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Abstract

Project Code : MRG5480105

(sWalasansg)

Project Title : Regulatory role and mechanism of nitric oxide on lung cancer cell
aggressiveness
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6 =3
LraaNslIIlan

Investigator : HT8fMIAMNTY NFINT @3.07 Funiasled

(BawnIdy)
E-mail Address : pithi.c@chula.ac.th, pithi_chan@yahoo.com

Project Period : 2 g

(szoz13a1lAsans)

The effect of extended exposure of the cancer cells to nitric oxide (NO), an
endogenous mediator frequently found to be increased in a tumor area is largely
unknown. We have reported herein that long-term NO exposure for 7-14 days rendered
the lung cancer cells resistant to chemotherapeutic agents namely cisplatin, doxorubicin,
and etoposide, and enhanced migratory activity of lung cancer cells. For
chemotherapeutic resistance, the underlying mechanism was found to be involved with
the adaptive responses of the cells by increasing their survival mechanisms including
increase in the levels of caveolin-1 (Cav-1) and anti-apoptotic Bcl-2, and up-regulation
of phosphorylated Akt. In addition, the present study found that long-term treatment of
NO significantly enhances cell migration in dose- and time-dependent manners. The
increased migratory action was associated with the increased levels of caveolin-1 (Cav-
1) which in turn phosphorylated focal adhesion kinase (FAK) and ATP-dependent

tyrosine kinase (Akt) pathways. These findings reveal the novel role of NO presenting in



the cancer environment in attenuating chemotherapeutic susceptibility and increased

motility that may be beneficial in contriving strategies to treat the disease.
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caveolin-1 1U3@1 Bcl-2 uay phosphorylated ATP-dependent tyrosine kinase (Akt)
HANNHNWITBREIV IFEN T I INEaaNzSI lasu luasnaan lodasganaiiunis
LARBUNVBILTARNLLTS HIWMITLANTZAL phosphorylated focal adhesion kinase (FAK)
ILae ATP-dependent tyrosine kinase (Akt) pathway NaNIWILRA I uuLnUIn
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1. eanwnsvesluasneanlod  (nitic  oxide) @iammﬂ?ismuﬂaamwgmnwaa
LraaNziSIlaa (cancer cell aggressiveness) LT MIWNINTZA VB ILTANNLLTS
(metastasis) LLazm‘i?Ta@iaméT’mmL%d
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Cells and reagents

L‘ﬁaﬁuzﬁdﬂa@mmgﬁu 2 7ia A8 H460 war H23 91N American Type Culture
Collection (Manassas, VA). \R84LTaa a1 wNIiaeslas RPMI 1640 lasidy 5% fetal
bovine serum, 2 mM L-glutamine, L8 100 units/mL penicillin/streptomycin WRZLREILTAR

lugimnziipaaaanaIuguan1iz 5% CO, environment figasnni 37°C.

{1308 Lactacystin (LAC) MG 132 W8z dimethysulfoxide (DMSO) %ﬂ%ﬁﬂﬂ%ﬁﬂ Sigma
Chemical, Inc. (St. Louis, MO) &13 propidium iodide (PI) L8z Hoechst 33342 %amn
131N Molecular Probes, Inc. (Eugene, OR) LAz rabbit Cav-1 antibody rabbit Mcl-1
antibody mouse monoclonal ubiquitin antibody mouse monoclonal Cav-1 antibody LLag
peroxidase-conjugated secondary antibody %yamﬂu‘%ﬁﬂ Abcam (Cambridge, MA)

&17 MitoTracker Red CMXRos Alexa Fluor 350 goat anti-mouse 1gG (H+L) Alexa Fluor
488 goat anti-rabbit IgG (H+L) uwar Lipofectamine 2000 %ﬂﬁ]’]ﬂﬂ%ﬁﬂ Invitrogen
(Carlsbad, CA) waz Antibody for ubiquitin  protein G-agarose bead L.&8< and B-actin

antibody T9NNUIEN Santa Cruz Biotechnology (Santa Cruz, CA).
TUAIUNITIVE
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lagmsl MyIanidinseauasaslasinaila MTT assay s'mﬁ'umig]mimmao
waslagld  annexin V-FITC uss propidium iodide (PI) usziawalaglfiadas
fluorescence microscopy ae flow cytometer uaﬂmﬂﬁm’ﬁﬁ'@mmﬂﬁEJuLLﬂaﬂé'ﬂHm:
20907LAR0RVILTARGBTEI) Hoechst 33342 apoptosis assay mMIeeAlay
fluorescence microscope Tagmstanniinedssuasaasuazinn i wiwaasng
feRuaNiansae condensed %38 fragmented nuclei itsuaniomImauuuazwanln

TR

2. msanwnavaslUsiudnagda  cancer cell  aggressiveness  lasnng
. A @ & = Aa o a . A A @ Y
transfection tWal# latraanziisdaaunasgnunszauldsdn drgiifeadasny cancer

cell aggressiveness MITAUNLANGIINUANNITNNTAI

YinM3 transfect LTaaaIY expression plasmid V9lUAUGN e]ﬁﬁaamsﬁﬂm LT
Caveolin-1 B2 usz Mc-1 lapmsiagaiaadlile 60-70% confluence uasviinis
transfection lagld lipofectamin reagents LﬁaLSﬁaﬁﬂeﬁJmi transfection ATUILHLLIAN 3
Swazvinmsnaidaniiielwle Stable transfected cell lines IABLNZLADIITRRTAHIUNS
transfection Ma1M1IIAELTASALAN selective antibiotic filannzea plasmid Al vinms
RUTAS WA NHMLaINgIWIK 28 % imadnldesinluvinmyieUsinaldsin Tas
Western blot analysis tivel@leimasniszeu protein mﬁ@ﬁ?us]mﬂﬂdﬂmaﬁmmg’m e
miﬁﬂmwamaﬂﬂiaufuG]Giami invasion, migration, chemotherapeutic resistance LLag

anchorage-independent growth ga'll

MR U5AUe893 Western blot analysis

\TaRuARzTiaf le3UMs transfection wazRIWMIAALEaNAILATTIU WONUT
lu lysis buffer ﬁﬂszﬂauﬁ’m 20 mM Tris-HCI (pH 7.5), 1% Triton X-100, 150 mM
sodium chloride, 10% glycerol, 1 mM sodium orthovanadate, 50 mM sodium fluoride,
100 mM phenylmethylsulfonyl fluoride, and a commercial protease inhibitor cocktail
(Roche Molecular Biochemicals) %1% 30 min Ui Iﬂiauﬁuﬂﬂ"lﬁmmsméi’azgﬂ
131 denatured Uazld Laemmli loading buffer aa@aems load a9 10% SDS-
polyacrylamide gel electrophoresis ¥i1N13 separation L&z Iﬂiaufﬂzgﬂ transfer 119
0.45 uM nitrocellulose membranes Y113 block W1 1 %LJING 1a8 5% nonfat dry milk in
TBST (25 mM Tris-HCI (pH 7.5), 125 mM NaCl, 0.05% Tween 20) wazasiaialusaiud
Gosnsans  lewnsld antbody  fewizanzas  lunseanaussialas

chemiluminescence method
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dal#luesnaanlodiviass vfmsansnmitiiasenvesmasniamens g ieldsuas
frunzSifianudududne g lasmsiansfidiasenvesaaslasinadio XTT wie MTT
assay U8z ANalagLA309 microplate reader uaﬂmﬂf:mng]msmwawﬁaéﬂ@] o o
annexin V-FITC W8z propidium iodide (PI) LLﬂ:’T@NﬂI@UI‘ﬁLﬂ%m fluorescence
microscopy ez flow cytometer wananiiasisiamadisuudssansmaasiieios
Yl TRRAILFEIaN Hoechst 33342 apoptosis assay ¥inMTILATE#lae fluorescence

microscope

5, msdansszauvesldsdnsiadns 9l fsuudasly Welasuluasneanlod
lag/l4 Western blotting

v‘iﬁmiﬁnmszﬁwaﬂﬂiau‘ﬁLﬁmﬁaoﬁumzmumimwmLsnaﬁ LT Bcl-2, Bcl-XL,
Bax, p53, Mcl-1, cytochrome c LA caspases LL&zIﬂiauﬁLﬁmﬁadﬁ’umi invade L%
MMP uazldsauditiaatasiuns invade uaz growth in detachment condition uaslys@u
Tu signaling pathway ?J'Ius]ﬁLﬁlmﬁadﬁ'u cancer cell aggressiveness I@mﬁaﬁ’mﬁ
NARBILA Lmaﬁazgﬂuﬂu lysis buffer fiJsznaudan 20 mM Tris-HCI (pH 7.5), 1%
Triton X-100, 150 mM sodium chloride, 10% glycerol, 1 mM sodium orthovanadate, 50
mM sodium fluoride, 100 mM phenylmethylsulfonyl fluoride, and a commercial protease
inhibitor cocktail (Roche Molecular Biochemicals) #11b 30 min Iﬂiauﬁuﬂﬂvlﬁﬁl:gﬂﬁﬂm
denatured wazla Laemmli loading bufferaNN@18N1T load &4 10% SDS-polyacrylamide
gel electrophoresis ¥iNNNY separation LAz Iﬂiauﬁlzgﬂ transfer 11¢9 0.45 UM
nitrocellulose membranes ¥i1N17 block %1% 1 %;ﬂm 1a8 5% nonfat dry milk in TBST
(25 mM Tris-HCI (pH 7.5), 125 mM NaCl, 0.05% Tween 20) LLamini’@Iﬂiauﬁﬁadmi
fnmn Tagmyld antibody Mllamnzianzas

6. YINMIANEINNT binding WA interaction 31 319lUsAUlABAT Immunoprecipitation

Wevnmsnanasudn Lsﬁaa‘ﬁlzgnwﬂu lysis buffer fivsznaueay 20 mM Tris-HCI (pH
7.5), 1% Triton X-100, 150 mM sodium chloride, 10% glycerol, 1 mM sodium
orthovanadate, 50 mM sodium fluoride, 100 mM phenylmethylsulfonyl fluoride, and a

commercial protease inhibitor cocktail (Roche Molecular Biochemicals) #1% 30 min L&



supernatant 92413195337 US N lUSAULALUWTAL  antibody dalisauiaulefizonde
Y protein G plus-agarose beads ¥ 4 %LQING LAY precipitated immune complexes 32
anand 5 3368 ice-cold lysis buffer uazls Laemmli sample buffer WINPT
ﬁ 95°C W% 5 W9 a2 Immune complexes ﬁvl,ﬁﬁ’lvl,ﬂ separated 1at) 10% SDS-PAGE
Waz31a3e% @28 Western blotting lagl% antibody waslisaiuidasnsinm

7. ‘ﬁ’m’ﬁﬁﬂHﬂﬂ’s’ma’m’liﬂluﬂ’mﬁfymaawnaﬁmﬁﬂﬂEl Colony formation assay

Anchorage-independent growth fﬂ:gﬂmaaﬂ@ﬂmsﬁnLsmﬁmﬁoﬁﬁaomimaaum
Lamlﬁvﬁmﬂu N2 single-cell suspension luamisudensznaudis RPMI 10% FBS
. A A & & o &
IR 0.6% low melting temperature agarose NmiLﬂaﬂummiLammaanﬂ6] 3 % LR
& & ) & a & sdaan
LIANLLWITEZLIRIUIH 4 FUARLEZATIILATIEHAN colony VUBILTARNNNDINTDA I@]?Jﬂ’]i

1o trypan blue staining assay
=< a @ a ' o a
8. MIAnEIM YR WU aI Tz AUV 1A% Kaun1enszuawnIvinansllsan

nmsanenIvinanslUsausEIwnIzUInANT Ubiquitin- Proteasomal degradation ¢
wafla immunoprecipitation AIANAINLET kazANEINNTYINAE UTAUHIUN
lysosomal degradation pathway tawinalnlunsfiansluaineanlodaiuguizauyas

Tys@unin B29RINUANNTULIIY adlTaaNziSIUan
9. Statistical analysis

uafiledann Western Blot analysis 921%5@1 Mean densitometry data 3nMINaaaIaEnd
oy 3 A39 ﬁauwanwsmaaaaéuq 210161 absorbance %38 fluorescence intensity e
1@a1¥insmndn mean lasiSouiisuunas normalize @hﬁ"lﬁﬁ'umj;wmqu Lazinen
mean 7ldannn1snasasednatias 3 A3san analyzed lag the Student's t test lagfinua

significance level ‘ﬁ p < 0.05.



