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Graphical Abstract

Thein vitro pro-autophagic, antiproliferative and pro-apoptotic effect of celecoxib on MDR-

positive cellsis mediated by the action of P-gp on the HGF/MET autocrine loop.
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ABSTRACT

Many tumors are resistant to drug-induced cell&ygtest and apoptosis. We have reported
that apoptosis can be restored in human multidesgstant (MDR) hepatocellular carcinoma cell
lines by celecoxib. Here we show that P-gp mediatdscycle arrest and autophagy induced by
celecoxib in human MDR overexpressing hepatocelicggcinoma cell line by down-regulation of
the HGF/MET autocrine loop and Bcl-2 expressionp&sure of cells to a low concentration of
celecoxib down-regulated the expression of mMTOR eawsed G1 arrest and autophagy, while
higher concentration triggered apoptosis. Cell ghomhibition and autophagy were associated
with up-regulation of the expression of TEF p18Y**, p21°P* and p2#** and down-regulation
of cyclin D1, cyclin E, pRb and E2F. The role ofjiyeoprotein expression in resistance of MDR
cell clone to cell cycle arrest, autophagy and &g was shown in cells transfected wiibR1
small interfering RNA. These findings demonstratattthe constitutive expression of P-gp is
involved in the HGF/MET autocrine loop that leadsincreased expression of Bcl-2 and mTor,
inhibition of elF2x expression, resistance to autophagy/apoptosipeytession in the cell cycle.
Since mTor inhibitors have been proposed in treatroé “drug resistant” cancer, these data may

help explain the reversing effect of mTor inhibgor

Keywords: MDR, celecoxib, P-gp, HGF/MET, autophagy
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1. INTRODUCTION

Most anticancer therapies kill cancer cells prityasy apoptosis. Inactivation of tumor cell
apoptosis thus contributes to the development mé&aspreading and resistance to therapy [1]. The
development of multiple drug resistance (MDR) chtedzed by intrinsic P-glycoprotein (P-gp)
expression, is a general phenomenon occurring werak tumors, including hepatocellular
carcinoma (HCC) [2]. A large number of chemicalygibal or environmental stimuli may lead to
P-gp expression, which can enhance cell survivativerse conditions [3]. The expression of P-gp
must be considered a type of marker of tumor aggreg and is often associated with expression
of the angiogenetic phenotype in HCC cell lineswashave recently shown [4,5]. Since P-gp
expression seems to be controlled by COX-2 acti®X-2 inhibitors could have an inhibitory
effect on the MDR phenotype. We have recently shthahcelecoxib, a specific inhibitor of COX-
2 activity, reverses MDR-positive HCC cells to ajogis by a P-gp-dependent mechanism [6].

Apoptosis is not the only cell response to druggins and stress conditions. It has been
suggested that another response to therapeutiventéons can involve autophagy and autophagic
cell death. Autophagy is activated in responseitoadiation and various anticancer drugs [7,8] and
can also be considered as a tumor suppressor msehamce defects in autophagy profoundly
perturb organism development. The haploinsuffici@ssential mammalian autophagy gene,
Beclinl, promotes carcinogenesis in mice, espgcadlliver cancer [9]. It has been demonstrated
that Yoshida AH-130 hepatoma and primary HCC dedige lower autophagic activity than normal
hepatocytes [10]. Acquired drug resistance to chiberapy may cause resistance to cell cycle
arrest and autophagy [11]. Apoptosis, autophagycatidycle progression require several regulator
proteins, suggesting that they share the same olaltggathways [12]. COX-2 inhibitors may exert
their anticancer activity by slowing down cell pfetation and inducing autophagy and cell-cycle
arrest [13,14]. Cell-cycle progression is promdbgda number of cyclin-dependent kinases which

have to complex with regulatory proteins, namelglioy, to drive the cell through the cycle. They
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are negatively regulated by cell-cycle inhibitomnpteins called cyclin-dependent kinase inhibitors,
CKI. Two classes of CKI have been identified: th&k# family, including p18™“°, p18V<*2 p18
INK4e and p18™4d, which inhibit cyclin D associated kinases (cdd2and 6) and the Cip/Kip
family, including p2£"®*, p27P* and p57, that negatively regulate cyclin E/cdka eyclin A/cdk2
complexes [15]. Interestingly, p16*, p21°P* and p2¥#"*, whose main function is to induce cell
cycle arrest and apoptosis, induce autophagy [jﬁﬂfipl also can down-regulate P-gp [17]. Thus,
enhancement of CKI signaling is particularly notetivg among the putative molecular targets
other than COX-2 in CLX-mediated vitro antiproliferative effects in cancer cells [13,14].

