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Abstract

Project Code : RMU5380027

Project Title : Enhanced chemosensitivity of cholangiocarcinoma by targeting at
NAD(P)H:quinone oxidoreductase 1

Investigator : Asst. Prof. Dr. Auemduan Prawan Khon Kaen University

E-mail Address : peuamd@kku.ac.th

Project Period : 3 years (June 2010 — June 2013)

Keywords : cholangiocarcinoma, chemosensitivity, NAD(P)H:quinone oxidoreductase 1

The present study was to verify the role of NQO1 on chemotherapeutic response.
By suppression of NQO1 using the NQO1 siRNA, it was shown that suppression of NQO1
induced apoptosis and enhanced chemotherapeutic agents (5-fluorouracil (5-FU),
gemcitabine (Gem) and doxorubicin (Doxo)) -induced cytotoxicity. In contrast, induction of
NQO1 protein expression by NQO1 overexpression vector decreased the drug sensitivity.
Nevertheless, the modulatory effects of NQO1 siRNA required the human tumor suppressor
gene p53 were associated the increase of p53 and p21 expression. Inhibition of p53
expression by siRNA diminished the chemosensitizing effect of NQO1 siRNA. The result
suggested that the chemosensitizing effect was mediated via p53 activation. The
association of NQO1 and p53 on chemosensitivity was explored. The present study showed
that the treatment of 5-FU and Doxo increased p53 protein while the NQO1 enzyme activity
but not the protein was depressed in vitro and in vivo. By the immunoprecipitation assay,
NQO1 was found to physically interact with p53, suggesting a protein-protein interaction
between p53 and NQO1 leading to suppressed NQO1 activity. The NQO1 inhibition
enhanced p53-mediated cell death was decreased only in p53-expressing cancer cells. It
was, therefore, suppression of NQO1 activity by drug's-induced p53 may be partly
responsible for chemosensitivity effect.

In summary, NQO1 plays a critical role in cytoprotection against chemotherapeutic
agents in CCA cells. NQO1 overexpression decreased the drug sensitivity, while inhibition
of NQO1 confers the chemosensitizing via p53. Enhanced chemosensitivity by targeting at
NQO1 may be a novel treatment strategy to overcome drug resistance in bile duct cancer

and other cancers with high NQO1 activity.
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datgwand NQO1 luwdiduidmuislunisiiuainu ldasiadinga lasunisiiuewl

= A o ' ' i ' a af ..
LIARNLLSIDNAANETAA 28819101 dicumarol mmwmmwvlm%rmﬁmaa doxorubicin
lunnsaintraauziSe urothelial cancer cells (Matsui et al., 2009)

I'4 [ (-1 1 ,§’

3) lawlwal NQO1 NuNLSINaKG

3'1mmﬁawﬁwamm:;ﬁﬁ'ﬂvl,@'ﬁl,a@ﬂﬁl,ﬁu'j'm'ﬁﬁwmmaa NQO1 lutrasuziss
riavhawziansgniugiluanizaniauliouuuy (inflammatory cytokine combination)
uaLNIEINALTUIRBUNIRa URKEITBILTRR UL S VB Adaa1d19 g (Prawan et al.,
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Nudawas) sNnusaiidanuitansasaasuanhdasadindavesaaaustTe
1 :, = (3 1 =3 @ o U a 6 AI a =3 ] 1
Yiath@ le agndlsAanu FadniudasigaiiiuiduaiunuImzas NQO1 dansatianyal
LERRNZLSIMaNG Llaan1soutINITUEaAIaanaad NQO1 mRNA 28195 1W1e 5INAINS
ﬁqaﬁuwmmaa NQO1 ¢an13tia chemoresistance  lagn1Itnia29 1w NNN1T
wRAIBaNVaILaw ol NQO1 lasld NQO1 overexpression  vector LI lULTAS WAL
nmsdne1anudulylenazrinnisaudgaiaw bl NQO1 tNaLdwuwIN I viNTI/ILE5H