AaNIINAaad

a &1 dy 1 (%) [~4
1. HaVaI lASNoaN lBARDNITADADLIAINNLLSI

=i £ a o o ' a A ' [ <
1.1. ﬂ']iﬂﬂ‘]ﬂ’]f]‘ﬂﬁ”l]E]\‘]vl%@]ﬁﬂE]ﬂﬂi‘ﬁ@ﬂ%iz@ﬂ@’]@laﬂﬁim@]ww@]aLﬁﬁaﬂﬂJZLidﬂﬂ@]

a v d‘»l v K A a 6 = p.l' s a 6 &,
lavsmaAdpigaiudnmiiinevasaasuzian lai luasnaanlodlln
1 dl' o a €d' 6 I3 s g; [} o v Aa

srazAdaLiadsnIwIn  lasszauluasnaan kranimaausisslasunude linal@iiana
1 6 g: 1 1 a A a a 1 6 v 6 3 a
dalraandlulinaiimaesny wiemaienedairas lesliisasuziSalaasiia H460
lesuansliluasnaanlsd DETA NONOate fianuidududdgnn (0-200 lulasluans
(uM)) waz¥mIanaanuiitiavadaasiluszoziian 3 1% LazaTIIRINIAN8 8
LIARNILUL apoptosis LAy necrosis NANNTIILYINMANIILINETIA baSnean loe DETA
NONOate luszauanudadui 0 — 25 lulasluans ldraldifafivwle gdamasuziSelaa
oo H460 Tuszuiam 0-72 Talas wenaniidiliasnalagea cell proliferation laz@ain
' R A A o AV V] wa a & A !
@ cell viability Lilaifipunuiaaad lildiumslilusineenlsd uazlagdinisansves
LIRANILUL apoptosis WAz necrosis Ny lAnIIUINRTIA lueSnean ladnanuuty
waznmaInauwhinzduldimafiionians  lalddenududusasasluainean
laduadsihanudutuwainananlslunimasasda 9l



31]17‘1' 1 uaasanuuiwuesmsliluadnaonlaod (DPTA NONOate) Ainnuidudusiug
0-200 uM iatfluszaziaan 0-72 12lus lasldimasusiSolaasfia H460

3U A unsaadienzinisegiaavediaasias MTT assay 31 B uaz C 1Jun13asia
JATTAMINLVaILTaslay Hoescht 33342 Waz P staining assay



1.2 MSANHINEUI la3Naan kiadan130a6a N wlziSITRas o

o & = g Aa a a & o

iasuzsadsdlunnzamugy  Almaduaslilueinaanlodwianains
dy 1 = c‘i’ 6 &, % &j o {d‘ c‘i’ [ %
Wesaaslnann 2 T Rsasasiduszeziawin 7-14 T nuwiiaaandesld 7
LAY 14 11 NNARBUNINDLEUDILALAITANULUL apoptosis WaY necrosis LaLTAR bATL
BNeBNLSI 3 shanlElunssneuziSetan Aa e uuzi3e Cisplatin Doxorubicin L@z

. < ad ' o A = as Ao
Etoposide lagnasaumn 24 T2lad lagiFnsdns gaanuaasneasidsaluitn1iise

' an va a 6 & o % Aa
NANNINARRINLINTaaT basu luaSnaan lomiduszaziia i 7 Tnuaz 14 Jwiia
MIRaAENMUUZITING 3 ThAadNAtEEAYNINEDA  lasaaaInIAT cytotoxicity WAz
8ANILAA apoptosis AILABLTAR lHILDN WAzdiANALANGaislnafmayneanaLile
A " AV o o . AN V) oo Y < Ao v &
Wisuddgnlanumaslunguaingui lildiumduunds  usznafidanalaiduly

ANNANUTNT U IRT I LaTnaan loe

§M3U Cisplatin Wi (asuziiilaangnissluniznd ssliluainaanlodiiu

o & = A& a v Y = . .

328280 7 uae 14 TuuasiaasnziSstaaniasslun1izdnd arlasusnduuzise cisplatin
RUMWIeaNNANT® 0-100 pM LHuszaziawn 24 %’aImLLa:ﬁﬂmﬁﬂmiagia@mad
LCIRRAEAD MTT assay LALIANNTANLVBILTARNIWLIL apoptosis LA necrosis 1ot
Hoechst33342/Propidium lodide staining assay LA Annexin-V staining assay TIAT?
JATeAIY  Flow cytometry WanIINaaadkaadlmininmslasuluasneanloddn

< a 9 & & & . . o A
5$EJZL’Jmu’muua\‘iLﬁiNl%L“ﬁﬂﬂNzLN@ail’l CISplatln VL@ (Eﬂ“n 2)



519 2 URAINAVDINT AU IUASNaan MaLTwizozian 7 uwaz 14 Jurhldimasaians

u
2

fadasnduNz3d  cisplatin i A Lﬂumi@mﬁLﬂiﬁ:ﬁmiagsamaamaﬂﬂsJ MTT
assay 3U B usz C Hunmsanadensinsanovedioaslay Hoescht 33342 waz Pl
staining assay Eﬂ D UFAINITATIDIATITHMIABULL apoptosis @28 Anexxin-V

staining LL.a flowcytometry



§M3U8N Doxorubicin 1 L%&?&J:L‘%@ﬂﬂ@ﬁgﬂL'é‘ivmlum';xﬁﬁ 3 lwasneenlad
Huseznmn 7 uas 14 Suuasioasuziseleafiiaslwnnizang alesuenduusse
Doxorubicin AU#IAAMUTNTH 0-5 M 1HuszpzLIa1w 24 %LUIMLLazﬁﬁmﬁ@miag
TR TARLABIT MTT assay LLa:’T@m’limﬂ"UadLﬁmﬁﬁ.ﬁdLLU‘IJ apoptosis LLAZ necrosis
1o Hoechst33342/Propidium lodide staining assay L8 Annexin-V staining assay
F9032310315%@28 Flow cytometry naminasssuaasiidiuinnslesuluesneanlos

\uszpznmuunudasiulfioaduziishion Doxorubicin 'l (U7 3)



317 3 usainazaInslasuluaineen lodiduszuziam 7 uaz 14 Tuldiaasiians
X

fafa1a1iLLS9 Doxorubicin

3U A unsaddienzinegiaatediaadlos MTT assay 3U B uaz C ilunias

2

6

amﬁmmsmwadmaﬁﬂm Hoescht 33342 LLaz Pl staining assay Eﬂ D LEAINIINIII

)}

JansAnsansLuy apoptosis @28 Anexxin-V staining L& flowcytometry

§1TUEN Etoposide 1 LﬁﬁaﬁmﬁoﬂamﬁgﬂLgmlumazﬁﬁ {34 luesneenlad
Huseesnm 7 uaz 14 Sunazioasuzsetoafiaselunnizing e lasuenduusise
Etoposide fivwiannudutu 0-50 uM 1fluszoziaanwin 24 %"’ﬂmua:ﬁ'mﬁi'ﬂmia%i
JoQURITAaAsIT MTT assay LLazi'@mimwaamaﬁ?%uuu apoptosis LAY necrosis
1ae3% Hoechst33342/Propidium lodide staining assay 8z Annexin-V staining assay
F9032310315% @28 Flow cytometry naminasasuaasiidiwinnmslasuluesnaanlos

duszpznawnunusasiuliioaduziiston Etoposide 6 (7U7 4)



gﬂﬁ 4 LRAINAVRINT s lmasnaan toaiduseziian 7 uaz 14w ldisasaiians
fadanduNzl3e Etoposide 3 A unsanalenziniagieaauaadlay MTT
assay 3U B uaz C idunmiamalianzdnisanovessadlon Hoescht 33342 uaz P
staining assay Eﬂ D UFAINITATIDIATITHAMIABULL apoptosis @28 Anexxin-V

staining L& flowcytometry
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A o & = AV o & A a a & &
WarniwasuzSstaan lasumsiasaluanzniduansin luasnean loaidu
F2ULIAT 7-14 TWINTNNIATINNATIER S2avadldsfudre gAinetasnunmIans M
28/70A04LTAN UAzN1IAadaN 8w lelLA phosphorylated Akt total Akt Mcl-1 Bcl-2 L&z

Caveolin-1

a o ] dl 6 3 s a 6 & o

NANTILNUI MIfwasuz5elasuluasneenloaiduszosiian 7 Juuas 14
o &, o & a A N Y a e
Tunu v ldssdiiensfsuudaslasivszausasldsdunmslussdnaiugunaln

' . A & o ¢
NN70838ABILTAR (survival pathway) Aia WUNNILANAKYBIZAL Phosphorylated Akt o4
\ulusdin Akt Aiiananazduliliniavieu (Acitivated Akt) luvasnszauvedldsdiu
Total Akt §5zauLdennUEaan b a0 luasnaanlos wananfdInum TN Tzaua4
TUsGungugInsansvaITasuL apoptosis Aa Bel-2 lauwuiniaaan sy ludnean
o £ ' o A o .

lordazlszaulusdn Bol-2 geliunaineun uazdiwunmaiauszaulysdu Caveolin-1 u

\aan a3y luainaanlodiduszozian 7-14 8ndan (U7 5)

U7 5 usainavaInsbasulusinean lodiduszuziam 7 uaz 14 Tuldiaasinanis

dl = dl a‘ L% > .
Wasuwdaslds@unineidaanunsanauuy apoptosis
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2. Na‘zlaovl%mnaanvl‘ﬁﬂmamsmaa%ﬂwaamaamuaﬂaﬂ

2.1 WATAI AINAON MIddan1IARauNTaILTRaNzLSIaq

WarrasuziSalaan lasunisiaaslunizidusnslv luasnaan loaiduwizoziian 7-14
T (@Innsnuluidad 1) avimsneseuniafeuivadloasd Lag migration assay
o Y ' & & AN v a & = o o PN

YANTILI LraaNztSIN e lwaInaan kel uIzaziaan 7 7% Waz 14 2win13iunIy

A A 6 ' A o o w aa A = a & oA W v a &
AR UNVDILTRRDU NN UBYURIAYNINROA LﬂJaL‘YIEl‘lJﬂ‘lJL"]maﬂ@ilmvl,wvlﬂiﬂvl,uﬁiﬂaaﬂvlfﬁ@

a Control NOS5puM NO 10 pM Control NO 5 pM NO 10 pM.

o e B

Oh

24h

Day7 Day 14

b mControl “NOS5SpM C[1NO 10 uM

*
g R

Relatlve Migration
K% —]
*
*
Ho%

1Zh 24h

Eﬂﬁ 6 LLamNamaamsvlél”%'uvlu@ﬁﬂaan"LmTﬂmzmnm 7 uaz 14 I liioasiians

a A X
LOANUWNEIIVY



2.2 Wavadluasnaan loada lisaunngltasnumandaunvadsasuzisilaa

A o & = AN va g A a a & & o
warnraauziSaaan lesun1Ttaeslwn e Nlaua TR lwasnaan alnizaziian 7 1%
WA 14 1% AINMIATININATZRANTzALD091UTAUE 1 9N TRInUMTIARaUND D

& = ad . ' AV var >~ &

RNzt 59las3T western blot analysis HANINARBINLIN Lraan a3y luasnaan loa
o @ v & a o A A a A &
Duszozion 7 Tuuaz 14 Junu Sazauzeslisduiatuqunalnnsiafeunvasaad

a £ ' Ao o o an A = P @ ') A o . e V] v
Wndnadelinsdaynsdalafoufisunuszauldsduainaaluaasn balasule
@3naanloe Ae MTLANIUVEITTAL Phosphorylated Akt LLaz Phosphorylated FAK
Tuwme 1138w Total Akt ez Total FAK Svzautaenuisaan lulasuluasnaanloes
LRZNUMTANTZAUTa911U50% Caveolin-1 ez Cdcd2 Gl wlaaaNiaINUIUNWE N

& = Aa A A . e vo a &
imaawNzt s lwszozNin1ainfaungs (motile stage) luimadn lasuluainaanlodii
J2EIRN 7-14 AN

a  (kpa)

20p| - e | SE | o

125)| parg, ~-| |--q v— |p-FAKY397
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60 p | — Y ‘l | —--l p-Akts473

60 )| ‘ﬂ_ﬂj Lﬂ"- |Akt

21}|—--—-||——-|Cdc42

45 p 5 e | -.| B-actin
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Day 7 Day 14
b 8
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E 6 mp-FAK(Y397)
2 FAK
£ 54 *
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;5)_ 4 * K ** * 0O Akt
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Day 7 Day 14

3N 7 waasnazasmsiasuluaineenlodiduszozin 7 uaz 14 T ldioasiiu
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3. miﬁnwm‘nu'mwaa‘[ﬂsﬁ% Caveolin-1 @Iaﬂ']']&li%ui\‘l‘ﬂﬂﬁL‘ﬁaa&lxliﬁﬂaﬂi%uﬂ

¥
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Chanvorachote P, Pongrakhananon V. Ouabain downregulates
Mcl-1 and sensitizes lung cancer cells to TRAIL-induced apoptosis.
Am J Physiol Cell Physiol 304: C263—-C272, 2013. First published
November 21, 2012; doi:10.1152/ajpcell.00225.2012.—Resistance to
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is a
prerequisite for cancer progression, and TRAIL resistance is prevalent
in lung cancer. Ouabain, a recently identified human hormone, has
shown therapeutic promise by potentiating the apoptotic response of
metastatic lung cancer cells to TRAIL. Nontoxic concentrations of
ouabain are shown to increase caspase-3 activation, poly(ADP-ribose)
polymerase (PARP) cleavage, and apoptosis of H292 cells in response
to TRAIL. While ouabain had a minimal effect on c-FLIP, Bc¢l-2, and
Bax levels, we show that it possesses an ability to downregulate the
antiapoptotic Mcl-1 protein. The present study also reveals that the
sensitizing effect of ouabain is associated with its ability to generate
reactive oxygen species (ROS), and hydrogen peroxide is identified as
the principle ROS triggering proteasomal Mcl-1 degradation. In sum-
mary, our results indicate a novel function for ouabain in TRAIL-
mediated cancer cell death through Mcl-1 downregulation, thereby
providing new insight into a potential lung cancer treatment as well as
a better understanding of the physiological activity of ouabain.

ouabain; lung cancer; TRAIL; Mcl-1

THE APOPTOSIS OF CANCER CELLS in response to tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL), also known
as TNF10 and Apo-2 ligand, plays a key role in the inhibition
of tumor initiation and disease progression (24). While pre-
serving normal cells, TRAIL selectively induces apoptosis in
tumor cells, thereby eliminating only the unwanted and harm-
ful cells and thus gaining increasing interest in the cancer
research field (1, 3, 12). This ligand is shown to bind with
TRAIL-R1[or death receptor 4 (DR4)] and TRAIL-R2 (or
DRS), and such binding turns on the apoptotic machinery of
the cell through the activation of procaspases-8 and -10 (1, 8).
Previous studies have noted that increases in TRAIL-R1 and
TRAIL-R2 on the membranes of cancer cells are strongly
associated with the rate of apoptosis, whereas the lack of such
receptors facilitates malignancy (38).