On these bases, this study was designed to adtiee$sllowing questions: 1) Is the CLX-
induced inhibition of MDR-positive HCC cell growttue to cell-cycle arrest? 2) Is cell-cycle arrest
related to induction of autophagy? 3) Does CKI\ation regulate cell cycle, autophagy and

apoptosis of MDR-positive HCC cells? 4) Does P-gedly regulate the expression of cell-cycle

progression and autophagy-related proteins suetGESMET, Bcl-2, Beclinl and CKI?
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2. MATERIALSAND METHODS

2.1. Cédll lines. Experiments were performed on a human HCC line/PRE/5, by using the
drug-sensitive clone (P5) and the highly MDR-pesitsubclone P1(0.5) [18]T.he P1(0.5) subclone
was developed by serial prolonged exposure to asing concentrations of doxorubicin (Pfizer
Global R & D, USA) starting from parental P5 celspd subsequently cultured in DMEM
containing 0.5.g/mL doxorubicin and 10% fetal bovine serum (FB)shown elsewhere [5]. The
cell lines were cultured at 3Z in an atmosphere containing 5% £0

2.2. Cell treatment. Doxorubicin-free, serum-free medium containingecekib (CLX) (2.5,
5, 10 and 2QuM) was used in all experiments.

2.3. Colony formation efficiency test. (P5) and the subclone P1(0.5) were seeded iicttpl
onto 35-mm dishes containing agarose and DM&M were treated with 2.5, 5, 10 and 20
celecoxib in doxorubicin-free, serum-free mediurheplates were incubated at 37°C, in 5%,CO
for 2 weeks and photographed.

2.4. Céll cycle analysis by flow cytometry. 50000 cells were plated onto 60-mm Petri dishes

and experiments were done in triplicate; cells wezrated with 2.5, 5, 10 and 20 CLX for 24 h.

Cells were fixed with 70% ethanol at 48°C. RNaseA fg/mL) and PI (50ug/mL) were then
added, and cell suspensions were incubated foriB@nthe dark. Stained cells were analyzed on a
FACScan flow cytometer (FACSCalibur, BD Biosciendesanklin Lakes, NJ).

2.5. Cell viability. P5 and P1(0.5) cells were plated in 60-mm Peshek and grown in
DMEM supplemented with 10% FBS. On the next dallsaeere treated with 2.5, 5, 10 and (24
celecoxib in doxorubicin-free, serum-free mediunfteA48 h, the dead cells were identified using
the trypan blue staining test. Adherent cells weetached, resuspended in DMEM, and both
adherent and suspended cells were mixed with aal eglume of 0.04% (w/v) trypan blue. The
percentage of dead cells stained was determinetbbgting. For MTT assay, 25,000 cells were

plated in each well of a 96-well plate. After 48the cells were treated with celecoxib 2.5, 5, 10
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and 20uM. An equal volume of DMSO was added to the contvell; after 48 h10uL MTT (5
mg/mL) in growth medium were added per well, arelprates were incubated at 37°C for 4 h. The
reduced MTT dye in each well was solubilized in 200DMSO. Absorbance was measured on an
ELX-800 microplate reader at 540 nm.

2.6. Immunocytochemistry. Cells were plated onto a coverslip and grown iluce medium
containing 10% FBS. After 24 h, cells were treateith 2.5, 5, 10 and 2QM celecoxib in

doxorubicin-free, serum-free medium. For immunocktmistry, cellsafter 24 h, were fixed with

paraformaldehyde (3.7% wi/v), permeabilized with58®0(v/v) Triton X-100 for 10 min, blocked
with 10% (w/v) normal goat serum, then incubatectroight with primary antibodies at an

appropriate dilution (1:100916™* (mouse monoclonalp21°P* (rabbit polyclonal)p27** (rabbit

polyclonal), p53_(mouse monoclonalyyclin D1 _(mouse monoclonalgyclin E _(rabbit polyclona))

TGH1 (mouse monoclonaBnd E2F (rabbit polyclonallSanta Cruz Biotechnology, USA). After

washing, samples were incubated with Dako-Envigiloial link secondary antibody at room
temperature. Then the slides were colored withrologen DAB, countercolored with hematoxylin

and mounted with Eukitt. Total expression and sit@xpression of proteins were determined by

counting 100 cells in 10 different microscope fglBor immunofluorescence studies, cells were

fixed with paraformaldehyde (3.7% wi/v) after 1 krmeabilized with 0.05% (v/v) Triton X-100 for

10 min, blocked with 10% (w/v) normal goat serumd aamplesvere incubated overnight with

primary antibodies for Beclinl (rabbit polyclonaBcl-2 (rabbit polyclonal)and LC3 _(rabbit
polyclonal) (Santa Cruz Biotechnology, USA) and then incubatgd FITC- or TRITC-conjugated

secondary antibodie@lexa Fluor, Molecular Probes, The Netherlandsjoam temperature and

analyzed with Nikon fluorescent microscope.