“ L 9 . oo A X
MIANVBITARNLLTILUL apoptosis FINALAINTIRaLERBIGBENLATTNLALNLD

ao @ ' a ' o o & 1 & Y,
iﬂﬂﬂﬂ%’)%ﬂﬁﬂﬂﬁ&yjiiﬁ: miaaLammwvlmamﬁmummaammﬂamﬁ 9 n1 4
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4. A5NIIANRWINNIAY

mMsAnNENASIHn l#30ununInasas ﬂi:nauﬁaﬂmiﬁﬂmﬁlﬁsﬁaﬁugwﬁ
WAL dwIULsIaes (in vitro experiment) uazmsanENAlTaa TnasasduLULsIa0
(in vivo experiment)

4.1 YaULBANIIIVY

L%ﬂtﬁlzL%dﬂaﬁ'}am‘ﬂumiﬁﬂ‘]ﬂ’] “Suppression of NAD(P)H-quinone
oxidoreductase 1 enhanced the susceptibility of cholangiocarcinoma cells to
chemotherapeutic agents” Aa Lwa8 KKU-100 (mmﬁ‘ugmﬁwmgﬂoﬁmma'of‘hLﬁmrm
intrahepatic bile duct Hanwueidn poorly differentiated cell) LLag a8 KKU-M214 (maa‘
wgwﬁww:ﬁmﬁﬁmdoﬁﬁLﬁ@ﬁnﬂ intrahepatic bile duct danuueid well differentiated
cell) TapimasUndnldisoufiouiuimaduzisoviating @o was Liver Chang cell uas
Loas MMNK1 cell (normal bile duct epithelial cell)

Lsﬁaﬁmﬁaﬁl“ﬁlumsﬁﬂm “Chemosensitization by targeting NQO1 is p53-
medaited mechanism” fa Lenaa‘m%'aé”]vl,é‘lmy' human colon carcinoma HCT116 @3
NILRAIEANVDY p53 UUUUNG (wild-type p53 (p53 +/+) LAz maa’uu%&@iaugﬂ%mn
human prostate cancer cell PC3 %avlaiﬁmsl,l,amaaﬂ"uaa p53 (null p53 (p53 -/-)
fainanasnltlunsinme AaNBLNFINARTEWE C57BL/6 Gefinsusasnanvad p5s3
uuULn@ (wild-type p53 mice) nNLuRNIAFAINARDY fa Center for Cancer Research
and Department of Biology, Massachusetts Institute of Technology, Cambridge,
Massachusetts, USA 1135 nsdnunludainanssldsuanuiursanves the Institutional
Animal Care and Use Committee of the University of Kentucky, Texas, USA

myNgaiaudmAYsad NQO1 danaRNs I N1IDYIDAUBLNIIANY UATNTI
aougwoIRoadTTearosaasuzss wiadn 2 anwme fevhmaAuMITNuIes
NQO1 @sendumamiisnsliimunmsugaseanvasiewloy NQo1  lasls  NQO1
overexpression vector nlwwag ameAimstusawlod NQO1 adumnafiansls
NQO1 siRNA 1t luloas LLﬁaﬁﬁmiLﬂ%ﬂuLﬁaummamuaamaamaﬁﬁgnﬂ%’mﬂﬁiw
AMI¥N9UUEI NQO1 AULTRANZLSIAUALL

suadihiadillunnsdne léun 5-fluorouracil (5-FU), doxorubicin (Doxo) Was
gemcitabine  (Gem)  GaiusnadtnsenandlduaslumsinmanSiviedind  unss

NILAWAIANT LRZNLLSITHA solid tumor

ao @ ' a ' o o & 1 & Y,
swmmwauuauyjmﬁ mimLawmwvlmamﬁmummaamtsawamﬁ 9 N1 5
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NIDUUWIANNAAVBILTBY ANNAIAYVEI NQOT damIANTIWIUVBUTAR N1IETDAUAZNNTANLVBILTAN

WRZNIIAOURWAIADENAN NIV ILTARNZLT

a o 9 ¢ 1 A ' o & 1 & v
3’]2]\"]%'3Qﬂﬂﬂua&|y‘3m ﬂ"lﬁﬂ\’Lﬂs&lﬂ']']&l‘l'](ﬂaLﬂﬁu"lﬂﬂﬁa\?&lgls\?ﬂauqa ] RN 6
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4.2 35n13@n®18