However, a substantial number of cancer cells exhibit a low
response to TRAIL, resulting in the progression of disease (18,
38). In addition, researchers have demonstrated that the re-
peated exposure of TRAIL-sensitive cancer cells to TRAIL can
result in acquired resistance (36). In certain cancers, a very low
level of TRAIL-R1 and TRAIL-R2 has been observed and is
believed to be a cause of low cell susceptibility to TRAIL (39).
Additionally, high levels of cellular antiapoptotic proteins have
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been blamed for TRAIL resistance in several cancer models.
An increase of c-FLIP protein was shown to suppress TRAIL-
induced gallbladder cancer cell death (41) and a decrease in
c-FLIP enhanced TRAIL-mediated apoptosis in breast cancer
cells (7). Likewise, Bcl-2 family proteins, namely Bcl-2 and
Mcl-1, exert their inhibitory functions on TRAIL-induced
apoptosis (38, 40). Recently, Mcl-1 has gained increasing
attention as many researchers have reported that decreasing
Mcl-1 could sensitize cancer cells to TRAIL-induced apoptosis
(13, 14). Moreover, there is evidence indicating that only
Mcl-1 siRNA can sensitize cholangiocarcinoma cell lines to
TRAIL, while downregulation of Bcl-2 and Bcl-XL has only a
minimal effect (30).

Ouabain is a cardiac steroid that functions as a specific
inhibitor of the Na*-K*-ATPase and is used in clinical prac-
tice for the treatment of several heart-related maladies, such as
atrial fibrillation and heart failure (17, 32). As ouabain has been
found in human plasma (6, 9, 19-20, 25-28) and identified as
a human hormone (21, 26), information regarding other activ-
ities of this compound is of great interest and will benefit both
physiological and pathological knowledge. Although some
studies have reported the apoptotic induction property of
ouabain in cancer cells (4, 11, 23, 35), the molecular basis of
this induction and the precise role of this compound in TRAIL-
mediated cancer cell death are not known. Therefore, in the
present study, we demonstrate that administration of ouabain
significantly accentuates TRAIL-induced apoptosis in lung
cancer cells. The proposed mechanism of sensitization in-
volves the ability of the compound to induce reactive oxygen
species (ROS) generation and Mcl-1 downregulation. Our
findings reveal the existence of a novel mechanism of action
for ouabain in the regulation of Mcl-1 degradation and TRAIL
sensitization, which could be important in the understanding of
physiological and pathological mechanisms and in the devel-
opment of cancer therapy.

MATERIALS AND METHODS

Cells and reagents. NCI-H292 and H460 cells were obtained from
the American Type Culture Collection (Manassas, VA). Cells were
cultured in RPMI 1640 containing 10% fetal bovine serum, 2 mM
L-glutamine, and 100 U/ml penicillin/streptomycin in a 5% CO-
environment at 37°C. Cell permeable glutathione monoethyl ester
(GSH), catalase, Mn(Ill)tetrakis(4 -benzoic acid)porphyrin chloride
(MnTBAP), MG123, concanamycin A, ouabain, dichlorofluorescein
diacetate (DCFH»-DA), and 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphe-
nyl tetrazolium bromide (MTT) were obtained from Sigma Chemical
(St. Louis, MO). Propidium iodide (PI) and Hoechst 33342 were
obtained from Molecular Probes (Eugene, OR). Antibodies for Mcl-1,
Bcl-2, Bax, c-FLIP, caspase-3, and poly(ADP-ribose) polymerase
(PARP) as well as peroxidase-conjugated secondary antibodies were
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obtained from Cell Signaling (Danvers, MA). The B-actin antibody
was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The
transfecting agent Lipofectamine 2000 was obtained from Invitrogen
(Carlsbad, CA).

Plasmid and transfection. The Mcl-1 expression plasmid (pcDNA3.1-
hMcl-1) was obtained from Addgene (Cambridge, MA). The Mcl-1
knockdown plasmid (shMcl-1) and control plasmid were obtained
from Santa Cruz Biotechnology. Stable transfection of Mcl-1 was
established by culturing cells in a six-well plate until they reached
60-70% confluence. Fifteen microliters of Lipofectamine 2000 re-
agent and 2 pg of Mcl-1, shMcl-1, or control plasmid were used to
transfect the cells in the absence of serum. After 12 h, the medium was
replaced with culture medium containing 10% fetal bovine serum.
Approximately 2 days after the beginning of transfection, the cells
were digested with 0.025% trypsin, plated onto 75-cm? culture flasks,
and cultured for 30 days with antibiotic selection. The stable trans-
fectants were pooled, and the expression of Mcl-1 protein in the
transfectants was confirmed by Western blotting. The cells were
cultured in G418-free RPMI 1640 medium for at least two passages
before use in each experiment.

Cell viability and apoptosis assays. Cell viability was evaluated
using the MTT assay. After the indicated treatments, cells were
incubated with 500 pg/ml of MTT at 37°C for 4 h. An intensity
reading of the MTT product was measured at 550 nm using a
microplate reader, and the percentage of viable cells was calculated
relative to control cells. Apoptosis was determined by Hoechst
33342/PI staining and DNA content analysis. Cells were washed and
incubated with 10 wg/ml Hoechst 33342 and 5 pg/ml PI for 30 min.
Nuclei condensation and DNA fragmentation of apoptotic cells and
PI-positive necrotic cells were visualized and scored by fluorescence
microscopy (Olympus IX51 with DP70). In the case of sub-Go, DNA
content analysis, after the specified treatment, cells were trypsinized,
washed with PBS, and fixed in 70% ethanol at 37°C for 3 h. After
being washed with PBS, cells were incubated in PI solution containing
0.1% Triton-X, 1 pwg/ml RNase, and 1 mg/ml PI at room tempera-
ture for 30 min. DNA content was analyzed using flow cytometry
(FACSort; Becton Dickinson, Rutherford, NJ).

ROS detection. Intracellular ROS were determined using DCFH,-DA
as a specific ROS probe. After specific treatments, cells were incu-
bated with 10 uM of DCFH,-DA for 30 min at 37°C, after which they
were washed, trypsinized, resuspended in PBS, and immediately
analyzed for fluorescence intensity using a microplate reader.

Western blotting. Cells were incubated in lysis buffer containing 20
mM Tris-HCI (pH 7.5), 1% Triton X-100, 150 mM sodium chloride,
10% glycerol, 1 mM sodium orthovanadate, 50 mM sodium fluoride,
100 mM phenylmethylsulfonyl fluoride, and protease inhibitor cock-
tail (Roche Molecular Biochemicals) for 40 min on ice. The cell
lysates were collected, and the protein content was determined using
the Bradford method (Bio-Rad Laboratories, Hercules, CA). Equal
amounts of protein from each sample (60 wg) were denatured by
heating at 95°C for 5 min with Laemmli loading buffer and subse-
quently loaded onto a 10% SDS-PAGE. After separation, proteins
were transferred onto 0.45 wM nitrocellulose membranes (Bio-Rad).
The transferred membranes were blocked for 1 h in 5% nonfat dry
milk in TBS-T (25 mM Tris-HCI pH 7.5, 125 mM NaCl, and 0.05%
Tween 20) and incubated with the appropriate primary antibodies at
4°C overnight. Membranes were washed twice with TBS-T for 10 min
and incubated with horseradish peroxidase-coupled isotype-specific
secondary antibodies for 1 h at room temperature. The immune
complexes were detected by enhancement with a chemiluminescent
substrate (Supersignal West Pico; Pierce, Rockfore, IL) and quantified
using analyst/PC densitometry software (Bio-Rad).

Immunoprecipitation. Cells were washed after treatments and lysed
in lysis buffer at 4°C for 20 min. After centrifugation at 14,000 g for
15 min at 4°C, the supernatants were collected and assayed for protein
content. Cleared lysates were normalized, and 60 g of each protein
were incubated with an anti-Mcl-1 antibody conjugated to protein G

OUABAIN SENSITIZATION TO TRAIL-INDUCED APOPTOSIS

plus-agarose beads (Santa Cruz) for 4 h at 4°C. The precipitated
immune complexes were washed five times with ice-cold lysis buffer,
resuspended in 2X Laemmli sample buffer, and boiled at 95°C for 5
min. Immune complexes were separated by 10% SDS-PAGE and
analyzed by Western blotting using an anti-ubiquitin antibody.

Statistical analysis. Mean densitometry data from independent
experiments were normalized to results of the control cells. The data
are presented as the means = SD from three or more independent
experiments. Statistical differences between the means were deter-
mined using an ANOVA and post hoc test at a significance level of
P < 0.05.

RESULTS

TRAIL-mediated apoptosis in H292 lung cancer cells. TRAIL-
induced cell death is accepted as an important inhibitory
mechanism against cancer progression in most cancers. To
explore the sensitizing effect of ouabain, prerequisite informa-
tion about TRAIL-mediated death characteristics is crucial.
Human lung carcinoma H292 cells were treated with various
doses of TRAIL (0—80 ng/ml) for 14 h, and apoptosis and cell
viability were analyzed using Hoechst 33342 staining, sub-Go
DNA content analysis, and MTT assays. Figure 1A shows that
TRAIL treatment caused a concentration-dependent increase in
apoptosis that was detected in ~25 and 50% of cells in
response to 20 and 80 ng/ml of TRAIL, respectively. DNA
content analysis showed an increase in the population of cells
in the sub-Go phase in response to TRAIL treatment (20—40
ng/ml), whereas the sub-Gy phase was not altered in the 10
ng/ml TRAIL-treated cells compared with control nontreated
cells (Fig. 1B). Analysis of cell viability further showed that
TRAIL caused a decrease in cell survival in a dose-dependent
fashion (Fig. 1C). This result suggests that the mode of cell
death in TRAIL-treated cells was mainly apoptosis.

Western blot analyses of cells in response to TRAIL strongly
supported apoptotic pathway induction in such cells. An in-
crease in activated caspase-3 and the cleavage of PARP in
response to TRAIL at concentrations of 20 and 40 ng/ml was
consistent with the increase in apoptotic cells presented in Fig.
1, A and B (Fig. 1D).

Oubain sensitizes cells to TRAIL-mediated apoptosis. Ouabain-
mediated cancer cell death has been reported in some cancers
(4, 11, 23, 35), and we have found that ouabain at concentra-
tions of 5-10 nM causes a significant increase in apoptosis
compared with nontreated control cells (Fig. 2A). Our analysis
of sub-Go DNA content supported that apoptosis was the
primary mode of cell death (Fig. 2B), and the accompanying
viability assay indicated that at concentrations >5 nM ouabain
induces cytotoxic effects in H292 cells (Fig. 2C). Figure 2D
further confirms that the reduction of cell viability as well as
the presence of apoptosis in ouabain-treated cells is elicited
through a caspase-3-dependent mechanism that could be de-
tected at concentrations >5 nM. Interestingly, ouabain at
concentrations of 0—0.5 nM, which are comparable to the level
of ouabain in human plasma (9, 20, 29), had only a minimal
effect on cell viability.

The effects of nontoxic and physiological concentrations of
ouabain on TRAIL-induced apoptosis were further evaluated.
H292 cells were incubated with various concentrations of
TRAIL (0-40 ng/ml) in the presence or absence of 0.5 nM
ouabain. Cell viability and apoptosis were evaluated as de-
scribed after 14 h. Figure 2E shows that the administration of
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Fig. 1. Apoptosis-inducing effects of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) in H292 human lung cancer cells. H292 cells were treated
with TRAIL (0—-80 ng/ml) for 14 h. A: apoptotic cell death was evaluated using Hoechst 33342/propidium iodide (H33342/PI) staining. B: cellular apoptosis was
determined by DNA content analysis using flow cytometry. C: cell survival was determined by 3-(4,5-dimethyl-thiazol-2-yl1)-2,5-diphenyl tetrazolium bromide
(MTT) assay. Viability of nontreated cells was considered as 100%. D: after the indicated treatment, cells were collected and analyzed for caspase-3 and
poly(ADP-ribose) polymerase (PARP) expression levels by Western blotting. Blots were reprobed with a B-actin antibody to confirm equal loading of samples.
Immunoblot signals were quantified by densitometry, and mean data from independent experiments were normalized to the results. Data represent the means =

SD (n = 4). *P < 0.05 vs. nontreated control cells.

ouabain significantly enhanced the apoptotic response of H292
cells to TRAIL. Sub-Go DNA content analysis also supported
the apoptosis sensitization effect of ouabain in TRAIL-treated
cells (data not shown). Furthermore, viability assays revealed
the same trend as mentioned above, with the addition of
ouabain sensitizing the cells to TRAIL-induced toxicity in
which ~40% of cells remained viable in the presence of 0.5

nM ouabain compared with 80-90% viability in the groups
receiving TRAIL treatment alone (Fig. 2F). Concurrently,
Western blot analyses also exhibited that caspase-3 and PARP
were remarkably activated in response to TRAIL in the pres-
ence of ouabain compared with only TRAIL treatment (Fig.
2G). These results support the potential role of ouabain in the
enhancement of apoptosis.

