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Anoikis, a detachment-induced apoptosis, is a principle mechanism in inhibition of tumor cell
metastasis. Tumor cell acquiring anoikis-resistance, as frequently observed in human lung cancer,
becomes an important obstacle of efficient cancer therapy. Recently, signaling mediators such as
caveolin-1 (Cav-1) protein and nitric oxide (NO) have garnered attention in metastasis research;
however, their roles and the underlying mechanisms of metastasis regulation are largely unknown.
Here, we show that NO impairs the apoptotic function of the human lung carcinoma H460 cells after
detachment. The NO donors sodium nitroprusside (SNP) and diethylenetriamine (DETA)-NONOate
inhibit detachment-induced apoptosis, whereas the NO inhibitors aminoguanidine and 2-(4-
carboxyphenyl)-4,4,5,5-tetra-methylimidazoline-1-oxyl-3-oxide ~ (c-PTIO) promote this effect.
Resistance to anoikis in H460 cells is mediated by Cav-1, which is significantly downregulated after
cell detachment through a process that involves protein S-nitrosylation, which prevents its
proteasomal degradation and induction of anoikis by cell detachment. These findings indicate a
novel pathway for NO regulation of Cav-1, which could be a key mechanism of anoikis resistance in

tumor cells.

Keywords : nitric oxide, anoikis, apoptosis, caveolin-1
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Anoikis, a detachment-induced apoptosis, is a principle mechanism in inhibition of tumor cell
metastasis. Tumor cell acquiring anoikis-resistance, as frequently observed in human lung cancer,
becomes an important obstacle of efficient cancer therapy. Recently, signaling mediators such as
caveolin-1 (Cav-1) protein and nitric oxide (NO) have garnered attention in metastasis research;
however, their roles and the underlying mechanisms of metastasis regulation are largely unknown.
Here, we show that NO impairs the apoptotic function of the human lung carcinoma H460 cells after
detachment. The NO donors sodium nitroprusside (SNP) and diethylenetriamine (DETA)-NONOate
inhibit detachment-induced apoptosis, whereas the NO inhibitors aminoguanidine and 2-(4-
carboxyphenyl)-4,4,5,5-tetra-methylimidazoline-1-oxyl-3-oxide ~ (c-PTIO) promote this effect.
Resistance to anoikis in H460 cells is mediated by Cav-1, which is significantly downregulated after
cell detachment through a process that involves protein S-nitrosylation, which prevents its
proteasomal degradation and induction of anoikis by cell detachment. These findings indicate a
novel pathway for NO regulation of Cav-1, which could be a key mechanism of anoikis resistance in

tumor cells.
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1. [madMNzIAD9 Cell Culture
wadnlglummasaslumydseiiiduinas human lung epithelial cell line 30 NCI-H460  @9diaan
31N American Type Culture Collection LLﬂ:LW’]zL?;/mGlua’IWIS Lémmaﬁg RPMI 1640 ﬁﬁd'sumau
LA

- 5% fetal bovine serum

- 2 mmol/L L-glutamine

- 100 units/ml penicillin/streptomycin

maﬁa:gmﬁgﬂﬂu 5% CO2 ﬁqmmﬁﬁmuqﬂiﬁ 37°C

2.M7iarzauvadluasnaan lodneluias
mMIaTIaszauedluasneantloamelwoadvinlasld flow cytometry Laz fluorescence microscope
Tapldafoufianzianzasdaluasnoanlodaa DAF-DA minasssrilas MUWAIYALTARDANIN
3Bz iadUszanm 1,000,000 tragazgninanla 10 pmol/L 189817 DAF-DA W1w 30 Wi
37°C  MEIINATUINAUALIAIIZAIITasa 1 8phosphate-buffered  saline uazsLasLTLA3ad