1) nseiugiatanlns NQOT Aazmaia NQOT siRNA

NQO1 siRNA (siGENOME SMARTpool siRNA #M-005133-02-0020), p53 siRNA
(SiIGENOME SMARTpool siRNA #M-003329-03-0005) waz control siRNA (siGENOME non-
targeting siRNA #D-001210-02-20) ﬁ1°ﬁLﬂu°ﬁﬁ® pooled of pre-designed siRNAs Gfﬂﬁl:
tUsznauale different sequences of siRNA 3143% 4 &8 faanuuuldsnizdefunauls
A1 M3 siRNA Wuoas aeldmns LipofectamineﬂvI 2000 (Invitrogen) \Ju transfection
reagent uazlf3zz108 transfection WAL 24-48 Talug aniurMIUsdunasugs
wlasd NQO1 lagiamsvauadiawlasd NQO1, msuaadaanuad NQO1 mRNA WA
NQO1 protein

2) Mafinn1sIBYas NQO1 argmsmiigair liiAsnsuansaanyas
La%Z?iNKNQO1 lagld NQO1 overexpression vector i lwivas

NQO1 overexpression vector (Origene Technologies #SC119599) mﬁﬂu‘ﬁﬁ@
PCMVE-XL5 plasmid (1w1a 4,707 bp) @92zd NQO1 cDNA (@w1@ 1,120 bp) fiilu
complete wild-type NQO1 coding sequence (NM_000903.2) agjmslu wazly pCMV6-XL5 ‘ﬁl
laifi8u NQO1 1u negative control vector N1311 NQO1 overexpression vector LTAR 92
1715 transfection reagent Ao LipofectaminewI LTX and Plus™ reagent (Invitrogen) uagld
52921981 transfection WAL 24 Talus aniwrinsUssadunamandioinlwiduns
ugadaanvadiawlasd NQO1 lagianmivhnuvedanlad NQO1, MIugasaanvas NQO1
mMRNA L8z NQO1 protein

3) n13Ian1sviInadianlea’ NQOT Alginana NQO1T enzyme activity
assay

msiansyinauzadiewlasd NQO1 mamaiia NQO1 enzyme activity assay a4
Unnglunonudeuninvesugans ynusaduazame (Buranrat et al, 2010) lag
anusanInlunisinuesenlsd NQO1 9:gnaT193a6387T dicoumarol-suppressible
rate-kinetic assay lagtawlms NQO1 azvhminfiasuwulasduaasn menadione it
blue formazan metabolite #3813t reduction MNAUNTIATER S 0h metabolite 71
Aedu laindnIIN1IaNAULEIVEIANT metabolite finNNE1eAL 620 nm @IBLA3ag
spectrophotometer mﬁ"l,@ﬁzgﬂﬁﬁ"l,ﬂﬁﬁmmﬂué'@mmmmmm’[uﬂﬁﬁwmmauauvlsnﬁ‘
NQO1 finihemIvinsuvasianbod Aa nmol/min/mg protein

4) N13IANIIA1YVAILTAS (cytotoxicity) AILLNAA SRB assay

IR Tas Uz Iatndle 96-well culture plate s dusadtinaf
anuduTuane g uddsuassaellin 24-48 $alus aniuiadnasazany trichloroacetic

acid \Na fixed LTas nawNazl@ua1sazaly sulfornodamine B (SRB) wazvinnsi@ia Tris

a o o ¢ 1 A ' a0 o & 1 & a v,
i'lild'l%’]'«)zmuuaugim ﬂ']sﬂ\‘]La?Nﬂ'}"lNl?ﬂaLﬂNu']]Jﬂ'i'aﬂNzL?ﬂﬂa%’]ﬂ 9 wU 7
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base buffer \aazainans SRB iAadussazaefiing Gssansniasuunansadinig
@@ﬂﬁuummaamsazmm SRB @T’JUL@%@ spectrophotometer ﬁlﬂ?’]&lmaﬂﬁlu 540 nm mnﬁ?u
@i'}ﬁvl,éfa:gﬂmvl,ﬂﬁ']mmﬁué’mwmimmjaaLsmﬁ Wounuimaan lWlasueadtite Deas
fensaneuaLTan (cytotoxicity) LI 0%

5) n13IAuaAIaanzay NQOT mRNA A28iNAkA real-time polymerase chain
reaction (real-time PCR or qPCR)