AJP-Cell Physiol - doi:10.1152/ajpcell.00225.2012 - www.ajpcell.org

€T0Z ‘Sz ydreN uo Alun uloxbuopeny) e /610 ABojoisAyd-|@adley/:dny woly papeojumoq




C266

OUABAIN SENSITIZATION TO TRAIL-INDUCED APOPTOSIS

A D
80 kDa 5 0.7
@ > |® Casp 3/Procasp 3
260 116- PARP - 8'2 |oCleave PARP/PARP
= 89- Cleave PARP -5 V-
240 1 * = 04 1
<50 | 35- Procaspase-3 &, 0.3 - % %
X 19- Caspase-3 2 0.2 - *
0 - . 2 0.1 A ﬂ
45- - =
001051 5 10 | p-Actin 0 —— L
Ouabain (nM) 0 05 5 10 o0 05 5 10
B Ouabain (nM) Ouabain (nM)
OB (nM)
E 100 =@—TRAIL
0 ,, 80 {—e—TRAIL+O #
& 60 4
g 40
< 20 A
0+
0.5 0 10 20 40
TRAIL (ng/ml)
F 150 ——TRAIL
= =8—TRAIL+OB
2100 A
1 =
3 50 A Pty
x
0 T T T
0 10 20 40
5 TRAIL (ng/ml)
C kDa G E 5
120 = ® Casp 3/Procasp 3 #
2 116- PARP '3 4 q1OCleave PARP/PARP
:_g 30 % | 89- Cleave PARP % 3
25 35- Procaspase-3 5 #
= 40 19- Caspase-3 2
“ 45- | Acti T“; 1
= 0 B-Actin 2 . . .
0 0105 1 5 - - 05 05 Ouabain (nM) - - 0.5 05
Ouabain (nM) - 10 - 10 TRAIL (ng/ml) - 10 - 10

Fig. 2. Ouabain sensitizes H292 human lung cancer cells to TRAIL-induced apoptosis. A: apoptosis-inducing effects of ouabain in H292 cells was determined
by treating the cells with 0—10 nM of ouabain (OB) for 14 h. Apoptotic and necrotic cell death were evaluated using H33342/PI staining. Data represent the
means * SD (n = 4). *P < 0.05 vs. nontreated control cells. B: cellular apoptosis was determined by DNA content analysis using flow cytometry. C: cell survival
was determined by MTT assay. Viability of nontreated cells was considered as 100%. Data represent the means * SD (n = 4). *P < 0.05 vs. nontreated control
cells. D: after the indicated treatment, cells were collected and analyzed for caspase-3 (Casp-3) and PARP expression levels by Western blotting. Blots were
reprobed with a B-actin antibody to confirm equal loading of samples. Immunoblot signals were quantified by densitometry, and mean data from independent
experiments were normalized to the results. Bars are the means = SD (n = 4). ¥*P < 0.05 vs. nontreated control cells. E: cells were pretreated with 0.5 nM of
ouabain before incubation with 0—40 ng/ml of TRAIL for 14 h. Apoptotic cells were determined by H33342/PI staining. Data represent means = SD (n = 4).
#P < 0.05 vs. TRAIL-treated cells. F: cell viability was evaluated by MTT assay. Viability of nontreated cells was considered as 100%. Data represent the
mean * SD (n = 4). #P < 0.05 vs. TRAIL-treated cells. G: caspase-3 and PARP expression levels were analyzed by Western blotting as described in MATERIALS
AND METHODS. Immunoblot signals were quantified by densitometry, and the mean data from independent experiments were normalized to the results. Data
represent the means = SD (n = 4). #P < 0.05 vs. TRAIL-treated cells.

Mcl-1 downregulation is crucial for the sensitizing effect of
ouabain. Recent evidence has indicated that Mcl-1 plays an
important role in attenuating TRAIL-mediated cancer cell
death (10, 14, 30). To provide supporting evidence for the role
of Mcl-1 in the TRAIL-mediated death of H292 cells, we
evaluated the expression profile of Mcl-1 after cellular expo-

sure to TRAIL. Cells were incubated with 0—40 ng/ml of
TRAIL and analyzed for Mcl-1 expression by Western blot-
ting. Figure 3A shows that such treatment caused a gradual
decrease in Mcl-1 protein expression in a dose-dependent
manner. However, the noncytotoxic concentration of TRAIL
(10 ng/ml) caused no change in Mcl-1 protein level in these

AJP-Cell Physiol - doi:10.1152/ajpcell.00225.2012 - www.ajpcell.org
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cells. Mcl-1 modulation was also evaluated in response to
ouabain treatment. These results indicated that ouabain treat-
ment caused a significant decrease of Mcl-1 protein. It is
noteworthy that even at the nontoxic concentration ouabain
significantly suppressed Mcl-1 protein levels. The above find-
ings suggest that Mcl-1 downregulation might be a possible
mechanism in the ouabain-sensitized TRAIL response in these
lung cancer cells.

To provide support to the data mentioned above, other proteins
that have been identified as key players in the regulation of
TRAIL-mediated death, either as inhibitors or promoters, were
detected in the cells treated with ouabain and TRAIL. Figure 3B
shows that the expression levels of the antiapoptotic Bcl-2 and
c-FLIP proteins and the proapoptotic Bax protein were not altered
in response to ouabain and TRAIL treatments, while the reduction
of Mcl-1 was consistently detected. These data provide evidence
that ouabain enhances the cellular response to TRAIL via a Mcl-1
downregulating pathway.

Ouabain enhances TRAIL-induced apoptosis through a hy-
drogen peroxide-dependent pathway. It has been demonstrated
in several cell models that ouabain treatment results in ROS
induction (11, 31). We analyzed cellular ROS in cells exposed
to ouabain and TRAIL using a fluorescence microplate reader
with DCFH,-DA as a fluorescent probe. Figure 4A shows that
ouabain, but not TRAIL, induced an increase in cellular ROS

in a dose-dependent manner. A significant increase of the
cellular ROS level was observed as early as 1 h after treatment
and peaked at 2 h (data not shown).

To identify the specific ROS responsible for the sensitizing
activity of ouabain, cells were pretreated with various known
ROS scavengers, including GSH, MnTBAP (superoxide anion
scavenger), catalase (hydrogen peroxide scavenger), and de-
feroxamine (hydroxyl radical inhibitor), followed by treatment
with TRAIL in the presence of ouabain. Intracellular ROS
levels were determined using a fluorescence microplate reader
with DCFH,-DA as an oxidative probe. Results showed that
treatment of the cells with GSH and catalase inhibited the
cellular fluorescence intensity, whereas deferoxamine and
MnTBAP had no inhibitory effect (Fig. 4B). These results
suggest that hydrogen peroxide is the primary ROS generated
under these conditions.

We next evaluated the role of ROS on ouabain’s sensitizing
activity; cells were pretreated with the mentioned ROS scav-
engers and treated with TRAIL and ouabain. Cell viability and
apoptosis were determined after 14 h of treatment. Results
indicated that in response to TRAIL and ouabain cell apoptosis
significantly increased (Fig. 4C) in accordance with the de-
crease in cell viability (Fig. 4D). In the presence of the
antioxidants GSH and catalase, the cytotoxic effect of TRAIL
and ouabain was significantly suppressed, whereas MnTBAP
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Fig. 4. Ouabain sensitizes cells to TRAIL-induced apoptosis through reactive oxygen species (ROS) generation. A: H292 cells were treated with either ouabain
(0-0.5 nM) or TRAIL (0—40 ng/ml) for 2 h. Cells were incubated with dichlorofluorescein (DCFH>-DA) for 30 min, and fluorescence intensity was analyzed
by microplate reader. Mean intensity was normalized against nontreated control cells and represented as relative ROS level. Data points are the means = SD
(n = 4). *P < 0.05 vs. nontreated control cells. B: cells were pretreated with the specific ROS modulators 1 mM glutathione (GSH), 15,000 units catalase (Cat),
1 mM deferoxamine (Def), or 50 uM MnTBAP (MnT) for 30 min before treatment with 10 ng/ml TRAIL in the presence or absence of 0.5 nM ouabain for 2
h. Cells were incubated with DCFH»-DA for 30 min, and fluorescence intensity was analyzed using a microplate reader. Mean intensity was normalized with
nontreated control cells and represented as relative ROS level. Data represent the means = SD (n = 4). *P < 0.05 vs. nontreated control cells. #P < 0.05 vs.
ouabain and TRAIL-cotreated cells. C: cells were pretreated with the specific ROS modulators 1 mM glutathione, 15,000 U catalase, 1 mM deferoxamine, or
50 uM MnTBAP for 30 min before treatment with 10 ng/ml TRAIL and 0.5 nM ouabain for 14 h. Apoptosis was determined by H33342/PI staining. Data
represent the means = SD (n = 4). *P < 0.05 vs. ouabain and TRAIL-cotreated cells. D: cell viability was evaluated by MTT assay. Viability of nontreated
cells was considered as 100%. Data represent means = SD (n = 4). *P < 0.05 vs. ouabain and TRAIL-cotreated cells. E: cells were pretreated with the ROS
scavenger 1 mM glutathione for 30 min before treatment with 0.5 uM ouabain and 10 ng/ml TRAIL for 14 h. Cells were collected and analyzed for Mcl-1
expression by Western blotting. Blots were reprobed with B-actin to confirm equal loading. Immunoblot signals were quantified by densitometry, and mean data
from independent experiments were normalized to the results. Bars are the means = SD (n = 4). *P < 0.05 vs. nontreated control cells. #P < 0.05 vs. ouabain
and TRAIL-cotreated cells. F: cells were pretreated with the following specific ROS modulators: 15,000 U catalase, 1 mM deferoxamine, or 50 uM MnTBAP
for 30 min before treatment with 10 ng/ml TRAIL and 0.5 nM ouabain for 14 h. Cells were collected and analyzed for Mcl-1 expression by Western blotting.
Blots were reprobed with 3-actin to confirm equal loading. Immunoblot signals were quantified by densitometry, and mean data from independent experiments
were normalized to the results. Bars are the means = SD (n = 4). *P < 0.05 vs. nontreated control cells. #P < 0.05 vs. ouabain and TRAIL-cotreated cells.

and deferoxamine exhibited insignificant effects. Together, through the downregulation of Mcl-1, and this apoptosis-
these results strongly support the earlier findings that hydrogen sensitizing effect was mediated by hydrogen peroxide genera-
peroxide is a key ROS involved in the TRAIL-sensitizing tion. To investigate the linkage between these two events,
mechanism of ouabain. H292 cells were pretreated with the ROS scavengers described

Oubain enhances the TRAIL-mediated downregulation of above and treated with TRAIL in the presence of ouabain.
Mcl-1 through a hydrogen peroxide-dependent mechanism. Oua- Western blot analysis revealed that the reduction of Mcl-1
bain was earlier shown to promote TRAIL-induced apoptosis  expression in response to ouabain and TRAIL treatments was
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significantly inhibited in cells pretreated with glutathione and
catalase (Fig. 4, E and F), whereas protective effects of other
antioxidants were not observed. These findings support that
hydrogen peroxide is a key mediator responsible for Mcl-1
downregulation and, hence, the apoptosis-sensitizing effect of
ouabain.

Ouabain enhances Mcl-1 degradation through the ubiquitin-
proteasomal pathway. Having shown that Mcl-1 downregula-
tion in the ouabain-treated cells is involved with TRAIL
sensitization, the present study further investigated the mech-
anism by which ouabain treatment induced the decrease in
Mcl-1 levels. It is known that the Mcl-1 protein has a short
half-life and that its expression level is controlled by protea-
somal degradation (2, 22). To test whether the downregulation
of Mcl-1 in cells treated with TRAIL and ouabain was consis-
tent in these contexts, cells were treated with TRAIL and
ouabain in the presence of the specific proteasomal inhibitor
MG132. Figure 5A indicates that the decrease in Mcl-1 levels
was consequently inhibited in the proteasome-suppressed cells,
revealing the involvement of proteasomal degradation in re-
sponse to TRAIL and ouabain treatment. In addition, the
lysosomal inhibitor concanamycin A was also used in this
experiment, and the results demonstrated that the lysosomal
pathway had no effect on Mcl-1 downregulation under these
conditions. Because ubiquitination is a critical prerequisite
process before proteasomal cleavage, Mcl-1-ubiquitin com-
plexes in response to TRAIL and ouabain treatment were
detected by immunoprecipitation. Figure 5B shows that the
cells treated with TRAIL and ouabain exhibited a significant
increase in Mcl-1-ubiquitin complexes, revealing that the treat-
ment increased the degradation rate of Mcl-1.