2.7. Western blot analysis. Cells were lysed in a buffer (50mM Tris/HCI pH 7X50mM
NaCl, 5mM MgClI2, 1% TX-100, 1mM EGTA, 1mM DTT), caining protease inhibitors and NaF
0.1 M. Protein concentrations were determined witie Bradford assay. The lysates were

centrifuged and proteins (2§) were subjected to electrophoresis on Tris-glyciBDS
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polyacrylamide gel. After blotting onto nitrocdlbse with filter papers, non-specific binding sites
were blocked by incubation and carried out fordt hoom temperature in phosphate buffered saline
(PBS) with 5% milk. The blots were then probed witimary antibodies at the appropriate dilution

(1:500) overnight, p168* (mouse monoclonal), p21°P* (rabbit polyclonal), p27%* (rabbit

polyclonal), cyclin D (mouse monoclonaland E_(rabbit polyclonaljpRb (goat polyclonal)and

E2F (rabbit polyclonal) (Santa Cruz Biotechnology, USA), Bcl-2 (rabbitlymbonal) mTOR

(rabbit polyclonal) P-mTOR _(rabbit polyclongl)elF2. (mouse monoclonal)P-elF2:. (rabbit

monoclonal) HGF (rabbit polyclonal)MET (mouse monoclonal)(Cell Signaling, USA). After
being washed, blots were incubated with secondatip@dies 1:5000 (Bio-Rad Laboratories Ltd.,
Hemel Hemstead, UK) for 1 h at room temperatureotdfins were detected by enhanced
chemiluminescence according to the manufacturaessuctions (Pierce Biotechnology, USA).

2.8. Incorporation of monodansylcadaverine (MDC). Cells were incubated with 0.05 mM
MDC in PBS at 37°C for 20 minutes. After incubatiarells were washed twice with PBS and
immediately analyzed by Nikon fluorescence micrgsco

2.9. Small interfering RNA transfection. Positive control GAPDH small interfering RNA
(siRNA), sicontrol non-targeting siRNA and a pod fur different double-stranded RNA
oligonucleotides directed against MDR1 (SIGENOME ARTpool, human ABCB1) were
purchased from Dharmacon. P1(0.5) cells were seed&ml 60-mm dishes to reach 30% to 50%
confluence after 24 h of incubation, and transioteth a total of 100 nmol/L siRNA using
LipofectAMINE 2000 (Invitrogen Life Technologiespd.) in antibiotic-free medium, according to
the manufacturer’s instructions. 72 h after tracisé® proteins were extracted for Western blot
analysis and cells were analyzed for immunocytoébainanalysis and flowcytometric analysis.

2.10.Statistical analysis. The significance of the differences between groups determined

by ANOVA. P <0.05 was considered significant.
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3.RESULTS

3.1. G1 phase arrest induced by CLX in MDR-positive HCC cdll line. To clarify the
mechanism underlying CLX-mediatad vitro antitumor action, the growth-inhibitory effect of
various concentrations of CLX (2.5, 5, 10 and 20) s assessed in a serum-free, doxorubicin-
free medium. Cell viability was measured by MTTasand trypan blue exclusion test after cells
were exposed to CLX for 48 h. Clonogenic cell suaiassays were also performed with low
concentrations of CLX and colonies were countedréfé days.

Cell viability was affected, in a concentration-dagent manner, especially in MDR-
positive P1(0.5), but not in P5 cells either by M{Fig. 1A) or trypan blue exclusion test (Fig. 1B)

and quantified by an increase in doubling time%389 vs 120 + 2.3). Flow cytometric analysis of

P5 and P1(0.5) cell lines was performed after 48thout CLX and serum, and it was found that

both cell lines were in the same stage of the mglle (Fig.1 C).CLX treatment induced

concentration-dependent inhibition of cell growthMDR-positive P1(0.5) cells, but not in P5 (Fig
1D and data not shown). Cell number and colony siege inversely related to the CLX
concentration.

Whether CLX inhibition of MDR-positive cell growtivas caused by cell-cycle arrest was
also determined. Both P5 and P1(0.5) cells werseddewith different concentrations of CLX in
serum-free, doxorubicin-free medium and the phase=ll cycle distribution were determined by

flow cytometric analysis (Fig. 2A and 2H)NA content of P1(0.5) cells revealed that CLX sxdi

an accumulation of G1 cells in an inversely con@in-dependent manner (Fig. 2B). Exposure to
the lowest concentration of CLX (2.5 uM) resultadhe most evident accumulation of cells in G1
phase. With increasing CLX concentrations, a gradeduction in the accumulation of P1(0.5)

cells in the G1 phase until the control value (fré@% to 53%) was observed (Fig. 2B). This was
associated with a concentration-independent deengathe S fraction (from 20% to 11%) and no

