Since geldanamycin, one of Hsp90 inhibitors, could 
induce autophagy by modulating LC3-II and p62 levels36,42,  
we determined whether NSAIDs could modulate Hsp90  
inhibitor-mediated autophagy and expression of stem-
ness-related markers, and consequent PARP activity  

when CD44highK562 cells were cotreated with CCB 
and 17-AAG (Fig. 7A). CCB significantly accelerated  
17-AAG-mediated conversion of LC3-I to LC3-II and 
reduction in p62 level, indicating that CCB signifi-
cantly augmented 17-AAG-mediated autophagic ability.  
Concomitantly, CCB accelerated 17-AAG-mediated 
reduction in mutp53, c-Myc, CD44, and Oct4. In addi-
tion, the expression of P-gp was significantly reduced 
by CCB alone, and cotreatment of 17-AAG and CCB 
accelerated P-gp downregulation in CD44highK562 cells. 
The ability of CCB to downregulate multiple stemness-
related markers and P-gp consequently increased PARP 
activity in 17-AAG-treated cells. Similarly, IBU also 
accelerated 17-AAG-induced autophagy and a con-
comitant downregulation of multiple stemness-related 
markers and reduction in P-gp level, leading to PARP 
activation in CD44highK562 cells (Fig. 7B). These results 
suggest that 17-AAG-mediated elimination of CSCs 
could be accelerated by NSAIDs through autophagic 
degradation of stemness-related markers and reduction 
in P-gp level.

Suppression of 17-AAG-Mediated Activation  
of HSF1/Hsp70 by NSAIDs

Acquired resistance to Hsp90 inhibitors has been 
associated with activation of HSF1 and induction of 

Figure 6. NSAID-induced activation of AMPK and inhibition of Akt/mTOR signaling and disruption of Beclin-1/Mcl-1 complex via 
inhibition of STAT3 signaling pathway. (A) CD44highK562 cells were treated with increasing doses of CCB for 36 h, and then levels of 
indicated molecules were determined by Western blot analysis. (B) CD44highK562 cells were treated with increasing doses of CCB or 
IBU for 24 h, and the levels of STAT3 and Mcl-1 were determined by Western blot analysis. (C) Mcl-1 or Beclin-1 was immunopre-
cipitated from CD44highK562 cells treated with 25 μM CCB for 24 h and analyzed for the presence of Mcl-1 or Beclin-1.
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Hsp7021, and IBU can regulate the expression of Hsp70 
in cancer cells23. Therefore, we determined whether the 
expression level of HSF1/Hsps in CD44highK562 cells 
could be changed by NSAIDs (Fig. 8A). Treatment of 
CD44highK562 cells with CCB resulted in a reduction 
in HSF1 and subsequently downregulated Hsps such as 
Hsp90, Hsp70, and Hsp27. Similar results were obtained 
in IBU-treated CD44highK562 cells. Downregulation of 
HSF1 and subsequent Hsps occurred by IBU treatment. 
These results suggest that NSAID could block HSF1/
Hsps, indicating a possibility for suppression of Hsp90 
inhibitor-induced upregulation of Hsp70 by NSAIDs.

Since direct inhibition of Hsp90 leads to disruption  
of complexes of Hsp90 with HSF1, leading to activation 
of HSF1/Hsp70, suppression of Hsp90 inhibitor-mediated  
rebound induction of Hsp70 is required to reverse 
Hsp90 inhibitor resistance. We therefore examined whe-
ther NSAIDs could attenuate Hsp90 inhibitor-mediated  
HSF1/Hsp70 activation (Fig. 8B). When CD44highK562 
cells were treated with 17-AAG alone, the activation 
of HSF1 was evidenced by an electrophoretic mobility  
shift, and upregulation of Hsp70, which was attenuated 
by treatment of CCB or IBU, indicating that NSAIDs 
have the ability to suppress 17-AAG-mediated Hsp70.  
Therefore, our results showed that NSAIDs induced auto-
phagic degradation of multiple stemness-related marker  
proteins, and further NSAIDs in combination with  
Hsp90 inhibitor attenuated Hsp90 inhibitor-induced  
Hsp70 induc tion, which contributes to enhance Hsp90 
inhibitor activity of CD44highK562 cells.