MNTIATZAUNILEAIaaNTad NQO1 mRNA @lainaila reverse transcription LR
real time-polymerase chain reaction lag total RNA ﬁaﬁ'ﬂvlﬁmﬂmaﬁmﬁaﬁaﬁﬁa:gﬂ
Wasue 01l7i381 reverse transcription 1%iil% cDNA template MniwihmMsasavUsun o
MIUEAI08NUI NQO1 @1811fjA381 real time-PCR lawld SYBR Green staining dye Lilu
detection probe wazdl B-actin LHuHME1I8

6) nN13IANISUARYaanYadllsAn AILMARA Western blot analysis

Fmsuanimasineldlalusan lagld lysis buffer tharagslliumisssainias
Uwndes iWausnifiugiu soluble protein answinTusandanaldluuansnonszualnm
Ut 10% SDS-polyacrylamide gel sﬁaa}uwﬂiﬂiﬁuaaﬂﬁnﬂﬁummu’mimaqa N3
waangrolUsandiueanldarn SDS-polyacrylamide gel 'lisis PVDF membrane sniusiiusmu
11 incubate 11 specific primary antibody #1% 12 T2l uarssshiwauswly incubate u
secondary antibody ﬁmmmm wIW 2-4 fﬂm lumgu@]auq@ﬁ’m ¥iINN13L@N ECL substrate
solution MIUBLUNILIULRTSATEAUNsURasaanvasllsaulasmItnanwaIsLa3as
ImageQuant™ LAS4000 (GE Healthcare)

7) nM3Ian139uAnIEnIwlysin Aleinaa immunoprecipitation

Fmsuanimasineldlalusan lasld Iysis buffer sharassliumiassainias
Uniwiss 1iausnifiugn soluble protein anniwinlysduiianaldly incubate Tu specific
primary antibody ¥ 12 °ﬁ’JI&N TGRORRY protein A/G (Santa Cruz Blotechnology aa"hﬂu
cellular protein and primary antibody mixture mmamavl,ﬂﬂw,mmmmmaaﬂmmm 1o
WNLALEI immunoprecipitates sﬁdﬁlzgﬂﬁﬂﬂ run U 10% SDS-polyacrylamide gel Lae
AT1IANIIUAUIZAII UGN @ainafia Western blot analysis @a 11/

8) N1sAnwINazay doxorubicin Aan1sudaniaanzad NQO1 mRNA Uasn13s
viomzasianlos NQO1 Tmiaifaduuazanldng

¥NM3IAB doxorubicin MIEMIRATINTEIVB (intraperitoneal injection) W#1@ 20
mglkg A39LH8 WARBLANFLN AW US C57BL/6 Gafimsuansaanaad p53 wuuUng (wild-
type p53 mice) aATURAILAEN doxorubicin nuanggnYildaalasmslinaaswags
(Nembutal\sodium solution U@ 65 mg/kg body weight) wazvinmsrndaiaLiuLitatiay

wazd & LWaAnENaV8d doxorubicin Aansuaadaanaad NQO1 protein LAZNNIVININUVEY

a o o ¢ 1 A ' a0 o & 1 & a v,
i'lild'l%’]'«)zmuuaugim ﬂ']sﬂ\‘]La?Nﬂ'}"lNl?ﬂaLﬂNu']]Jﬂ'i'aﬂNzL?ﬂﬂa%’]ﬂ 9 AU 8
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onlasl NQO1 1is# msdnsnludasnassdlasuanuFuTaLTes the Institutional Animal
Care and Use Committee of the University of Kentucky, Texas, USA

9) N3 NATILHNENA

Namﬁmiﬁ:ﬁ‘ﬁmN@ﬁﬁLauaL‘ﬂu@h mean + SEM 37N ftriplicate assays 283013
NARDIIWIL 3 A%l LLa:ﬁﬂmﬁmezﬁmaaﬁﬁLﬁammmLL@m@mizMNﬂ@;umuquuaz
ﬂﬁjwﬂ@aaﬂ@ﬂ%ﬁﬁa An analysis of variance with repeated measurement ledf: a1y
uwandatnIfindAnIaaa larmuadfl p<0.05