FACSCaliber flow cytometry La3LAT12%n161ANLTY fluorescence intensity #3avinlidasguaz

dannlag fluorescence microscopy é’zytgwmﬁvlﬁa: @3799U7 538-nm

3. N13%I1 Cav-1 Stable Transfection



Plasmid T#@ Cav-1 plasmids (pEX_Cav-1-YFP) gﬁ%ﬂu’]ﬁ]’m American Type Culture Collection
(ATCC) %ﬁ'\‘iﬁnﬂﬁ?uﬁ’lmﬁ’l Stable transfectants I@]&lﬂ’l‘ilﬁ&ldlfﬁﬁﬁ&l:ﬁdﬂaﬂ H460 cells 11 six-well
plate aum:ﬁ"avlﬁmaﬁmwmmLLu',u‘lJi:mm 60% confluence %ﬁx‘lmﬂﬁ?ﬂ‘ﬁW microgram a4y
cytomegalovirus-neo vector Wz 15 pl madﬁﬂm Lipofectamine reagent TIUNY 2 pg U8y Cav-1
plasmid %38 control pcDNAS3 plasmid

I@]Uwaumuwaué’aﬂﬁml,l,aﬂmﬁwgh,sﬁaﬁ BoomaRaawIn 12 TN, WasuemTRssaaslnd  nag
N197 transfection 4% 36 TA. maﬁ%:gﬂﬁﬁmﬁmﬁaﬂim neomycin (600 pg/ml) 1% 28 o1 Lsnaﬁ‘ﬁ'"lﬁ
azgnianaIreumUTnmlusiu Cav-1 lan Western blot analysis uazaziapsluamsfilad

neomycin 8en9thas 2 passages nauthanlgluninaaas

4. NMIANWINTANLVDILTAN

4.1 Anoikis Assay
raaNeiSIUan H460 cells 1 x 105 cells/ml mmwémluama: suspension Tu 12-well tissue
culture plates %amﬁauﬁwmi poly-(2-hydroxyethyl methacrylate) (poly-HEME; Sigma) TutSam
200 pl (6 mg/ml in 95% ethanol) wasaniwiklduudl 37°C Anareegiu ( 0-24 $alus ) easy
NAMAKA dnLasNnaIaphosphate-buffered saline  €audae annexin V-FITC (Sigma)  uag
i lUAemeimndinnady fluorescence intensity 618 FACSCaliber flow cytometry (Becton-
Dickinson, Rutherford, NJ) %%aﬁﬂﬂdmguazmﬂmwim fluorescence microscopy (Carl Zeiss

Axiovert, Goéttingen, Germany)

4.2 Hoechst33342 assay
MIMUVBITASUUL  apoptosis Mé’omﬂmsgnmmjmﬁama&?%qﬂmﬂmiﬁmm: dnmlasiin
imasuz1391an HAB0 cells IUNTUANT Hoechst 33342 1luiaan 30 Wil 37°C wasantiwinlUsas
@”ﬂwm:mimmmu apoptosis lag fluorescence microscopy (Carl Zeiss Axiovert, Goéttingen,

Germany) 8% bawn m‘s‘nunsjwaﬂmm@u WaL/v30 MILANANYBIRNLYDIENTHUENITY

4.3 XTT assay



fnTuaaniTIaagnasanmIgnnIzdulilaraingaanmidainie anlassinirasuntunuas
Sodium 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) 20 ymol/L 1w
VAN 4 TN 37 °C BRINUUIEANIATIZE  optical density (OD) 628 V-max photometer