significant effect on G2/M transition except for the decreasewn using CLX at 2.5 pM. This
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suggests that the inhibitory effect of CLX on P&jCcell growth leads to G1 cell cycle arrest. At
higher concentrations of CLX (10 and 20 uM), cauasedncrease of sub-G1 phase in P1(0.5) cells,
consistent with an increase of apoptotic cellstasvn previously (Fig. 2B) [6]. On the contrary, no
significant changes in DNA distribution of P5 ceNere observed (Fig. 2CAltogether, these data
show that the inhibitory effect of CLX on MDR-pasé cell growth leads to a cell-cycle inhibition
primarily at the G1/S checkpoint as well as to @psig, depending on the drug concentration. Both

events are likely to contribute to reduced celvgtoof P1(0.5) cells triggered by CLX 10 puM.

3.2. CL X-induced autophagy in MDR-positive HCC cell line during G1 phase arrest

Since G1 arrest is frequently associated withvatibn of the autophagic process, we first
verified whether CLX at low concentrations was ablstimulate the lysosomal vacuolar formation
in P1(0.5) cells by measuring the incorporation mbnodansylcadaverine (MDC) into the
lysosomes_[1P The vacuolar compartment was hardly detectedlisgersed, faint basal MDC
staining in P1(0.5) cells (Fig. 3A), while MDC-ldbd vacuoles were present in P1(0.5) cells
following treatment with 2.5 uM and 5 uM CLX fora®d 6 hours (Fig. 3A).

To have a better insight into the effect of CLXtbe autophagic process, we looked for the
mammalian  microtubule-associated protein 1 light aich LC3-ll, a specific
autophagosome/autolysosome marker, known as atwgicomponent during autophagosome
formation P0]. Since LC3-Il is rapidly degraded with the sesgered material by lysosomal
proteases, its turnover but not its concentrai®@a, good mirror of autophagic activity, as recentl
proposed by Tanida et al. [ROWe therefore measured the lysosomal turnovet @8-l by
immunocytochemical analysis (Fig 3B). LC3 granutaining can be quantified as 0.4 LC3-II-
labeled vacuoles/cell section in untreated P1(6edls, value comparable with that measured in
HelLa cells. Treatment of P1(0.5) cells with CLXaadbw concentration induced approximately a 4-
fold increase in the immunofluorescence of puncafatndogenous LC3 (Fig. 3B). Since the

autophagic process can be dissected with agenitg) attdifferent phases, we measured the LC3-I
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turnover also in P1(0.5) cells pre-incubated withriM 3-MA, an inhibitor of the sequestration
phase_[21,22]As expected, accumulation of LC3-lI-labeled vdesowvas prevented by the PI3-
kinase inhibitor (Fig. 3B).

Once it was shown that the lysosomal vacuolaresysis activated by CLX, it was
determined whether the activation of Beclinl, aeidscl-2 interacting protein needed for the
nucleation of the autophagosome, was required toX-@duced autophagy. P1(0.5) cells were
stained immunocytochemically with anti-Beclinl #oilies and immunoreactivity was measured.
Immunoreactivity was hardly detected in cells naated with CLX whereas it was clearly
enhanced in CLX-treated cells, being already eviddter 1 h(Fig. 3C). Because Bcl-2, that is
known to be an anti-apoptotic and anti-autophagatgin, was down-regulated in 10 CLX-
treated P1(0.5) [6], its expression was estimatiéer @&xposure to 2.5 and 5 uM CLX. Bcl-2
expression decreased when P1(0.5) cells were edpogelX (Fig. 3D).

To verify whether CLX-mediated activation of that@phagic process was related to an
unbalance equilibrium between the expression a2elEhe best known inducer of autophagy, and
that of mTOR, the cell stress sensor and inhibitbrautophagy-induction [23]Western blot
analysis was carried out. CLX up-regulated the phosylation of elFa, down-regulating mTOR

phosphorylation in P1(0.5) cells, consistently withat was observed on autophagy (Fig. 3E).

3.3 CLX-induced up-regulation of p16 'N*®  p21* and p27 “P* and TGFp1 during HCC
growth arrest

To examine the molecular mechanism that may beenlyidg the changes in cell-cycle
progression, autophagy and apoptosis, we investigétte levels of CKI expression, pi6?,
p21°P* and p2*#P:. CKls are known to prevent the transition of céitsm G1 to S phase. The
treatment with uM and, especially 1M CLX enhanced CKI expression in P1(0.5) but noP#h
cells, as measured by Western blot analysis (A). Because CKIs work in the nucleus and are

also present in the cytoplasm as inactive proteansimmunocytochemical study was performed
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(Fig. 4B). All three CKls we measured increasedaanuclear level after CLX treatment. In
particular, p2P* expression increased about four times (Fig. 48yely confirming the Western
blot results.