4.3 gauivinn 9y

v A en a

#oaUJUANMIITY NMAITUARAINGT ATSUNNBANFAS IRTINIRLTVDUUTAW UAZ
#23U]J1@N13398 Department of Toxicology, Graduates School of Medicine, University of

Kentucky, Texas, USA

5. HAaN1SANE

5.1 M3udAIaanzas NQO1 mRNA, NQO1 protein Lazn13YiN9uadtanklasl
NQO1 TnimadaziSoniaindmnzidsouasisasmiziaselng

dlefinsilSsufisumiuaaseanaas NQO1 mRNA, NQO1 protein WazmMINauas
oulal NQO1  lwwsdiwzdpiiadeg  wuiimasunSwionadldlumsdnm  de
RS uzISvinindTiia KKU-100 Snsuaeiaanaas NQO1 mRNA, NQO1 protein 4azn1s
Mauaanloy NQO1 gaﬁ'q@ I@ﬂgdﬂim‘z@L*fﬁaa(mﬁwiaﬁﬁﬁmﬁ@ KKU-M214 UazLoas
Undfldissuifioulumsdnmil @a 1oas Liver Chang cell waz 1mas MMNKA cell (normal
bile duct epithelial cell) (@”Mﬁﬂg‘lugﬂﬁ 1 menwin n.) e lumsdnsdeusield
asuzSvieindTiia KKU-100 39lfidunuusnass@nwnamssugsonley NQO1 e
mafin NQO1 SiRNA @omsius wInUasLas MI0YIBAUNENIANBVBITAR  UAZNNT
aavsuaddaadinTaraTasNLSs It RsusSaviondnie KKU-M214 9sldiiin
LUUSNRBILRDANHINANIIMTANMITIIUIEY  NQO1 fumawigainldinunis
ugaseanvasiowlsy NQO1 lasld NQO1 overexpression vector wwluiaas @onisuia
FUIUTBATAR  N1IBLIVAUAZNNIANLVBITA  UAzNInaUaUaIdaniaiitiavas

LTRRNZLS

5.2 nanssugatawlnd NQO1 a28ATA NQO1 SiRNA AaNISENNSIWINBS
LA msaésammzmsmwmLﬂﬁaa‘u,azmmauauawiammﬁﬁ'lﬂ'ﬂmaamaﬁmﬁo

Wavnnssudaawled NQO1 funaiia NQO1 siRNA lulmad KKU-100 twnan
24-48 Thlyy swNInAaMILEAIEanTas NQO1 mRNA, NQO1 protein Waznsvinguuas

a o o ¢ 1 A ' a0 o & 1 & a v,
i'lild'l%’]'«)zmuuaugim ﬂ']sﬂ\‘]La?Nﬂ'}"lNl?ﬂaLﬂNu']]Jﬂ'i'aﬂNzL?ﬂﬂa%’]ﬂ 9 AU 9
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woulof NQO1 athafividndty Tanfliaa 48 $1las NQO1 SIRNA SIN1TNAAMNIUAAIAANTE
NQO1 mRNA, NQO1 protein wazmsvnauvasanlssd NQO1 léwinnin 85% aiisuru
LTRR AU L (@”ﬂﬂﬁﬂghgﬂﬁ 2 meuwIn n.) ek lunmsansndrausiely Loas KKU-100 92
Qﬂﬂ”llﬂé:‘lmuv[‘ﬁﬁ NQO1 dapinafia NQO1 siRNA iuam 48 Talus rewldsuenafivnda
iadnsnmMInausuas s fihteusmasuzSuasdnsna inmsaeiieata
odnwuamsgusaenlssl NQO1 dnaiia NQO1 SIRNA demstRNswINYE
IR NTBYTDALATNIANBVITAR UaznInauauaddasiaiiiiarassasuzss Wi
misudatewley NQO1 dazmafia NQO1 siRNA SuazzaanstANsIwIRvaTas w3
nagay cell proliferation ALLNAKA clonogenic assay (unpublished data, ag{jswiw
msﬁﬂmLm:nmm‘*ﬁagmﬁaﬁﬁuﬁ) fnarzaamanfauiivasiaas  lunmmagay  cel
migration auLnala wound-healing assay (unpublished data, ﬂ’]iﬁmﬂ’nmti’mi’smﬁga
\WoERuW) Lm:ﬂ'usfn”m”ﬂ?uaamaﬁ lunsnasay cell cycle regulation @aginafia FACs
analysis (unpublished data, ﬂ’ﬁﬁm:ml,a:i'smmiagaLﬁaﬁﬁuﬁ) Waisunuimasauaiy
winmssudatewlsd NQO1 WipsagaLden ﬁlz"lajﬁwaLiJ?inuLLﬂmmsagjsamazmi
MepDILTas Wosunumssaualy TunInaseay cytotoxicity seimafin SRB assay U
WUALTas KKU-100 711650 NQO1 siRNA $awriusafiinga (ledun 5-fluorouracil (5-FU),