Ouabain enhances TRAIL-induced apoptosis in Mcl-1-over-
expressed cells. Amplification or overexpression of Mcl-1 has
been tightly related to TRAIL resistance in many cancer cells
(13, 30, 34). To test whether Mcl-1 expression might determine
cell death after TRAIL treatment, we stably transfected the
cells with Mcl-1, shRNA Mcl-1, or control plasmid and eval-
uated the effects on TRAIL-induced apoptosis. Because West-
ern blotting revealed the substantial modulation of Mcl-1 as
indicated in Fig. 6A, cells were cultured, exposed to various
doses of TRAIL (0-40 ng/ml) for 14 h, and assayed for
apoptosis. The Mcl-1-transfected cells exhibited less apoptosis
than the control cells when treated with TRAIL, whereas
shRNA-Mcl-1-transfected cells showed a greater number of
apoptotic cells (Fig. 6B). These results indicated that Mcl-1
plays a negative regulatory role in the TRAIL-mediated death
of these cells.

Further, the effect of ouabain on these Mcl-1 transfectants
was investigated. Our results indicated that ouabain adminis-
tration significantly enhanced the apoptotic response of all
Mcl-1-modulated cells to TRAIL (Fig. 6B). Notably, the de-
gree of ouabain sensitization correlated well with the levels of
basal Mcl-1 in these cells. The shMcl-1 cells possess the lowest
level of Mcl-1 and displayed the most ouabain sensitization,
while Mcl-1-overexpressing cells contained the highest level of
Mcl-1 and showed less response to ouabain. Mcl-1 expression
levels were also decreased in response to the presence of
ouabain pretreatment in Mcl-1 transfectants incubated with
TRAIL (0-40 ng/ml; Fig. 6C).
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Fig. 5. Ouabain sensitizes cells to TRAIL-induced apoptosis through the Mcl-1
degradation pathway. A: H292 cells were pretreated with either the protea-
somal inhibitor MG132 or the lysosomal inhibitor concanamycin A (CMA) for
30 min before treatment with 10 ng/ml TRAIL and 0.5 nM ouabain for 14 h.
Mcl-1 expression was analyzed by Western blotting (WB) as described under
MATERIALS AND METHODS. Immunoblot signals were quantified, normalized
with B-actin, and represented as relative values compared with the nontreated
control. Data are the means * SD (n = 4). *P < 0.05 vs. ouabain and TRAIL
cotreated cells. B: cells were treated with 10 ng/ml TRAIL in the presence or
absence of 0.5 nM ouabain or left untreated for 2 h. The resulting immuno-
complexes were analyzed for ubiquitin by Western blotting using an anti-
ubiquitin antibody as described under MATERIALS AND METHODS. Immunoblot
signals were quantified by densitometry and represented as relative values
compared with nontreated cells. Data are the means = SD (n = 4). IP,
immunoprecipitation. *P < 0.05 vs. TRAIL-treated cells.

Ouabain sensitizes H460 human lung cancer cells to TRAIL-
induced apoptosis. To test whether ouabain could play a
sensitizing role in the TRAIL-induced apoptosis of other lung
cancer cells, the H460 human lung cancer cell line was stably
transfected with Mcl-1, shMcl-1, or control plasmids as de-
scribed in MATERIALS AND METHODS. After selection, the cells
were analyzed for Mcl-1 expression and apoptotic responses to
TRAIL in the presence or absence of ouabain. Figure 7, A and
B, shows that the Mcl-1-transfected H460 cells exhibiting the
highest level of Mcl-1 protein expressed the highest TRAIL
resistance, whereas the shMcl-1-transfected cells exhibited the
lowest Mcl-1 level and degree of TRAIL resistance. In ouabain-
treated groups, a significant accentuated effect on TRAIL-
induced apoptosis was observed in all tested cells (Fig. 7B).
Ouabain was also able to decrease Mcl-1 expression levels in
TRAIL-resistant, Mcl-1-overexpressing cells (Fig. 7C). The
above results are consistent with the earlier findings in H292
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cells and indicate the general role of Mcl-1 and ouabain in
TRAIL sensitization in lung cancer cells.

DISCUSSION

TRAIL-induced apoptosis in cancerous cells plays an im-
portant role in controlling carcinogenesis and the progression
of such disease. Resistance of the cancer cells by either the
induction of antiapoptotic proteins or defects in apoptosis
pathways often allows the cancer to progress. Even though
previous studies have demonstrated that high concentrations of
ouabain could induce apoptosis in some cancer cells (4, 11, 23,
35), the effects of noncytotoxic concentrations of such com-
pounds, which may be linked to biological functions, are
unknown. Initiating from the discovery of endogenous ouabain
and related compounds in human plasma and tissue, the roles
of ouabain in the regulation of physiological functions as well
as in pathological conditions have been intensively investi-
gated. Indeed, evidence has indicated that the plasma ouabain
concentration increases in certain pathological conditions in-
cluding hypertension and cardiac and renal failure (4, 16);
however, the function of ouabain in immune-related reaction
processes is still largely unknown. Our study suggests for the

first time that endogenous ouabain might play a role in ren-
dering an immune defense against cancers. We found that
ouabain at a concentration of 0.5 ng/ml (~0.85 nM), which is
comparable to the human plasma concentrations (0.16—0.77
nM) (9), played an important role in sensitizing lung cancer
cells to TRAIL-induced apoptosis.

A recent study presented that ouabain regulates the interaction
of Src and the Na*-K*"-ATPase, which results in Src activation
and consequently enhances cell growth, as well as increases
intracellular calcium and promotes myocyte contraction (16, 31,
37, 30). Conversely, our data demonstrated that the number of
apoptotic cells in response to a Src inhibitor in TRAIL and
ouabain cotreated cells was not significantly altered compared
with TRAIL and ouabain cotreated control cells (data not shown).
It was reported that the effect of the Na™-K*"-ATPase was cell
specific due to the expression of various enzyme subunits in
different cell types (5, 16). Although the Na*-K*-ATPase-Src
pathway was activated in response to ouabain treatment, the
dominant mechanism of “ouabain-enhanced TRAIL-induced ap-
optosis” may not be involved.

Previous studies have revealed that ouabain induces the
generation of ROS and apoptosis in human neuroblastoma cells
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(11, 15). Consistently, we found ROS induction in response to
ouabain treatment in H292 lung cancer cells, while TRAIL
treatment caused only an insignificant effect on cellular ROS
level. Hydrogen peroxide was identified as a key ROS present-
ing in the treated condition. Hydrogen peroxide, a relatively
stable ROS, was shown to function in controlling the degra-
dation of several death-related molecules including the anti-
apoptotic Bcl-2 protein (33). The present study found that an
increase in cellular hydrogen peroxide, in response to TRAIL
and ouabain treatment, mediated Mcl-1 degradation through
the proteasomal pathway. Western blotting demonstrated that
in the cells treated with TRAIL and ouabain the administration
of glutathione or catalase, antioxidants for hydrogen peroxide,
could sustain the level of Mcl-1, suggesting the essential role
of hydrogen peroxide in Mcl-1 downregulation (Fig. 4F).
TRAIL-mediated Mcl-1 downregulation was previously re-
ported to be important for the induction of apoptosis, and the
reduction of cellular Mcl-1 level has been accepted as a very
promising mechanism for TRAIL sensitization (13-14, 34).
Our results strongly support these notions, as the Mcl-1-
overexpressing H292 cells exhibited dramatic resistance to
TRAIL-induced cell death while Mcl-1 knockdown cells

showed the opposite effect (Fig. 6B). Such an effect of Mcl-1
was consistent in the H460 human lung cancer cell model (Fig.
7B). In addition, we found that ouabain enhanced TRAIL-
mediated cell death in both H292 and H460 cells.

In conclusion, our current study reveals novel findings
regarding ouabain’s sensitizing activity on TRAIL-induced
apoptosis in lung cancer cells. The sensitizing effect of ouabain
was found to be associated with the hydrogen peroxide-depen-
dent degradation of Mcl-1 via the ubiquitin-proteasome path-
way. We also showed for the first time that ouabain at physi-
ological concentrations may play a role in enhancing the cancer
cell response to TRAIL-induced apoptosis.

ACKNOWLEDGMENTS

We thank Dr. Khanit Suwanborirux, Dr. Yon Rojanasakul, and Krich
Rajprasit.

GRANTS

This research was supported by Grants for the Development of New Faculty
and Staff, Chulalongkorn University (to V. Pongrakhananon), Thailand Re-
search Fund (to P. Chanvorachote; MRG5480105) and Ratchadaphiseksom-
phot endowment fund.

AJP-Cell Physiol - doi:10.1152/ajpcell.00225.2012 - www.ajpcell.org

€T0Z ‘Sz ydreN uo Alun uloxbuopeny) e /610 ABojoisAyd-|@adley/:dny woly papeojumoq




C272

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the author(s).

AUTHOR CONTRIBUTIONS

Author contributions: P.C. and V.P. performed experiments; P.C. and V.P.

analyzed data; P.C. and V.P. interpreted results of experiments; P.C. and V.P.
drafted manuscript; P.C. and V.P. edited and revised manuscript; V.P. con-
ception and design of research; V.P. prepared figures; V.P. approved final
version of manuscript.

REFERENCES

1.

2.

15.

16.

Abdulghani J, El-Deiry WS. TRAIL receptor signaling and therapeutics.
Expert Opin Ther Targets 14: 1091-1108, 2010.

Adams KW, Cooper GM. Rapid turnover of mcl-1 couples translation to
cell survival and apoptosis. J Biol Chem 282: 6192-6200, 2007.

. Anel A, Martinez-Lostao L. APO2L/TRAIL: new insights in the treat-

ment of autoimmune disorders. Recent Pat Inflamm Allergy Drug Discov
5:184-199, 2011.

. Ark M, Ozdemir A, Polat B. Ouabain-induced apoptosis and Rho kinase:

a novel caspase-2 cleavage site and fragment of Rock-2. Apoptosis
15:1494-506, 2010.

. Blanco G, Mercer RW. Isozymes of the Na-K-ATPase: heterogeneity in

structure, diversity in function. Am J Physiol Renal Physiol 275: F633—
F650, 1998.

. Blaustein MP. Endogenous ouabain: role in the pathogenesis of hyper-

tension. Kidney Int 49: 1748—-1753, 1996.

. Day TW, Sinn AL, Huang S, Pollok KE, Sandusky GE, Safa AR.

c-FLIP gene silencing eliminates tumor cells in breast cancer xenografts
without affecting stromal cells. Anticancer Res 29: 3883-3886, 2009.

. Falschlehner C, Emmerich CH, Gerlach B, Walczak H. TRAIL sig-

nalling: decisions between life and death. Int J Biochem Cell Biol 39:
1462-1475, 2007.

. Gottlieb SS, Rogowski AC, Weinberg M, Krichten CM, Hamilton BP,

Hamlyn JM. Elevated concentrations of endogenous ouabain in patients
with congestive heart failure. Circulation 86: 420-425, 1992.

. Han J, Goldstein LA, Gastman BR, Rabinowich H. Interrelated roles

for Mcl-1 and BIM in regulation of TRAIL-mediated mitochondrial
apoptosis. J Biol Chem 281: 10153-10163, 2006.

. Huang YT, Chueh SC, Teng CM, Guh JH. Investigation of ouabain-

induced anticancer effect in human androgen-independent prostate cancer
PC-3 cells. Biochem Pharmacol 67: 727-733, 2004.

. Kassouf N, Thornhill MH. Oral cancer cell lines can use multiple

ligands, including Fas-L, TRAIL and TNF-alpha, to induce apoptosis in
Jurkat T cells: possible mechanisms for immune escape by head and neck
cancers. Oral Oncol 44: 672-682, 2008.

. Kim SH, Ricci MS, El-Deiry WS. Mcl-1: a gateway to TRAIL sensiti-

zation. Cancer Res 68: 2062-2064, 2008.

. Kobayashi S, Werneburg NW, Bronk SF, Kaufmann SH, Gores GJ.

Interleukin-6 contributes to Mcl-1 up-regulation and TRAIL resistance via
an Akt-signaling pathway in cholangiocarcinoma cells. Gastroenterology
128: 2054-2065, 2005.

Kulikov A, Eva A, Kirch U, Boldyrev A, Scheiner-Bobis G. Ouabain
activates signaling pathways associated with cell death in human neuro-
blastoma. Biochim Biophys Acta 1768: 1691-1702, 2007.

Li Z, Xie Z. The Na/K-ATPase/Src complex and cardiotonic steroid-
activated protein kinase cascades. Eur J Physiol 457: 635-644, 2009.

. Lingrel JB. The physiological significance of the cardiotonic steroid/

ouabain-binding site of the Na,K-ATPase. Annu Rev Physiol 72: 395-412,
2010.

. Malhi H, Gores GJ. TRAIL resistance results in cancer progression: a

TRAIL to perdition? Oncogene 25: 7333-7335, 2006.

. Manunta P, Ferrandi M, Bianchi G, Hamlyn JM. Endogenous ouabain

in cardiovascular function and disease. J Hypertens 27: 9—-18, 2009.

20.

21.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

. Wang L, Chanvorachote P, Toledo D, Stehlik C, Mercer RR, Castra-

34.

35.