(Molecular Devices, Inc., Menlo Park, CA) AAMVEMIAFUURI 450 nm

5. M3ansUSuawlUsAusie Western Blot Analysis
Wiaasunanialdsfudan lysis buffer G91l3znoudas 20 mmol/L Tris-HCI, pH 7.5, 1% Triton X-100,
150 mmol/L sodium chloride, 10% glycerol, 1 mmol/L sodium orthovanadate, 50 mmol/L sodium
fluoride, 100 mmol/L phenylmethylsulfonyl fluoride, L8z commercial protease inhibitor mixture (Roche
Molecular Biochemicals, Basel, Switzerland) 1fluiaan 30 w1fifl 4°C wasnnuwm S mllsén
nanuanianalaluusazdracnilas Bradford method (Bio-Rad Laboratories, Hercules, CA) W&2%1
gyazasldsiuundiensilsinaldsiuiianls Tasshasszaolusiuuasudazaragnafifiusano
40 ug 9w Auenaly 10% SDS-polyacrylamide gel electrophoresis ugzaingg 0.45-um
nitrocellulose membrane (Pierce) %ﬁ’dﬁ]’lnﬁ?uﬁ’llmu nitrocellulose membranedNL L@ 5% nonfat dry
milk 11 Tris-buffered saline/Tween 20 (25 mmol/L Tris-HCI, pH 7.4, 125 mmol/L NaCl, and 0.05%
Tween 20) 1uiaan 1 %"ﬂm @NNA28 primary antibodies 1Jwaan 18 %"ﬂm“?i 4°C Lﬁlamumm’sm‘ﬁ
f19a nitrocellulose membrane 3819628 Tris-buffered saline/Tween 20 1181 10 w171 waziu
nu peroxidase-labeled isotype-specific secondary antibodies WWwtaan 1 ‘ﬁL’JIm‘ﬁqm%Qﬁﬁm WAIAN
rwhandiensilSnamstsznauiBedanud \AanNI¥NY 381321309 peroxidase Ut secondary
antibodies L8z chemiluminescence (Supersignal West Pico; Pierce) 1agmMIEnEMNLEINIANY
nwwUBLUTImeNIUIzna U TITawa s analyst/PC densitometry software (Bio-Rad, Richmond, CA)
mmfuﬁ']mm'&"ﬂm'\wmuuumauwiazmsmaaaﬁ'lmvﬁwﬁ‘unQumuqmmmamlummﬁsJ +

S.D. lay Student's t test.

6. n3AnwU§Asen3zndnslus@iu (immunoprecipitation)
dusaandunuaInlinieaa luasneanlodunanalusaudie lysis buffer 10waan 30 A1 4°C ud

haumdSunmlysiuninuavasudazaiaing nasanuwihaanandusunmlysdu 60 g vyuny



anti-Cav-1 antibody tJut281 6 hours 71 4 °C  hasdsznaudsdaui laanyfizenseninelysdu
AU anti-Cav-1 antibody &18196728 lysis buffer Lazaza18@28 2X Laemmli sample buffer 21n%usinan
v dl

gun 95 °C 1uan 5 Wil ssazansvessUiznauiFetauiueneis 10% SDS-PAGE Laz

AneRUSunmlisenszninelusdiuaas Western blot @snantnaam
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189N IAN8UUY anoikis LuNTzUIRNIINTANNEIALAANITTUHINITUNINIZINLVDILTARNZLT
agabsRauaNufeTeIvad luaInaen kuadan1IasuwLy anoikis 89 l8EnTENEY luzuwsnle
ANBININBUAUDIVBITAN HA60 @aNIIABULY anoikis KAINDANITZGUNBLTATHAANNNIER
12 TaWNZLRELTAR b tissue culture plates T9LARaUAIBETT poly-(2-hydroxyethyl methacrylate)
) ' o a caAAdAA o o A o &a
(poly-HEMA; Sigma) @3lIa1619 ¢ LaImUIunmlesaanaisina s XTT assay iWIsuifisunuimasn

& . a = . & =< A A &
wzLAnglu tissue culture plates Uné Namiﬂnmwm'}maam&q@mﬂmswLm:uﬂsmmmaaia@
FiaaaadSuaiudmaluef 6 LLa:ﬁﬂ‘%mmLfﬁaﬁia@%ﬁmﬁaUﬁﬁ;ﬂﬁ"ﬁ"ﬂmﬁ 12 (31 1A) [EwdAIAuAL
USILTRaNANBULY apoptosis ARINNILATLALAL anoikis assay a8 flow cytometry (g‘ﬂ 1B and

\ o ) & . a
D) uazn1In1gnINaY fluorescence microscope (giJ 1E) Lo8an@guuy apoptosis 3cdUN1T
1WAsuulasf cell membrane lasfinnsenoaad phosphatidylserine  (PS)  aneuluvas cell
membrane §6N%1%8NUBIA1 cell membrane FIFNIINATINIA LG annexin V-FITC luumeNinaan
AEWUL necrosis WUMIHaNGAAFvad Pl 11 nucleus 91n3l 1 B waadbAAwIN ldwum I suuy

'
o

necrosis WANLNNTANEULUL apoptosis N1 a7 6-24 %&aawmaﬁ%q@mnmiﬁ@mwzazhaﬁ

pdamny
MIABLUL apoptosis 3iTuunInananlunsnsni inaillunssiuayunisnauauaIMInBLUY

anoikis LTARNANHUUL apoptosis ld@51970lay Hoechst 33342 staining assays AT luan 12