To date, TGB1 is considered to be the main growth inhibitorgtéa for epithelial cells
acting in the late G1 phase upstream of CKI fumcf1]. Some HCC cells are known to exhibit an
autocrine loop for TGFL to regulate their growth. To assess whether las the case, it was
determined whether P1(0.5) cells produced fGH response to CLX treatment to induce CKI
expression. Quantification of the T@EFexpressing cells, as reported in Fig. 4D, showexdkear
increase of TGFL production in the CLX-treated P1(0.5) cells, bat in P5, consistently with the
inhibitory effect on cell growth. We also examingsi3 expression, since p53 is known to control
p21 levels. No significant changes following CLXdtment (Fig. 4D) were found, indicating a

p53-independent enhancement of p21 in P1(0.5).cells

3.4. Down-regulation of cyclin D1 and cyclin E, p-Rb, E2F, MET and ERK induced by CL X
during HCC growth arrest

Since the main function of CKI is the inhibitiorf the cyclin-dependent kinases, the
downstream events linking CKI function to G1 armeste investigated. The effects of 18l CLX
on cyclin D1 and E expression level, known to beoived in G1 and G1/S cell cycle progression,
were examined. Fig. 5 shows that CLX treatment d{0P5), but not of P5, induced a slight
decrease in cyclin D1 expression and about a ttmidereduction in cyclin E protein levels as
determined by Western blot (Fig. 5A). This resudtswconfirmed by immunocytochemical analysis
(Fig. 5B).

The product of the Rb gene prevents cells froneramg into S phase. G1/S progression is
mediated by cyclin D1 and cyclin E in complex withe cyclin-dependent kinases, which
phosphorylate Rb, leading to inactivation of itewth-suppressive function and resulting in cell-

cycle transition. We, therefore, investigated wkefBLX treatment could affect phosphorylated Rb
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(pRb). We found that pRb expression was decreasPd [{0.5), but again not in P5, following CLX
treatment, consistently with a down-regulating esgion of cyclin E (Fig. 5A).

Because pRb inhibits cell-cycle progression byraaténg with transcription factors such as
E2F, when Rb becomes phosphorylated, E2F is raleasd stimulates cell proliferation. Thus,
further experiments were carried out to check wietGLX treatment might influence E2F
expression. A reduction in E2F expression in P)(6dlls was evident by Western blotting (Fig.
5A) and quantification of the immunocytochemicahlysis demonstrated a 5-fold decrease in E2F
expression levels in P1(0.5) cells, while no sigaiit changes were observed in P5, following CLX
treatment (Fig. 5B).

Since some evidence indicates a critical role efHGF/MET and downstream MEK/ERK
pathway in the control of hepatocyte proliferatiooth in vitro andin vivo as well as of pZ1°*
expression [2h additional experiments were carried out to detsrd quantify MET and ERK
expression after CLX treatment. Western blot analp$ these experiments showed that CLX

down-regulated MET and ERK expression only in PA)@ells (Fig. 5A).

3.5. CLX-induced p27“** and Beclin1 up-regulation, sub G1 peak and G1 cell accumulation in
P1 cells are mediated by P-gp expression

To validate P-gp as primary target responsible thee in vitro anti-proliferative, pro-
autophagic and pro-apoptotic effect of CLX, furtlesiperiments were performed. The expression
of P-gp was specifically down-regulated by transiéransfection with anMDRI1siRNA. As
controls, parallel cultures were either not traotfd or transfected with an inefficient duplex
oligonucleotide not targeting MDR1mMRNA (sham-traatséd). Proper conditions were assessed to
achieve optimal down-regulation of P-gp expressiwhjch was monitored by immunoblotting
determination of P-gp protein level (Fig. 6AVIDR1siIRNA transfection successfully down-
regulated P-gp expression MDR1siRNA transfected P1(0.5) culture (Fig. 6A). MDR1siRNA-

transfected cells, P-gp protein level, normalizediast the actin protein level, was reduced by
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>90%, as measured by densitometry (data not shddvparallel set of cultures was performed to
evaluate p2¥* expression by Western blot and immunocytochemisisywell as Beclin 1
expression and DNA distribution by fluocytometrioadysis. TheMDR1 siRNA induced an
increase in the levels of P97 expression under the basal conditions, as meabsyrédestern blot
(Fig. 6A). However, immunocytochemical analysisitaded that, when P1(0.5) cells were exposed
to CLX, nuclear p2"* expression increased in a concentration-dependemner in un-
transfected and sham-transfected cultures (Fig. @Binunocytochemistry analysis of Beclinl
showed that its levels in CLX treat®édPR1siRNA-transfected P1(0.5) cells were maintained at
approximately the value iIMDR1 siRNA transfected P1(0.5) culture, while no effeatMDR1
siRNA was observed under basal conditions of utdcbacells (Fig. 6C). Consequently,
flowcytometric analysis of DNA distribution showet changes in either sham-transfected or
MDR1siRNA transfected P1(0.5) cells in comparison withtransfected cells. On the contrary, it
demonstrated the disappearance of theMLELX-induced sub-G1 peak and G1 cell accumulation
in MDR1siRNA-transfected P1(0.5) cells compared with Clk&ated untransfected cells (Fig. 6D).
Because thd1DR1siRNA-mediated CLX effects on P1(0.5) growth miglefpend on the action of
MDR1 on the HGF/MET autocrine loop, we also invgsted whether P-gp siRNA could modulate
HGF/MET expression as well as that of potential dstnream mediators. It was found tihDR1
siRNA down-regulated the levels of expression ahbddGF and MET as well as that of Bcl-2, a
candidate mediator of CLX effects, without sigréfitly affecting p27** or Beclinl expression