36.

37.

38.

39.

40.

41.

OUABAIN SENSITIZATION TO TRAIL-INDUCED APOPTOSIS

Nesher M, Dvela M, Igbokwe VU, Rosen H, Lichtstein D. Physiological
roles of endogenous ouabain in normal rats. Am J Physiol Heart Circ
Physiol 297: H2026-H2034, 2009.

Nicholls MG, Lewis LK, Yandle TG, Lord G, McKinnon W, Hilton
PJ. Ouabain, a circulating hormone secreted by the adrenals, is pivotal in
cardiovascular disease. Fact or fantasy? J Hypertens 27: 3-8, 2009.

. Nijhawan D, Fang M, Traer E, Zhong Q, Gao W, Du F, Wang X.

Elimination of Mcl-1 is required for the initiation of apoptosis following
ultraviolet irradiation. Genes Dev 17: 1475-1486, 2003.

Ozdemir T, Nar R, Kilinc V, Alacam H, Salis O, Duzgun A, Gulten S,
Bedir A. Ouabain targets the unfolded protein response for selective
killing of HepG2 cells during glucose deprivation. Cancer Biother Radio-
pharm 27: 457-463, 2012.

Sayers TJ. Targeting the extrinsic apoptosis signaling pathway for cancer
therapy. Cancer Immunol Immunother 60: 1173-1180, 2011.

Schoner W, Scheiner-Bobis G. Endogenous and exogenous cardiac
glycosides and their mechanisms of action. Am J Cardiovasc Drugs 7:
173-189, 2007.

Schoner W, Scheiner-Bobis G. Endogenous cardiac glycosides: hor-
mones using the sodium pump as signal transducer. Semin Nephrol 25:
343-351, 2005.

Schoner W, Scheiner-Bobis G. Endogenous and exogenous cardiac
glycosides: their roles in hypertension, salt metabolism, and cell growth.
Am J Physiol Cell Physiol 293: C509-C536, 2007.

Schoner W. Endogenous cardiotonic steroids. Cell Mol Biol (Noisy-le-
grand) 47: 273-280, 2001.

Selden R, Smith TW. Ouabain pharmacokinetics in dog and man.
Determination by radioimmunoassay. Circulation 45: 1176-1182, 1972.
Taniai M, Grambihler A, Higuchi H, Werneburg N, Bronk SF,
Farrugia DJ, Kaufmann SH, Gores GJ. Mcl-1 mediates tumor necrosis
factor-related apoptosis-inducing ligand resistance in human cholangio-
carcinoma cells. Cancer Res 64: 3517-3524, 2004.

Tian J, Gong X, Xie Z. Signal-transducing function of Na*-K*-ATPase
is essential for ouabain’s effect on [Ca2+] ion in rat cardiac myocytes. Am
J Physiol Heart Circ Physiol 281: H1899-H1907, 2001.

Walther JU. Letter: ouabain in heart failure. Br Med J 1: 515, 1975.

nova V, Rojanasakul Y. Peroxide is a key mediator of Bcl-2 downregu-
lation and apoptosis induction by cisplatin in human lung cancer cells. Mol
Pharmacol 73: 119-127, 2008.

Wang X, Chen W, Zeng W, Bai L, Tesfaigzi Y, Belinsky SA, Lin Y.
Akt-mediated eminent expression of c-FLIP and Mcl-1 confers acquired
resistance to TRAIL-induced cytotoxicity to lung cancer cells. Mol Cancer
Ther 7: 1156-1163, 2008.

Winnicka K, Bielawski K, Bielawska A, Miltyk W. Apoptosis-mediated
cytotoxicity of ouabain, digoxin and proscillaridin A in the estrogen
independent MDA-MB-231 breast cancer cells. Arch Pharm Res 30:
1216-1224, 2007.

Yoshida T, Zhang Y, Rivera Rosado LA, Zhang B. Repeated treatment
with subtoxic doses of TRAIL induces resistance to apoptosis through its
death receptors in MDA-MB-231 breast cancer cells. Mol Cancer Res 7:
1835-1844, 2009.

Xie Z. Molecular mechanisms of Na/K-ATPase-mediated signal transduc-
tion. Ann NY Acad Sci 986: 497-503, 2003.

Zhang L, Fang B. Mechanisms of resistance to TRAIL-induced apoptosis
in cancer. Cancer Gene Ther 12: 228-237, 2005.

Zhang Y, Zhang B. TRAIL resistance of breast cancer cells is associated
with constitutive endocytosis of death receptors 4 and 5. Mol Cancer Res
6: 1861-1871, 2008.

Zitzmann K, de Toni E, von Riiden J, Brand S, Goke B, Laubender
RP, Auernhammer CJ. The novel Raf inhibitor Raf265 decreases Bcl-2
levels and confers TRAIL-sensitivity to neuroendocrine tumour cells.
Endocr Relat Cancer 18: 277-285, 2011.

Zong H, Yin B, Chen J, Ma B, Cai D, He X. Over-expression of c-FLIP
confers the resistance to TRAIL-induced apoptosis on gallbladder carci-
noma. Tohoku J Exp Med 217: 203-208, 2009.

AJP-Cell Physiol - doi:10.1152/ajpcell.00225.2012 - www.ajpcell.org

€T0Z ‘Sz ydreN uo Alun uloxbuopeny) e /610 ABojoisAyd-|@adley/:dny woly papeojumoq




OPEN a ACCESS Freely available online

@° PLOS ‘ ONE

Caveolin-1 Regulates Endothelial Adhesion of Lung
Cancer Cells via Reactive Oxygen Species-Dependent

Mechanism

Pithi Chanvorachote, Preedakorn Chunhacha*

Department of Pharmacology and Physiology, Faculty of Pharmaceutical Sciences, and Cell-based Drug and Health Product Development Research Unit, Chulalongkorn

University, Bangkok, Thailand

Abstract

The knowledge regarding the role of caveolin-1 (Cav-1) protein on endothelium adhesion of cancer cells is unclear. The
present study revealed that Cav-1 plays a negative regulatory role on cancer-endothelium interaction. Endogenous Cav-1
was shown to down-regulate during cell detachment and the level of such a protein was conversely associated with tumor-
endothelial adhesion. Furthermore, the ectopic overexpression of Cav-1 attenuated the ability of the cancer cells to adhere
to endothelium while shRNA-mediated Cav-1 knock-down exhibited the opposite effect. We found that cell detachment
increased cellular hydrogen peroxide and hydroxyl radical generation and such reactive oxygen species (ROS) were
responsible for the increasing interaction between cancer cells and endothelial cells through vascular endothelial cell
adhesion molecule-1 (VCAM-1). Importantly, Cav-1 was shown to suppress hydrogen peroxide and hydroxyl radical
formation by sustaining the level of activated Akt which was critical for the role of Cav-1 in attenuating the cell adhesion.
Together, the present study revealed the novel role of Cav-1 and underlying mechanism on tumor adhesion which explain
and highlight an important role of Cav-1 on lung cancer cell metastasis.
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Introduction

Recently, roles of caveolin-1 (Cav-1) in regulation of cancer
progression and metastasis in various types of cancer have been
revealed [1-4] and such a protein perhaps received the most
attention in cancer-related research. Although some studies
suggested that Cav-1 may play a role in inhibiting cancer
progression in certain cancers [5], in lung cancer, Cav-1
potentiates cancer aggressiveness as well as metastasis [6].
Together with the fact that Cav-1 expression in lung cancer was
shown to relate to poor prognosis [2], and most of the cancer-
related death in this cancer was shown to link with metastasis, it is
of great interest to investigate the entire regulatory role of this
protein on cancer metastasis [7]. Metastasis is a multi-step process
of cancer cells spreading from their original locations to the distant
secondary sites. Starting with the cancer cell detachment from
their primary tumor, the cells invade vascular wall, travel in the
circulatory system, and adhere to the endothelium to form the
secondary tumors. Although roles of Cav-1 on lung cancer cell
behaviors have been intensively explored, the role of such a protein
on lung cancer cell adhesion to endothelium surface is largely
unknown. We and others have suggested the important role of
Cav-1 in rendering cancer cells resistant to anoikis after cell
detachment [6,8,9,10], enhancing invasion and migration [11],
and facilitating growth in anchorage-independent manner [12].
Endogenous Cav-1 level was shown in the previous studies to be
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controlled by the reactive oxygen species (ROS). In detached cell
condition, hydrogen peroxide was shown to increase the cellular
level of Cav-1 by inhibiting its degradation [6]. While in the
adherent cells, hydroxyl radical was shown to be a key player in
up-regulating Cav-1 expression and increased cell migration [11].
These findings highlighted the regulatory role of ROS on Cav-1
expression and their accompany roles on cancer metastasis.

In biology, negative feedback regulations exist to prevent the
excessive stimulations. Likewise, Cav-1 protein was shown to
suppress oxidative stress caused by hydrogen peroxide exposures
[13]. However, it remains unknown whether Cav-1 regulates ROS
level in detached cells and such regulation is critical for cancer
adhesive property. Using pharmacological and genetic ap-
proaches, the present study revealed that Cav-1 plays a key role
in inhibition of cancer-endothelium adhesion by attenuating
hydrogen peroxide and hydroxyl radical generations after cell
detachment. The present study also found that Cav-1 suppressed
such ROS formation through Akt-dependent mechanism. Along
with the observation that Cav-1 decreased in a time-dependent
fashion after cell detachment, we found that at later-time points,
cancer-endothelium adhesion significantly increased the concom-
itant of that Cav-1 depletion. Thus, our study revealed the
existence of a novel mechanism of cancer cell adhesion regarding
Cav-1 which might be exploited in metastasis and drug design.
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Materials and Methods

Cells and Reagents

Non small lung cancer cell (NSCLC)-H460 and Vascular
endothelium Human (HUV-EC-C) cells were obtained from the
American Type Culture Collection (Manassas, VA). H460 cells
were cultured in RPMI 1640 while HUV-EC-C cells were
cultured in M199 medium. RPMI 1640 was supplemented with
5% fetal bovine serum (FBS), 2 mM L-glutamine, and 100 units/
mL penicillin/streptomycin. M199 was supplemented with 10%
fetal bovine serum (FBS), 10 mM L-glutamine, and 100 units/mL
penicillin/streptomycin, 0.1 mg/ml heparin, 0.05 mg/ml endo-
thelial cell growth supplement (ECGS). All of the culture was
incubated in a 5% COs environment at 37°C. 2', 7'-dichloro-
fluorescein diacetate (DCFHy-DA), Dimethysulfoxide (DMSO),
caveolae isolation kit, Calcein AM, Heparin sodium were obtained
from Sigma Chemical, Inc. (St. Louis, MO); Rabbit caveolin-1
antibody and peroxidase-conjugated secondary antibody from
Abcam (Cambridge, MA); Hydrophenyl fluorescein (HPF),
LY294002, Amplex Red, Lipofectamine 2000 were from Invitro-
gen (Carlsbad, CA); Antibody for B-actin from Santa Cruz
Biotechnology (Santa Cruz, CA); Antibody for pan-Akt, p473-Akt,
PTEN, EGFR, Phospho-PTEN (Ser380/Thr382/383) were from
Cell Signaling Technology, Inc. (Danvers, MA); Endothelial cell
growth supplement was from Millipore Corporation (Billerica,
MA).

Plasmid and Transfection

The Cav-1 expression plasmid pEX_Cav-1 and its control
vector; pDS_XB-YFP were acquired from the American Type
Culture Collection (Manassas, VA) and Cav-1 knockdown plasmid
shRNA-Cav-1 and its control vector; control shRNA plasmid A
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Stable transfections of Cav-1 expression plasmid or Cav-1
knockdown plasmid were generated by culturing H460 cells in
a 6-well plate until they reached 60% confluence. 15 ul of
Lipofectamine reagent and 2 ug of Cav-1, and shRNA-Cav-1
plasmid were used to transfect the cells in the absence of serum.
After 12 h the medium was replaced with culture medium
containing 5% fetal bovine serum. Approximately 36 h after the
beginning of transfection, the cells were digested with 0.03%
trypsin, and the cell suspensions were plated onto 75-ml culture
flasks and cultured for 24 to 28 days with G418 or puromycin for
selection of Hcav-1 and shCav-1, respectively. The stable
transfectants were pooled and the expression of Cav-1 protein in
the transfectants was confirmed by western blotting. The cells were
cultured in antibiotic free RPMI 1640 medium for at least two
passages before used in each experiment.

ROS Detection

Intracellular ROS were determined by flow cytometry using
DCFHy-DA as a fluorescent probe. Briefly, cells were incubated
with 10 uM DCFH-DA, HPF for 30 min at 37°C, after which
they were washed, trypsinized, resuspended in phosphate-buffered
saline, and immediately analyzed for fluorescence intensity by
FACScan flow cytometer (Beckton Dickinson, Rutherford, NJ)
using a 488-nm excitation beam and a 538-nm band-pass filter.
Median fluorescence intensity was quantified by CellQuest
software (Becton Dickinson) analysis of the recorded histograms.

Hy05 was determined by Amplex Red reagent (Invitrogen).
Briefly, the reaction mixture containing 50 UM Amplex Red
reagent and 0.1 U/ml HRP in Krebs-Ringer phosphate (KRPG)
was added into each microplate well. Subsequently, 20 ul of
1.5x10* H460 cells suspended in KRPG was added to the
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reaction mixture. After 30 min incubation, the fluorescence signal
obtained from the fluorescence microplate reader equipped for
excitation in the range of 530-560 nm and emission detection at
590 nm was monitored and measured over the 3 h post-
detachment.