%é’umﬂquﬂmﬂmiﬁmmz (3U 1E)

s luainaanladidudinisnanlunisaiugunisanouuy apoptosis uazannMIANsiaunind

wudluaineanlodfisulunisningunIaisuuy apoptosis 3NNNIRNNIEGUAIL cisplatin waz

FasL (Chanvorachote at la., 2005 L&z 2006) aauuluasaidsfnunavedluainaanloddanisane
A 6 = ) 6 = 1 o a 6

WUY anoikis VadLTaRNzISIUaa H460 lapiioasuzSsdanantunussivluasnaantos (SNP waz
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Hoechst33342 assay Wu1dn13i3a9uasfi nucleus uaziinamunguuaslasanduiitiluai 12 &
sansnsusdlalas asliluasneenlod SNP luvmedt ansdussluasneantos lWnalunasinu
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ledsia anoikis lag annexin V-FITC probe uaz Pl W&2&846728 fluorescence microscope. A1HNANTT
nasssiuganduduadonldanmmesssnsnue 3 a3 lasfivpdayn * P < 0.05 Walfipuny

néwﬂauqu

& vl = a 6 L & a 6 1 o a [
ANBW A INITANBINAVDIRIT I IaTnaan loauazassuss luasnaan lradaszauluasnaanlod
° & < | e a 4 o & a ¢ v o
molwaaslasiimasusiSidaauuunuans i bwasnaan bawaransousd luasnaan o waldaw
¢ NO-specific probe DAF-DA uaziaszauluadnaanlosaelwwadlasls flow cytometer wae
fluorescence microscope 91n3UN 2 uaasliAwiansliluainaanladmansniindinuluainaan
loranioluinas luumengnsoussluasnaanlad c-PTIO aadSanmluasnaanloanioluisadatied

HOFRIATY

(]



(=]
S
2
5
(=
o
o
100 107 102 103 104
Control
=3
§%]
c
Control 2
&
o
100 101 102 103 10%
SNP 10 uM
(=)
S
)
c
2
(&)
o
PTIO 50 uM 100 10! 102 10% 104
SNP 50 pM

s 2 wavessnsliluadneenladuazansduasluainesnladdeszauluaineanladmoluimsd
LraaNei3IUaa H460 LAY sodium nitroprusside (SNP; 0-50 ymol/L) w8z c-PTIO (50 pmol/L) 1w
1A 2 TN uaziaseau luasnean ladneluioad laodandis NO probe DAF-DA (A) Amweng
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pathway
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degradation pathway lumsvnansldsauwlwead lunsansdunaudeluifumsansminalnaves
luasnaanlodlunstlesnunsanszaulyséu caveolin-1 lasfn®nIzuIunNs ubiquitination va3
T158u caveolin-1 uazluasnaanlad@rs Immunoprecipitation  lagsinimadaniwiziassluanrnsid
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ORIGINAL ARTICLE
Cellular and Molecular Biology

Curcumin Sensitizes Lung Cancer Cells to
Cisplatin-Induced Apoptosis Through Superoxide
Anion-Mediated Bcl-2 Degradation

Pithi Chanvorachote,! Varisa Pongrakhananon,? Sumalee Wannachaiyasit,® Sudjit Luanpitpong,? Yon Rojanasakul,?
and Ubonthip Nimmannit?

Department of Physiology’ and Pharmaceutical Technology (International) Program,? Faculty of Pharmaceutical Sciences, Chulalongkorn
University, Pathumwan, Bangkok, Thailand, Department of Biopharmacy, Faculty of Pharmacy, Silpakorn University, Nakorn Pathom, Thailand,?
Department of Pharmaceutical Sciences, West Virginia University, Morgantown, West Virginia, USA*

ABSTRACT

The purpose of this study was to investigate the sensitizing effect of curcumin on cisplatin-
induced apoptosis in non-small cell lung cancer (NSCLC) H460 cells. Curcumin was shown
to induce superoxide anion generation, down-regulate anti-apoptotic Bcl-2 protein, and sub-
sequently sensitize cells to cisplatin-induced apoptosis. Co-treatment of the cells with cur-
cumin and cisplatin resulted in increased apoptosis and reversal of Bcl-2-mediated cisplatin
resistance. The mechanism by which curcumin down-regulates Bcl-2 and sensitizes cells to
cisplatin-induced apoptosis involves proteasomal degradation of Bcl-2. These findings indi-
cate a novel pathway for curcumin regulation of Bcl-2, which could benefit the development of

a cisplatin sensitizing agent.