(Fig. 6A and C).
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4. DISCUSSION

HCC isone of the most frequent malignancies worldwided amadditionit is extremely

resistant to currently used chemotherapeutick 2@ present herevidence demonstrating that P-

gp, the protein encoded by the MDR1 gemgulates the autocrine loop mediated by HGF/MET i

P1(0.5) cells, leading to resistance to drug-mediarowth inhibition. CLX, the specific inhibitor

of COX-2 activity, effectively overcomes P-gp mediated drug resistazod suppresses the

anchorage-independent growth of resistant HCC djisinducing G1 arrest, autophagy and
apoptosis. In addition, CLX decreases Bcl-2 expoasby down-regulation of the MET pathway
and phosphorylation of mTOR in human HCC MDR-pwesittancer cells.

High levels of Bcl-2 sustain the drug-resistanémtype, while down-regulation of Bcl-2 is
associated with reduced drug resistance [37,RBthe present study the role of Bcl-2 in the
negative regulation of Beclinl and Bax expressind gsistance to autophagy and apoptosis was
found to correlate with phosphorylation of mTor &RK MAPK.

Some evidence supports the key role of Bcl-2 in@he& effect of suppressing cell drug
resistance. The crosstalk between autophagy anut@ge is partly mediated by the functional and
physical interaction between Beclinl, an essemtiabphagy gene, or Bax, the best known pro-
apoptotic factor, and Bcl-2, one of the paragmagioptosis-inhibitory proteins [29,BONhen Bcl-

2 interacts with calcineurin, it allows ERK phospfiation by Raf 1 and cell-cycle progression
[31]. Thus, Bcl-2 function seems to depend on its Iaatibn, since only endoplasmic reticulum-
targeted Bcl-2 inhibits autophagy and only mitodiraartargeted Bcl-2 inhibits apoptosis [29
Cytosolic Bcl-2 might actively maintain cell suraivby favoring cell-cycle progression.

Several mechanisms have been proposed to explaiartiproliferative effects of COX-2
inhibitors, besides their action as COX-2 activithibitors [13,14]. In this study, it is shown that
CLX at low concentration induced autophagy wheraashigher concentration apoptosis as

confirmed by the appearance of the subG1 peak diogpto flow cytometric analysis only in HCC
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cells over-expressing P-gp (Fig. 2B and ZO)e lower concentrations of CLX (2.5 angM) were

unable to trigger apoptosis in P1(0.5) cells, whiley wereeffective in activating autophagy,
suggesting that autophagy could be the earliesitemeolved in the reversal of drug-resistance by
CLX, operating upstream of apoptosis. The inductibautophagy in P1(0.5) cells by CLX at low
concentrationis supported by the down-regulation of mTOR asgediavith up-regulation of
elF2, leading to enhancement of Beclinl expression iwitBO minutes, which causes the
accumulation of LC3-ll-labeled autophagosomes ameh tMDC-labeled autolysosomes. The

observation made in the present work that CLX atceatration lower than 1QM triggers

autophagy whereas at higher concentration causeragis in P-gp over-expressing HCC cell lines

might be important to explain controversial resulgported in the literature concerning the

antiproliferative effect of CLX. In fact, CLX effé®n cancer cells, at least HCC cell lines, would

depend on the expression of P-gp and CLX concémtrat the microenvironment. To obtain the

“killing”_effect by CLX (apoptotic death) at leadivo conditions should be present, P-gp

overexpression and concentration of the drug ofugfi® uM or more. Without both conditions,

CLX may leads to autophagy or to COX-2 activityilmtion only, slowing down the growth rate of

cancer without killing cancer cells. With reqgartiss point, autophagy can be considered a

mechanism by which cells, also cancer cells, servivstress, expecially those characterized by

hypoxia and/or DNA denaturation.