Monolayer Cell Adhesion Assay

HUV-EC-C were stimulated with 10 ng/ml IL-1f for 0—4 h.
H460 cells (2.5x10" cells/ml) were stained with 15 UM of calcein
AM (Sigma) for 45 min at 37°C and 5% COsy, then added onto
a semi-confluent monolayer culture of HUV-EC-C, incubated for
20 min at 37°C with rotation at 120 rpm, and washed extensively
to exclude nonspecific cell attachment. The number of attached
cells was counted directly under a fluorescence microscope as
reported previously [14]. For antibody mediated blocking of cell
adhesion, the IL-1f —stimulated HUV-EC-C were incubated with
antibody to VCAM-1, ICAM-1 and E-selectin (at a final dilution
of 1:400 for every antibodies) for 3 h at 37°C in humidified CO2
incubator, and then H460 cells were added.

Caveolae Isolation

Caveolae were isolated from shCav-1, H460 and Hcav-1 cells
by using a caveolae isolation kit (Sigma). ShCav-1, H460 and
Hcav-1 cells were collected and lysed with lysis buffer containing
1% Triton X-100. The lysates were centrifuged at 10,000 g for
15 min. Detergent-resistant membrane fractions were isolated on
OptiPrep Density Gradient Medium (0, 20, 25, 30, and 35%).
Caveolae were collected from caveolin-1-enriched fractions, which
has been used for the investigation of Cav-1 and PTEN
expression.

Western Blotting

After specific treatments, cells were incubated in lysis buffer
containing 20 mM Tris-HCI (pH 7.5), 1% Triton X-100,
150 mM sodium chloride, 10% glycerol, I mM sodium orthova-
nadate, 50 mM sodium fluoride, 100 mM phenylmethylsulfonyl
fluoride, and a commercial protease inhibitor cocktail (Roche
Molecular Biochemicals) for 30 min on ice. Cell lysates were
collected and determined for protein content using the Bradford
method (Bio-Rad Laboratories, Hercules, CA). Equal amount of
proteins of each sample (40 pg) were denatured by heating at 95°c
for 5 min with Laemmli loading buffer, and subsequently loaded
on 10% SDS-polyacrylamide gel electrophoresis. After separation,
proteins were transferred onto 0.45 m nitrocellulose membranes
(Bio-Rad). The transferred membranes were blocked for 1 hour in
5% mnonfat dry milk in TBST (25 mM Tris-HCl (pH 7.5),
125 mM NaCl, 0.05% Tween 20) and incubated with the
appropriate primary antibodies at 4°C overnight. Membranes
were washed twice with TBST for 10 min and incubated with
horseradish peroxidase—coupled isotype-specific secondary anti-
bodies for 1 hour at room temperature. The immune complexes
were detected by enhanced with chemiluminescence substrate
(Supersignal West Pico; Pierce) and quantified using analyst/PC
densitometry software (Bio-Rad).

Statistical Analysis

Mean data from independent experiments were normalized to
result from cells in the control. All the experiments were repeated
at least three times. A statistical analysis between two groups was
verified by Student’s t test, in comparison to multiple groups, an
analysis of variant (ANOVA) with post hoc test was conducted.
The strength of relationships, correlation coefficient (r), between
cach protein level after detachment was determined with SPSS
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version 16 (SPSS Inc., Chicago, IL, USA). A P-value of less than
0.05 would be considered as statistically significant.

Results

Caveolin-1 Depletion after Cell Detachment Enhances
Tumor-endothelial Cell Adhesion

Cav-1 was shown to associate with metastatic potentials of lung
cancer cells [6,12], while its role on cancer cell adhesion is still
unclear. To study the role of Cav-1 protein on cancer cell
adhesion, we first detached the cancer cells to mimic the early step
of metastasis, and evaluated the expression profile of Cav-1 after
cell detachment over times. Lung cancer H460 cells cultured in
ultralow attachment plates were analyzed for Cav-1 protein
expression by western blotting at indicated time points. Figure 1A
shows that after cell detachment, Cav-1 gradually decreased in
a time-dependent fashion and the significant decrease was detected
as early as 6 h after cell detachment. Next, the suspended cells at
concurrent time points were subjected to the monolayer cell
adhesion assay as described in Materials and Methods. Figures 1A
and B show that after cell detachment, Cav-1 expression gradually
decreased over time concomitant with the increase of cancer cell
adhesion on endothelial surfaces, suggesting the potential role of
Cav-1 in cancer adhesive regulation. We further supported such
a correlation, by generating a correlation plot between Cav-1
expression and cancer cell adhesion (Fig. 1 C). Not only did the
reduction of these proteins correlate well with the enhanced ability
of cancer cells to adhere on endothelium surfaces, but the plot also
revealed a highly correlated profile with the correlation coefficient
of 0.922.

To confirm that Cav-1 attenuates cancer cell adhesion to
endothelial cells, we explored the effect of different ectopic Cav-1
expression levels on H460 cells adhesion to endothelium. We
established Cav-1 overexpressing (Hcav-1) cells, short-hairpin (sh)-
mediated Cav-1 knockdown (shCav-1) cells by stable transfection.
The transfectant clones were analyzed for Cav-1 expression
compared to their parental H460 cells by western blotting
(Fig. 1D). It is noteworthy that the control transfected cells
generated from control plasmids, pDS_XB-YFP and control
shRNA plasmid A, were also evaluated for Cav-1 expression,
however; the level of the protein was comparable to that of H460
cells (data not shown). Cav-1 overexpressed, Cav-1 knockdown,
and H460 cells were detached and subjected to endothelial
adhesion assay and the cancer cells adhering on the HUV-EC-C
endothelial cells were observed. As expected, analysis of cell
adhesion showed that Cav-1 overexpressed cells exhibited the
lowest ability to adhere to the HUV-EC-C cells, while the shCav-1
cells had the highest ability. Also, the vector transfected cells were
similarly evaluated for adhesive capability and we found no
significant alteration in comparison to that of parental cells (data
not shown). This indicates that Cav-1 negatively regulates cancer
cell adhesion to vascular endothelium.

Caveolin-1 Suppresses Hydrogen Peroxide and Hydroxyl
Radical Generation after Cell Detachment

Our previous study has shown that in the adhered condition,
Cav-1 function in attenuating oxidative stress caused by hydrogen
peroxide treatment [13]. Therefore, it is possible that Cav-1
protein may function to regulate redox status of the cancer cells
during metastasis. To study the effect of Cav-1 protein on
detachment-induced ROS generation, Cav-1 overexpressed
(Hcav-1), Cav-1 knock-down (shCav-1), and control cells (H460)
were detached and incubated in adhesion-resistant plates until
specific time points. The suspended cells were then analyzed for
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intracellular ROS levels by flow cytometry using DCFHy-DA as
a fluorescent probe. Figure 2A shows that cell detachment induced
an increase in cellular ROS in a time-dependent manner which
aligned with our previous report [6]. The present study revealed
for the first time that Cav-1 functioned in attenuating the
detachment induced ROS in these cells. ShCav-1 cells possessing
the lowest Cav-1 expression was shown to exhibit the highest ROS
induction and such an induction could be detected as early as 1 h
after detachment (Fig. 2A), whereas cellular ROS in Cav-1
overexpressed (Hcav-1) cells was not altered in response to cell
detachment.

Further, the specific ROS inhibitors were used to evaluate
specific ROS which were up-regulated in these cells. Cav-1
overexpressed, Cav-1 knock down, and H460 cells were pretreated
with specific ROS inhibitors which were Mn'TBAP (a superoxide
anion inhibitor), catalase (a hydrogen peroxide inhibitor), defer-
oxamine (a hydroxyl radical inhibitor), and sodium formate (a
hydroxyl radical scavenger), and the ROS levels after detachment
for 0-3 h were determined. Figure 2B indicates that treatment
with catalase, sodium formate, and deferoxamine could block the
induction of ROS in these cells, suggesting that hydrogen peroxide
and hydroxyl radical were primary specific ROS up-regulated
after cell detachment.

The effect of Cav-1 on hydrogen peroxide and hydroxyl radical
produced by these cells was next evaluated. Amplex red, a specific
detection probe for hydrogen peroxide, and HPF, a specific
detection probe for hydroxyl radical, were used to determine such
specific ROS in the detached cells. Figures 2C and D indicate that
cell detachment increased the signals of hydrogen peroxide and
hydroxyl radical specific probes in a time-dependent manner.
Importantly, the signal of either hydrogen peroxide or hydroxyl
radical was barely detectable in Cav-1 overexpressed cells,
whereas such ROS signals were potentiated in the cells expressing
a low level of Cav-1. These results indicated that Cav-1 attenuated
hydrogen peroxide and hydroxyl radical generations in suspended
lung cancer cells.

Hydrogen Peroxide and Hydroxyl Radical Regulate
Cancer Cell Adhesion to Endothelial Cells via VCAM-1-

dependent Mechanism

ROS were shown in many studies to play a key role in the
regulation of cancer cell behaviors [11]. Together with the above
finding indicating that Cav-1 attenuated hydrogen peroxide and
hydroxyl radical formations during cell detachment, we in-
vestigated whether hydrogen peroxide and hydroxyl radical play
a role in regulating cancer cell adhesion. Lung cancer cells were
incubated with various known specific ROS modulating agents as
described and the cells were subjected to the adhesion assays.
Figure 3A indicates that treatment of the cells with a superoxide
inhibitor MnTBAP had only an minimal and insignificant effect
on cancer cell adhesive activity, whereas the addition of catalase,
deferoxamine, and sodium formate significantly inhibited the
adhesion of H460 cells to endothelium surface. These results
suggested that hydrogen peroxide and hydroxyl radical but not
superoxide anion are the ROS that potentiate adhesive capability
of these cancer cells to vascular endothelial cells.

Evidences have suggested that endothelial cell adhesion
molecules (ECAMs) play an important role on cancer-endothelial
cell interaction [15]. Activation of endothelial cells by IL-1f
induced the expression of ECAMs namely VCAM-1, ICAM-1 and
E-selectin on endothelial cell surfaces, and these proteins
facilitated the binding of cancer cells [15]. To confirm the role
of hydrogen peroxide and hydroxyl radical on cancer-endothelial
cell interaction and to define the affected adhesion molecules, we
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Figure 1. Caveolin-1inhibits cancer cell adhesion to HUV-EC-C endothelial cells. A: H460 cells were suspended in poly-HEMA-coated plates
for various times (0-12 h) and Cav-1 expression was analyzed by western blotting. Columns are means +SD (n=5). *P<0.05 vs. time 0. B: Detached
H460 cells were subjected to a monolayer culture of HUV-EC-C. The interaction of H460 and HUV-EC-C cells was examined in the presence of IL-1f
(10 ng/ml). Phase-contrast microscopic pictures of representative experiments are shown. C: Correlation analysis of cellular Cav-1 level versus H460-
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HUV-EC-C adhesion (n=5). D: Cav-1 overexpressed Hcav-1 or short hairpin Cav-1-transfected shCav-1 cells were constructed and analyzed for Cav-1
expression by Western blotting. Blots were re-probed with B-actin antibody to confirm equal loading of samples. The immunoblot signals were
quantified by densitometry, and mean data from independent experiments were normalized to the results. Columns are means +SD (n =3), *P<<0.05
vs. H460 cells. E: Hcav-1, H460, and shCav-1 cells were detached for 3 h and added onto a culture of HUV-EC-C. Columns are means *=SD (n=3),

*P<0.05 vs. H460 cells.
doi:10.1371/journal.pone.0057466.g001

blocked the endothelial surfaces with specific antibodies against
VCAM-1, ICAM-1 and E-selectin, prior to cancer cell adhesion.
Also, the cancer cells were treated with exogenous hydrogen
peroxide in the absence or presence of ferrous sulfate to confirm
the role of hydrogen peroxide and hydroxyl radical, respectively.

Figure 3B indicates that hydrogen peroxide and hydroxyl
radical significantly enhanced cancer cell adhesion to endothelial
cells, confirming the role of mentioned ROS on cancer cell
adhesion. Interestingly, blocking endothelium with the VCAM-1
antibodies could abolish the effect of hydrogen peroxide and
ferrous sulfate on the adhesive property of these cancer cells while
antibodies against ICAM-1 and E-selectin had no significant
effects. These results indicated that hydrogen peroxide and
hydroxyl radical may, at least in part, regulate the interaction of
the cancer cells to endothelial surface through VCAM-1-de-
pendent mechanism. Also, Cav-1 may decrease the adhesive
property of the cancer cells by attenuating hydrogen peroxide and
hydroxyl radical.

Cav-1 Suppresses ROS Generation after Cell Detachment
through PI3K/Akt Pathway

Having shown that Cav-1 attenuated cancer ability to adhere to
an endothelium by decreasing cellular hydrogen peroxide and
hydroxyl radical up-regulations, and evidence indicated that Cav-
1 regulates several cell behaviors during cell detachment through
PI3K/Akt pathway [11]. To further confirm the role of Cav-1 on
Akt signaling, we monitored the Akt activation in terms of
phosphorylated (serine 473) Akt. In agreement with previous
finding [16], we found the increased level of Akt activation in
Hcav-1 cells in comparison to that of H460 and shCav-1 cells
(Fig. 4A). Also, we found that cell detachment significantly
decreased the level of activated Akt in almost all cells. While
phosphorylated (serine 473) Akt in shCav-1 cells found to be most
affected by such a cell detachment, the level of activated Akt in
Hcav-1 was barely altered (Fig. 4A).