INTRODUCTION

Cisplatin-based chemotherapy has been widely used for the
treatment of many solid tumors including those in small cell
lung cancer (SCLC) and non-small cell lung cancer (NSCLC).
However, the efficacy of this chemotherapy is frequently atten-
uated due to de novo drug resistance in the advanced stage of
cancer or in cancer cells acquiring cisplatin resistance during
therapy (1-4). The chemotherapeutic resistance and late de-
tection of lung cancer are considered as major causes of high
mortality in this cancer (5). Since NSCLC is the most diagnosed
type of lung cancer and approximately half of which being at an

Keywords: Curcumin, Cisplatin, Apoptosis, Lung cancer, Bcl-2
degradation
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advanced stage at the time of diagnosis, strategy of chemothera-
peutic sensitization may improve the therapy and benefit clinical
outcome.

Several mechanisms of cisplatin resistance have been pro-
posed, including increased intracellular antioxidant activity and
decreased drug accumulation (6-8). Recently, we and others
reported that the anti-apoptotic B-cell lymphoma-2 (Bcl-2) pro-
tein plays an important role in the development of cisplatin
resistance in many cancer cells (9—-14). Bcl-2 is overexpressed
in many forms of tumor, including SCLC and NSCLC. This in-
crease in Bcl-2 expression impairs the mitochondrial apoptotic
function by neutralizing the proapoptotic Bcl-2 family members
such as Bax and Bak (15, 16). The expression level of Bcl-2
has been reported to be regulated by several processes, includ-
ing transcription, posttranslational modifications, dimerization,
and degradation. Previous studies showed that several apoptotic
stimuli, including tumor necrosis factor-o (TNF-«), reactive
oxygen species (ROS), lipopolysaccharide, amyloid-f, and is-
chemia, regulate Bcl-2 primarily through proteasome-mediated
degradation (14, 17, 18).

Curcumin [1, 7-bis (4-hydroxy-3-methoxyphenol)-1,6-
heptadiene-3,5-dione], a main component obtained from the
rhizome of Curcuma longa, has been reported for long to
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exhibit several promising pharmacological activities, including
anti-inflammatory (19, 20), antioxidant (21), anti-cancer (22),
and chemopreventive activities (23, 24). Some studies also in-
dicate that curcumin possesses ROS-inducing or prooxidant ac-
tivity (25-27).

Since cellular oxidative stress induced by cisplatin has been
shown to contribute to its cytotoxic activity and the increased an-
tioxidant mechanisms of cancer cells attenuate cisplatin-induced
apoptosis (3, 28), prooxidant property of curcumin may be used
to sensitize cancer cells to cisplatin-induced apoptosis and may
increase the effectiveness of cancer treatment through combina-
tion therapy.

In the present study, we determined the effect of curcumin on
cisplatin-induced apoptosis in human lung cancer cells and elu-
cidated the underlying mechanisms using pharmacologic and
gene manipulation approaches. Our results showed that cur-
cumin was able to promote the apoptosis-inducing effect of
cisplatin through down-regulation of the anti-apoptotic Bcl-2
protein. The mechanism by which curcumin down-regulates
Bcl-2 involves induction of superoxide anion and subsequent
activation of proteasome-mediated degradation of Bcl-2. The
down-regulation of Bcl-2 by curcumin strongly sensitized cells
to cisplatin-induced apoptosis. Curcumin was also shown to re-
verse cisplatin resistance in cells overexpressing ectopic Bcl-2,
supporting the role of Bcl-2 in cisplatin resistance and its rever-
sal by curcumin.