In summary, we propose that NSAIDs induce auto-
phagic cell death through inhibition of Akt/mTOR/
p70S6K pathway and downregulation of Bcl-2/Mcl-1, 
which enhances NSAID-induced apoptotic cell death. 
NSAIDs also trigger autophagy-mediated degradation 
of multiple stemness-related marker proteins and sup-
press upregulation of Hsp70 and P-gp, consequently 
leading to sensitization of CD44highK562 cells to Hsp90 
inhibitor (Fig. 9).

DISCUSSION

CSCs have been isolated from many organs and con-
firmed to have stem cell-like abilities such as self-renewal, 
multilineage differentiation potential, and expression of 
stemness-related markers. Overexpression of stemness-
related markers plays an important role in promoting 
CSC proliferation and the maintenance of the stem cell 
phenotype, and therefore targeting the suppression of 
stemness-related markers could be a potential therapeutic 
approach to eradicating CSCs. In this study, we showed 
effectiveness of NSAIDs to eliminate chemoresistant 
CD44highK562 cells expressing high levels of CD44 and 
other stemness-related markers. Importantly, NSAIDs 
involving CCB and IBU induced autophagic degrada-
tion of stemness-related markers, leading to potenti-
ate 17-AAG-induced cytotoxicity and apoptosis of 
CD44highK562 cells through activation of autophagic 
cell death. Indeed, CD44highK562 cells were highly resis-
tant to imatinib as well as 17-AAG20, and we confirmed 
that combined treatment of imatinib with CCB exerted 
synergistic cytotoxic effects against CD44highK562 cells 
(data not shown). These results suggest that NSAIDs 
could be an effective chemosensitizer. Moreover, cell 
surface expression of CD44 in CEM/VLB100 and MCF7/
MDR cells as well as CD44highK562 cells was signifi-
cantly decreased by CCB, dose dependently. Similar 

Figure 7. Enhancement of 17-AAG-induced autophagy, accel-
eration of autophagic degradation of CSC marker, and PARP 
activation by NSAID. CD44highK562 cells were treated with 
17-AAG in the presence or absence of 25 μM CCB (A) or 
400 μM IBU (B) for 24 h. The changes in autophagy induction 
and levels of stemness-related markers, and cleaved PARP (cle 
PARP) were determined by Western blot analysis.
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results were obtained in other CD44-overexpressing 
variants isolated from human hepatocellular carcinoma  
cells treated with CCB (unpublished data).

Autophagy is the process by which intracellular con-
tents such as proteins or organelles are degraded through 
lysosomes. The role of autophagy in cancer is complex, 
and it can both promote and inhibit tumor development43. 

Autophagy has a potential role in cell death as a tumor 
suppressor, and its induction, especially in combina-
tion with apoptosis, could be beneficial44. We found that 
NSAID-induced autophagy occurred, regardless of inhib-
itory activity of COX-2 since the CCB derivatives such as 
DMC and OSU-03012 without COX-2 inhibitory activ-
ity as well as COX-2-selective CCB induced autophagy. 

Figure 8. Downregulation of HSF1/Hsps and suppression of 17-AAG-mediated Hsp70 by NSAID. (A) CD44highK562 cells were 
treated with serial doses of CCB or IBU. (B) CD44highK562 cells were treated with 17-AAG in the presence or absence of 25 μM CCB 
or 400 μM IBU for 24 h. The changed levels of HSF1/Hsps were determined by Western blot analysis.