Since phosphatase and tensin homolog deleted on chromosome
ten (PTEN) is a major negative regulator of the PI3K/Akt
signaling pathway, we also performed the experiment to elucidate
the role of Cav-1 on PTEN. Our results indicated that PTEN was
up-regulated in the cytoplasmic portion (C) but down-regulated in
the caveolae microsomal fraction (M) in Cav-1 overexpressed
(Hcav-1) cells in comparison with those of H460 cells (Fig. 4B). In
contrast, Cav-1-knock down cells exhibited the opposite profiles,
suggesting that Cav-1 regulated the compartmentalization of
PTEN. In order to assess the activity of PTEN, the western blot
analysis of the C-terminal phosphorylated PTEN at Ser380,
Thr382, and Thr383 that promote PTEN stability but decrease
PTEN activities [17], was performed. Figure 4B shows that
activated PTEN was significantly reduced in the Hcav-1 cells with
the observations that the phosphorylated PTEN (at Ser380,
Thr382, and Thr383) were significantly increased. Together with
the finding indicating that the phosphorylation of such a protein in
ShCav-1 cells was decreased, Cav-1 was demonstrated in the
presence study that negatively regulated activated status of PTEN
and such regulation may, at least in part, sustained the level of
phosphorylated Akt.
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To test whether the alteration in phosphorylated Akt affects the
cellular oxidative stress, a PI3K inhibitor LY294002 was used to
suppress Akt activation. H460 cells were incubated with PISK
inhibitor L.Y294002 at the concentrations of 10 and 50 uM, and
Akt and phosphorylated-Akt levels were determined by western
blotting (Fig. 4C). LY294002 at 10 and 50 uM were able to reduce
p473-Akt (Fig. 4C). The effect of LY294002 on ROS induced by
cell detachment was monitored by DCFHo-DA, HPF and Amplex
red. Apparently, PISK inhibitor was able to increase cellular
oxidative stress as indicated by the significant increase of DCF
fluorescence signal. Moreover, the specific ROS, namely hydroxyl
radical and hydrogen peroxide, were found to be significantly
increased in response to the treatment of PI3K inhibitor in H460
cells (Fig. 4D).

Interestingly, the treatment of LY294002 at 10 and 50 uM
could reverse to effect of Cav-1 in suppressing ROS reduction in
Hcav-1 cells. Figure 4E shows that ROS signal in Hcav-1 cells
treated with L.Y294002 was remarkably increased, compared to
that of non-treated Hcav-1 cells. In contrast, ROS level in shCav-1
cells were barely affected by the treatment of LY294002. Taken
together, these findings suggested that Cav-1 regulate ROS
formation after cell detachment by sustaining the activation of
PI3K/Akt pathway.

Discussion

So far, a number of cancer-related proteins have been identified
and used for specific applications, including biomarkers for the
early detection, prognosis, and molecular targets for anti-cancer
design [18]. According to the widely accepted hypothesis that not
all primary tumors are able to adhere on the endothelial surfaces,
but certain cancer cells possessing an innate or adaptive ability are
able to adhere on the surface of vascular endothelial cells and to
form metastases [19]. Many regulatory proteins were identified as
tumor suppressor or tumor promoter proteins; however, in the
case of Cav-1, both functions were reported. Cav-1 was first
described as a tumor suppressor protein since the down-regulation
of Cav-1 was found during cell transformation [7]. In contrast,
Clav-1 was shown to potentiate cancer progression and increasing
evidence has indicated its role as a cancer promoter [20]. Cav-1
was shown to function as an important mediator for multiple pro-
survival signaling pathways [21-23]. In addition, Cav-1 expression
was shown to increase in several types of human cancers, including
lung, breast, prostate, and pancreas cancers, and this up-regulation
was associated with a high degree of metastasis [20,24-28]. Even
though Cav-1 was shown to potentiate lung cancer metastasis by
enhancing anoikis resistance [9] and invasion and migration [11],
the present study provided the inhibitory effect of Cav-1 on
cancer-endothelium adhesion which has not been demonstrated.

Hydrogen peroxide and hydroxyl radical previously shown to
be generated during cell detachment [6] were demonstrated
herein to be critical for adhesive action of cancer cells to
endothelial surfaces (Fig. 3B). Such a finding has strengthened
the role of ROS, especially hydroxyl radical in the regulation of
cancer-endothelial interaction since hydroxyl radical was reported
to enhance cancer cell adhesion by affecting the surface of
endothelial cells [29]. Our finding was added to the growing list of

February 2013 | Volume 8 | Issue 2 | 57466



Caveolin-1 Regulates Endothelial Adhesion

PLOS ONE | www.plosone.org 6 February 2013 | Volume 8 | Issue 2 | 57466



Caveolin-1 Regulates Endothelial Adhesion

Figure 2. Caveolin-1 suppressed cell detachment-induced ROS generation. A: Cellular ROS level of detached H460, shCav-1, and Hcav-1
cells was determined by flow cytometry using H,DCF-DA as a fluorescence probe. Columns are means £SD (n = 3), *P<<0.05 vs. time 0. B: H460, shCav-
1, and Hcav-1 cells were treated with Mn(lll)tetrakis(4-benzoic acid) porphyrin chloride (MnTBAP, 50 uM), Catalase (Cat, 7,500 U/ml), Sodium formate
(NaF, 2.5 mM), or Deferoxamine (DFO, T mM). The intracellular ROS level of these cells was determined by H,DCF-DA probe. Columns are means =SD
(n=5), *P<<0.05 vs. attached control (time 0), and #P<0.05 vs. non-treated control at corresponding time. C: Hydrogen peroxide level of the cells was
determined by microplate reader using Amplex Red. Columns are means £SD (n = 3), *P<<0.05 vs. control cells at time 0. D: Hydroxyl radical induction
was determined by HPF. Columns are means *SD (n=3), *P<<0.05 vs. control cells at time 0.

doi:10.1371/journal.pone.0057466.9002

the functions of specific ROS in regulating cellular pathologic [15]. Such CAMs were shown to be up-regulated when

events.
Cell adhesion molecules (CAMs), such as vascular endothelial
cell adhesion molecule-1 (VCAM-1), intercellular cell adhesion

endothelial cells were exposed to inflammatory cytokines, namely
interleukin-1 beta (IL-1B) and tumor necrosis factor-alpha (TNF-o)
[15]. Among them, VCAM-1 has garnered increasing attention in

the anti-cancer field and recognized as a potential therapeutic
target in metastasis [30]. In the present study, the regulatory role

molecule-1 (ICAM-1), and E-selectin, have been shown to be
essential for endothelial cells in interaction with the cancer cells

Figure 3. Hydrogen peroxide and hydroxyl radical enhance H460 cell adhesion to HUV-EC-C via VCAM-1. A: H460 cells were left
untreated or pretreated with Mn(lll)tetrakis(4-benzoic acid) porphyrin chloride (MnTBAP, 50 uM), Catalase (Cat, 7,500 U/ml), Sodium formate (NaF,
2.5 mM), or Deferoxamine (DFO, 1 mM) then detached for 3 h prior to adhesion assay. Columns are means *=SD (n=3), ¥*P<<0.05 vs. non-treated
control. B: H460 cells were treated with 100 uM H,0, or 100 uM H,0, and 50 uM FeSO, and subjected to the HUV-EC-C surface which was blocked
by VCAM-1, ICAM-1, or E-selectin antibodies. Phase-contrast microscopic pictures of representative experiments are shown. Columns are means =SD
(n=3), ¥*P<0.05 vs. non-treated control.

doi:10.1371/journal.pone.0057466.9003
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Figure 4. Caveolin-1 suppresses hydrogen peroxide and hydroxyl radical inductions through PI3K/Akt pathway. A: H460, shCav-1, and
Hcav-1 cells were detached and suspended in poly-HEMA-coated plates for 0-3 h. p473-Akt and pan-Akt level in these cells was determined by
antibodies specific to p473-Akt and pan-Akt. Columns are means =SD (n = 3), *P<0.05 vs. H460 cells at time 0, #P<0.05 vs. corresponding control
cells at time 0. B: Lysate of H460, shCav-1, and Hcav-1 cells were used for the investigation of PTEN, phospho-PTEN (Ser380/Thr382/383) expression.
Caveolae microsomal fraction (M) was prepared as described in materials and methods and used for the investigation of PTEN (M). EGFR was used as
a marker for the caveolae fraction. Columns are means +SD (n=3), *P<<0.05 vs. H460 cells. C: H460 cells were left untreated or pretreated for 2 h with
10 and 50 UM LY294002 then the cells were detached for 3 h and analyzed for p473-Akt and Akt levels. Columns are means *=SD (n = 3), *P<<0.05 vs.
non-treated control. D: H460 cells were treated with LY294002 and determined for ROS, hydroxyl radical, and hydrogen peroxide production by
DCFH,-DA, HPF, Amplex Red, respectively. Columns are means *=SD (n=4), *P<<0.05 vs. non-treated control at time 0, #P<0.05 vs. non-treated
control at 3 h. E: ShCav-1 and Hcav-1 cells were treated with LY294002 and analyses for cellular ROS using DCFH,-DA. Columns are means *=SD

(n=3), *P<0.05 vs. non-treated control.
doi:10.1371/journal.pone.0057466.9004

of hydrogen peroxide and hydroxyl radical was found to be
associated with the expression of VCAM-1 on the endothelial cells
(Fig. 3B). Blocking VCAM-1 on the endothelium surface but not
ICAM-1 and E-selectin was shown to abolish the effect of such
ROS on cancer cell binding, implying that ROS mediates cancer
cell adhesion via VCAM-1-dependent mechanism. Since VCAM-
1 is an endothelial ligand for interacting with Bl sub family of
integrins [31], we hypothesized that hydrogen peroxide and
hydroxyl radical probably affected the expression level and/or
function of integrins on cancer cell surfaces.

The down-regulation of Cav-1 in lung cancer cells was shown to
be dependent on the cellular redox status [6]. However, the
feedback mechanism of Cav-1 on ROS regulation has not been
reported elsewhere. We found that Cav-1 suppressed the
formation of ROS in response to cell detachment and the
inhibition of hydrogen peroxide and hydroxyl radical was essential
for anti-adhesive role of Cav-1. The ectopic overexpression of
Cav-1 significantly attenuated ROS, including hydrogen peroxide
and hydroxyl radical generations induced by cell detachment,
while the transfection with shRNA mediating Cav-1 down-
regulation showed the opposite effect (Fig. 2A-D). Further, we
showed that Cav-1 plays a role in regulating ROS after cell
detachment through PI3K/Akt pathway. Considering the fact that
Cav-1 was shown to reduce overtimes after cell detachment and
this reduction was associated with the increase of cancer cell
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adhesion (Fig. 1B), at later time the metastatic cells may adhere
and form secondary tumors. Also, Cav-1 was shown to reduce
anoikis response that allows cancer cells expressing high Cav-1 to
survive for long time and adhered to the distant sites (Fig. 5).

Although activated status of Akt was shown to be regulated by
several mechanisms, several cancer-related studies suggested that
PTEN play a dominant role in attenuating Akt functions [32-33].
Indeed, phosphatase activity of PTEN turns phosphatidyl-inositol
3,4,5 triphosphate (PIP3), an activator of Akt, into PIPy, resulting
in Akt suppression [32]. In the present study, PTEN expression
was found in the caveolin-1 rich domains and was down-regulated
in such a cell compartment in the Cav-1l-overexpressed cells
(Fig. 4B). In contrast, the level of PTEN was found to be increased
in cytoplasmic portion of the cells. These results suggested that
both Cav-1 and PTEN shared the same localization in these cells.
In terms of PTEN function, we found that phosphorylated PTEN
was significantly up-regulated in Cav-1-overexpressed cells, while
the Cav-1-knock down cells exhibited the opposite results (Fig. 4B)
Although further investigations on the underlying mechanisms
that Cav-1 regulates PTEN are needed, our findings indicate that
Cav-1 sustained the activity of Akt by suppressing PTEN
activation.

In summary, the present study has revealed a novel finding on
the cancer-endothelium regulatory effect of Cav-1 in human lung
carcinoma H460 cells. This effect of Cav-1 involves its ability to
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Figure 5. The scheme represents the dynamic alterations of cellular Cav-1 and ROS levels and their possible effect on cancer cell
adhesion to vascular endothelium. The present study reveals that Cav-1 inhibits cancer-endothelium interaction. During detachment, the
decrease of Cav-1 resulted in the increase of hydrogen peroxide and hydroxyl radical along with enhanced cancer-endothelium adhesion.

doi:10.1371/journal.pone.0057466.9005

suppress hydrogen peroxide and hydroxyl radical generation by
sustaining phosphorylated Akt levels. Because cancer adhesion to
endothelial cells is crucial for cancer metastasis, the findings of this
study could be beneficial to the understating of cancer metastasis
and development of cancer therapy.
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