Celecoxib-induced accumulation of P1(0.5) if@& phase together autophagy induction might be

seen as a sort of defence by MDR positive cellsutwive to CLX induced toxicity. It is possible

that in case autophagy should not evolve to aumpphdeath or autophagic-induced apoptosis,

MDR positive cells could recover and quickly stagain to proliferate. If it is the case, treatment

with CLX should allowed to reach drug concentratiorcause apoptosis, otherwise it could favor

cancer growth. It is important to consider thagéding autophagy to control cancer growth it is

probably unsafe at present, as the knowledge ofetitere mechanism regulating autophagy-

apoptosis is too much partial to be exploited Farapy attempts. As suggested recently, we agree

15 Page 16 of 33



that precaution should be used before using dhatstarget autophagy as the results could be quite

different from what wait fof32]

Although autophagy has received attention recettigre is still debate about its role as a
mechanism for cell survival or cell death undertaiar conditions. As a survival mechanism,
autophagy is known to prevent apoptosis especiallhandle cell damages caused by stress
condition. However, during prolonged starvatianoaidative stress, autophagy can switch to
apoptosis or autophagic cell death][3or these reasons autophagy might inhibit cagoawth by
regulating cell mass. Recent studies have showrmtitaphagy has multiple roles in the regulation
of cell death, differentiation and antimicrobiaspense in mammals [34 B%onditions known to
induce autophagy inhibit cell growth by inducingll@ycle arrest, indicating that cell-cycle
progression largely depends on cell protein mag}. [2onsistently, here the flow cytometric
analysis revealed that CLX at low concentrationseauaccumulation of cells in G1 phase that
decreased from 2.5 to @M when the sub-G1 peak appeared, indicating a shifapoptosis
[6].

Although p53 is a well known mediator of cell-cyegest, apoptosis and autophagy, in the
present work the CLX effect on MDR-positive celfspaared to be p53-independent, even if it was
mediated by enhanced P2 expression. We hypothesize the involvement of ththay of
ERK1/2, because CLX reduces the phosphorylatioBRK1/2 in P1(0.5) cells. This event results
in enhanced expression of J¥8°, p21°P* and, particularly, p2%*, whose main function is to

negatively regulate cell cycle progression [13,18he observation that CLX enhances CKils,

especially p2'7°*, which inhibit cell growth by acting on G1 phadedhe cell cycle (Fig.4) supports

the concept that drugs acting on cell cycle coddibed for cancer treatmeithe hypothesis is in

line with the observation that elemene, a natunétamor drug, sensitizes chemoresistant ovarian
carcinoma cells to cysplatin-induced growth supgioes through up-regulation of p53, 21,
p27P* Gadd 45 and down-regulation of cdk2-cyclin Blsuléng in G2/M arrest (36and

overexpression of p5?* induced autophagy. The/pothesis isupported by other reports [37}39
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The concept of cell-cycle mediated drug resistaarod how novel CKls are used to overcome this
resistance led us to study the effects of CLX anekpression of both cyclins D1 and E. We found
that CLX down-regulates cyclins D1 and E in P1(0skiggesting that the coxib may prove to be a
valuable tool for the inhibition of cyclin D1/cdkéhd cyclin E/cdk4 complex in resistant HCCs. As
a consequence, CLX also down-regulates the phoglation of RB, whose main function is to
promote the G1/S transition. In line with data shaw the present work, Narayananal. (2003)
report G1 arrest of prostate cancer cells by CLXrtmdulating cell cycle regulatory proteins such
as cyclin D1 and cyclin E, pRB, p?% and p2£*%(13). On the whole, these data support the
concept of sharing key molecules such as Bcl-2,, T&KIF3 among the pathways of autophagy, cell
cycle progression and apoptosis [23,30

It has been proposed that drug resistance can &eamwe by conventional therapies by
activating the autophagic process [7,8,4D,/Rapamycin, a mTOR inhibitor and a well known
autophagy inducer, selectively reverses drug @esist in Akt overexpressing and PTEN deficient
lymphomas [42]or it cooperates with the selective MET inhibitddA56672 to suppress growth
and invasion of lung cancer [#3

Exposure to radiation induces autophagy, G1 amedtp2¥P* expression in radiosensitive

cell lines, while the growth of resistant cellsissociated with low levels of P97 expression [44

It has been reported that autophagy can degradéBdfekucing kinase and IkB kinase,
leading to NFkB inactivation, one of the mechanispneposed for reversal of drug/immuno-
mediated resistance [B#39n line with these observations, here the semsg effects of CLX in
human MDR-positive HCC cells appear to help to slwitoff P-gp expression. First, the
antiproliferative and pro-apoptotic effect of CLafserved as G1 cell accumulation and appearance
of sub-G1 peak in DNA distribution, appeared to dependent on P-gp expression, because
suppression of P-gp bWIDRISIRNA makes CLX ineffective. Interestingly, silengi P-gp

expression also prevents activation of autophaglypv¥"** by CLX and_these findingfits with

our previous data on prevention of apoptosis [6].
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Data shown irthe present study are schematically diagrammdeégn7. Overexpression of
Bcl-2 can be detrimental for response of tumorscét drug-mediated autophagy/cell cycle
arrest/apoptosis and Bcl-2 might be proposed aaia target for reversal of drug resistance.