MATERIALS AND METHODS

Cell culture and reagents

Human non-small cell lung cancer (NCI-H460) cells
were obtained from the American Type Culture Collection
(Rockville, MD). Cells were cultured in RPMI-1640 medium
containing 5% fetal bovine serum, 2 mmol/L L-glutamine, and
100 units/mL penicillin/streptomycin in a 5% CO, environment
at 37°C. N-acetylcysteine (NAC), dithiothreitol (DTT), benzy-
loxycarbonyl-Val-Ala-Asp-(OMe) fluoromethyl ketone (zVAD-
fmk), cis-diamminedichloroplatinum (cisplatin), 1, 7-bis
(4-hydroxy-3-methoxyphenol)-1, 6-heptadiene-3, 5-dione (cur-
cumin), 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT), antibody for ubiquitin, and antibody for -actin
were obtained from Sigma Chemical, Inc. (St. Louis, MO).
Dichlorofluorescein diacetate (DCF-DA), Hoechst 33342, and
LipofectAMINE transfecting agent were obtained from Invitro-
gen (Carlsbad, CA). Antibodies for Bcl-2, peroxidase-labeled
secondary antibodies, and protein-A Sepharose were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA).

Bcl-2 plasmid preparation and transfection

The Bcl-2 plasmid was generously provided by Dr. Christian
Stehlik (Northwestern University, Chicago, IL). The open read-
ing frame of Bcl-2 was amplified by high-fidelity PCR (Strata-
gene, LaJolla, CA) from corresponding expressed sequence tags
and cloned into pcDNA3 expression vectors containing the NH;-
terminal myc epitope tag. Authenticity of all constructs was ver-

ified by DNA sequencing. Transient transfection was performed
using Lipofect AMINE reagent, according to the manufacturer’s
instructions. The amount of DNA was normalized in all trans-
fection experiments with pcDNA3. Expression of proteins was
verified by Western blot assay.

Generation of Bcl-2 overexpressing cells

Bcl-2 overexpressing cells were generated as previously de-
scribed (14). Briefly, subconfluent (70%) cultures of H460 cells
were transfected with cytomegalovirus-neo vector and myc-
tagged Bcl-2 plasmid using Lipofect AMINE reagent in the ab-
sence of serum. After 10 hr, the medium was replaced with
culture medium containing 5% fetal bovine serum. Cells were
trypsinized 36 hr after the transfection, and the cell suspensions
were plated onto 75-mL culture flasks and cultured for 24 to
28 days with G418 selection (400 pg/mL). The pooled stable
transfectant was identified by Western blot analysis of Bcl-2 and
cultured in G418-free RPMI medium for at least two passages
before each experiment.

Apoptosis and cytotoxicity assays

Apoptosis was determined by Hoechst 33342 assay (Invitro-
gen). After treatment, H460 cells were incubated with 10 pg/mL
Hoechst 33342 for 30 min and scoring the percentage of
cells having intensely condensed chromatin and/or fragmented
nuclei by fluorescence microscopy (Leica Microsystems,
Bannockburn, IL). Cytotoxicity was determined by MTT col-
orimetric assay. Cells in 96 well plates were incubated with
500 pg/mL of MTT for 4 hr at 37°C. The intensity of the MTT
product was measured at 550 nm using a microplate reader. The
relative percentage of cell survival was calculated by dividing
the absorbance of treated cells by that of the control in each
experiment.

ROS detection

Intracellular ROS generation was determined by flow cy-
tometric analysis using the oxidative probe DCF-DA (Invit-
rogen), according to the manufacturer’s instructions. Briefly,
cells were incubated with the probe (10 pmol/L) for 30 min at
37°C, after which they were washed, trypsinized, resuspended
in phosphate-buffered saline (PBS) (1 x 10° cells/mL), and im-
mediately analyzed for fluorescence intensity by flow cytometry
using a 488-nm excitation beam and a 538-nm band-pass filter
(FACSort, Becton Dickinson, Rutherford, NJ) with CellQuest
software (Becton Dickinson).

Western blot analysis

After specific treatments, cells were incubated in lysis buffer
containing 20 mmol/LL Tris-HC1 (pH 7.5), 1% Triton X-100,
150 mmol/L NaCl, 10% glycerol, 1 mmol/L. NazVOy4, 50
mmol/L NaF, 100 mmol/L phenylmethylsulfonyl fluoride, and
a commercial protease inhibitor mixture (Roche Molecular Bio-
chemicals) for 20 min on ice. After insoluble debris was pel-
leted by centrifugation at 14,000 x g for 15 min at 4°C, the
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