Figure 9. A proposed model of molecular targets of NSAIDs in enhancing Hsp90 inhibitor cytotoxicity of CD44highK562 cells. 
Inhibition of Hsp90 leads to disruption of regulatory complexes of Hsp90 with HSF1 and client proteins involving mutp53, thereby 
causing HSF1-mediated induction of Hsp70, which is responsible for the resistance of CD44highK562 cells to Hsp90 inhibitor. NSAIDs 
inhibit phosphorylation of STAT3 that can upregulate HSF-1, resulting in reduced resistance against Hsp90 inhibitor in the cells. 
NSAIDs can promote autophagic cell death through inhibition of Akt/mTOR/p70S6K pathway and downregulation of Bcl-2/Mcl-1, 
which trigger autophagy-mediated degradation of multiple stemness-related marker proteins.
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Treatment of CD44highK562 cells with NSAIDs resulted 
in LC3-II/LC3-I elevation and p62 reduction, which is 
followed by loss of multiple stemness-related markers 
involving CD44, Oct4, mutp53, and c-Myc. Similarly, we 
found that treatment of CD44highK562 cells with autophagy 
activator rapamycin downregulated stemness-related 
markers. We further demonstrated that CCB-induced 
downregulation of p62 and stemness-related markers was 
prevented by treatment of autophagy inhibitor 3-MA or 
CQ, and also CCB reduced half-lives of stemness-related 
marker proteins, indicating that NSAIDs may induce 
the degradation of stemness-related marker proteins via 
autophagic process. Indeed, it has been reported that 
autophagy provides a route for mutp53 degradation24, 
and lysosomal degradation of CD44 in CD44-expressing 
cancer stem cells was prevented by autophagy inhibi-
tors45, indicating autophagic degradation of mutp53 and 
CD44. It was also reported that degradation of c-Myc31,46 
and Oct447 was controlled by autophagy. Our data sug-
gest that NSAIDs can promote autophagic degradation of 
multiple stemness-related markers, which might facilitate 
elimination of CSCs.

AMP-activated protein kinase (AMPK) serves as a pos-
itive regulator of autophagy48. Indeed, NSAIDs can induce 
autophagy in various pathways, and the most important 
signaling pathway that controls autophagy is mTOR sig-
naling pathway including PI3K/AKT and AMPK/mTOR 
signaling axis in various cancers49. Recently, Mcl-1, a 
downstream target of STAT3, has been reported to have 
an important role in the regulation of autophagy, and the 
degradation of Mcl-1 relieves Beclin-150,51, indicating that  
STAT3/Mcl-1 pathway is also involved in regulation of 
autophagy. Previously, we also reported that autophagy 
inducing the ability of NSAIDs through inhibition of 
Akt/mTOR and STAT3 pathways was effective for the 
sensitization of MDR cells to 17-AAG52. Similarly, the 
current study showed that activation of AMPK and inhi-
bition of Akt/mTOR/p70S6K/4EBP1 signaling axis and 
STAT3/Mcl-1 pathways participate in NSAID-induced 
autophagy in CD44highK562 cells. CCB and IBU reduced 
pSTAT3 level and subsequent Mcl-1 expression, which 
was followed by disruption of the Beclin-1/Mcl-1 com-
plex and promotion of the formation of autophagosomes, 
indicating that the inactivation of STAT3/Mcl-1 by 
NSAIDs might be key events in the activation of apop-
totic and autophagic cell death. We also showed that CCB 
induced caspase 3-independent autophagic cell death, and 
autophagy inhibition significantly blocked CCB-induced 
apoptosis in CD44highK562 cells. In addition, downregu-
lation of HSF1/Hsp70 expression by STAT3 inhibitor is 
associated with reduction in Mcl-1 via STAT3 signaling51. 
Despite their efficacy, the ineffectiveness of Hsp90 inhib-
itors was involved in activation of HSF1, leading to an 
increase in the expression of Hsp70, and P-gp-mediated 

efflux that contribute to resistance to Hsp90 inhibitors20. 
HSF1 stabilizes mutp53 protein in human cancer cells 
via activation of Hsp905. Accumulated mutp53 protein 
is actively involved in resistance to multiple anticancer 
drugs53. Our data indicated that downregulation of STAT3/
Mcl-1 and mutp53 by NSAIDs might be associated with 
downregulation of HSF1/Hsp70 and P-gp.

NSAIDs are commonly used to manage pain and 
inflammation, and they have potent antitumor activity 
in a wide variety of human cancers54. We showed that 
NSAID-induced suppression of HSF1/Hsp70 blocked 
17-AAG-mediated Hsp70 activation, contributing to 
reverse 17-AAG resistance. Moreover, NSAIDs signifi-
cantly potentiated 17-AAG-mediated autophagic abil-
ity and subsequent downregulation of multiple stem cell 
markers, and consequently enhanced cell death, resulting 
in sensitization of CD44highK562 cells to 17-AAG, indicat-
ing autophagic effectiveness of CCB for downregulation of 
multiple stem cell markers might enhance Hsp90 inhibitor-
mediated cytotoxicity and apoptosis for eradiating CSCs. 
Therefore, combined use of NSAIDs and Hsp90 inhibitor 
may offer one of the most promising strategies for target-
ing CD44-overexpressing cancer cells involving CSCs.
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