In conclusion, to the best of our knowledge, tkishie first report showing that CLX induces
growth suppression by stimulating autophagy, besagmptosis and G1 arrest, and identiBes2

as a possible common mediator of these eventseTiessilts illustrate that P-gp is responsible for

thein vitro antiproliferative, pro-autophagic and pro-apoptatfect of CLX. MDR1 siRNA down-

regulates the levels of expression of both HGF I and CLX decreases Bcl-2 expression by

down-reqgulation of the MET pathway in P1(0.5) cefier these reasons the CLX effects on P1(0.5)

might depend on the action of P-gp on the HGF/METoerine loop.In the future, it would be

useful to extend these preclinical vitro results to evaluate the effect of the above used

concentrations of CLX in mouse tumor models to suppotential clinical studies.
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Figure legends

Figure 1. CLX inhibits the growth of MDR-positive cells. (AMTT assay and (B) Trypan blue
exclusion test; cells were exposed to CLX (2.51Gand 20 uM for 48 h); data shown are means *

standard deviation (SD) of three independent erpants. (C) Cell cycle phase distribution of HCC

cells grew without CLX and serum for 48 h )(Dolony formation of MDR-positive cells soft

agar (day 14 after CLX treatment). Colonies showiraye than 25 cells/colony were counted and

presented as percentage of control.
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Figure 2. CLX induces accumulation of subG1l and G1 MDR-pusittells. (A) Representative

DNA distribution of HCC cells treated with CLX atd indicated concentrations (0-2.5-5-10-20
uM) for 24 h. (B) Cell cycle phase distribution®1(0.5) cells treated with various concentrations
of CLX for 24 h. Each tabulated percentage reprssehe average of three independent

experiments, (C) Cell cycle phase distribution &f ¢ells treated with various concentrations of

CLX for 24 h Data shown are means + SD.

Figure 3.CLX induces autophagy of P1(0.5) MDR positive ceCells were exposed to CLX for

the indicated times and analyzed by Nikon fluoreseemicroscopy. (A) MDC (0.05 mM)

incorporation in autolysosomes. (B) Staining of EICBunctat. Cells were exposed to CLX in the

presence and absence of 10 mM of 3MA for 1I€) Immunocytochemical analysis of Beclinl

expression after 1 h exposure of CL(®) Immunocytochemical analysis of Bcl-2 expressafter

1 h exposure of CLXData are representative of three separate expetanand were calculated

from inspection of at least 10 randomly choserd&gl0-50 cells/field). (E) Western Blot analysis
of elFa, P- elF2a, mTor and P-mTor in P5 and P1(0.5) cells at basalditions and after
treatment with CLX 5uM for 2 hours. Three sepamtperiments ere done and one representative

of all is shown.

Figure 4.Up-regulation of CKI during CLX-induced P1 growdirest and up-requlation of TG¥F-

by 10 uM CLX for 3 h in P1(0.5) cell€ells were cultured for 24 h in the presence bKQA)

Western blot analysis of pf%? p21* and p2*#** expression in HCC cell lines. (B) Expression
of CKI by immunocytochemistry (10 uM CLX). (C) Qu#itation of the levels of nuclear CKI
expression detected by immunocytochemistry; errars brepresent SD of four independent
experiments, * p < 0.05 versus control; # p < 8Bus P5.0) Quantification of TGB1 and p53

expression by immunocytochemical analysis (10 uNKCL
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Figure 5. Down-regulation of the expression of proteins imed in the mitogenic signal
transduction by 10 uM CLX for 3 im P1(0.5) cells. (A) Western blot analysis of laye D and E,
pRb, E2F, ERK and MET expression. (B) Quantificatad cyclin D, cyclin E andE2F expression
by immunocytochemical analysis; data are means eamat bars denote SD of three separate

experiments, *p = 0.05.

Figure 6.Suppression of P-gp expression by MDR1siRNA presv€iX-induced enhancement of
p27% expression and Beclinl, G1 arrest and apoptosi®lif0.5) cells. (A) Representative
Western blot of P-gp, HGF, METBcl-2 and p2'#’. (B) Levels of p2'¥"* expression by

immunocytochemical analysis after CLX treatment BigR1siRNA and nuclear quantification of

p27%L. (C) Immunofluorescence of Beclinl. (D) DNA dibtition by fluocytometric analysis, *

p<0.005

Figure 7.Hypothetical model of how CLX induces autophaggil cycle arrest and apoptosis in

P1(0.5) cells.
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