A( o b
doxorubicin (Doxo) Was gemcitabine (Gem)) 3ziianudeniseangnivessniadiingad

1
a

& ' Y . ' o g 0 o A & [
fedu laidhaznasaunsl¥iNQot siRNA Twiudmspafithaziialafionn (@adsnglugy

D

1 2 NMANWIN N.)

tal o 5 d' o v A'

5.3 HANTTNANTIINI91HVBI NQOT A28NISLABL IR IRNANITLaAIDaNYBY

tanlaal NQO1 lasld NQO1 overexpression vector LN LLBAE ABNIINNTIRINYDI
1 1 o @ [

\AE N1IDLIDARAZNIIALVDITAR UAZNIINDUERBIG DL NARLNLAYBITARNLLSY

A, A o @ A o v a &

Warhmsiumsrnaused NQO1  eemawbenihlWidunsuaasaanvadiawlas
NQO1 lauld NQO1 overexpression vector N luinas KKU-M214 1wiian 24 57189 anansn
iuMIuEasaansasllsiin NQO1 wszmsviiusadsianlad NQO1 adnsdinadnng lasiia
mMsuaadaanvadllsdn NQO1 wazmsvinusedewlod NQO1 ldunnii 2.5 Wi Wafisy
AULTRR WAL (@”ﬁﬂﬁﬂglugﬂﬁ 4 MANWIN N.) a9s lunsEnmdaudaly 1mas KKU-
M214 azpniniisnilfiAantsusaseanvasanlsd NQO1 lasld NQO1 overexpression
vector N lwimas KKU-M214 1Juwan 24 97lud Aeuldsuenadtinga wadnsnisaauauas
' A o @ & = = A A @
danadtindavasmaanzSuazdnwna lnmseaneinendas

Wadnmuamsnheildinumsuaaseanvasanlod NQO1  lasld  NQO1
overexpression vector LNMMTAR  KKU-M214  wuinmawiesihiidunsuaedsaanvas

Lﬂ‘lﬂ‘.ﬁﬁ NQO1 LWaiae9Lfen ma]"l,&iLﬂﬁwuﬂadmiagjsa@u,a:mi@n BUBILTAR  LWANT

a o o ¢ 1 A ' a0 o & 1 & a v
i'lild'l%’]'«)zmuuaugim ﬂ']sﬂ\‘]La?Nﬂ'}"lNl?ﬂaLﬂNu']]Jﬂ'i'aﬂNzL?ﬂﬂa%’]ﬂ 9 % 10
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NAFDY cytotoxicity Menaila SRB assay WN19aT9%NN Loas KKU-M214 ﬁgﬂmﬁmﬁﬂﬁ
WM ILaadaanadian kol NQO1 lasld NQO1 overexpression vector LN lwlaas tlaloanit
lasueadthta (leun 5-fluorouracil (5-FU), doxorubicin (Doxo) Waz gemcitabine (Gem))

=1 ' af Ao @ a [ A
ﬁ]:&Jﬂ’J’]ﬂJVL’J@laﬂ’liaaﬂfmﬁmadEJ’]L@]&JU’]U@I“QF]“H%@R@R\‘] (Nﬂi’mgiugﬂ‘ﬂ 4 MANKIN N.)

5.4 an138ugILaw s NQO1 Aratnatha NQO1 siRNA UazHan1IwaNIg
o $ o A. I 1
9209 NQO1 aran1amiainliiansuaasaanaadtanlss NQO1 laala

. Y & 1 A 9 @

NQO1 overexpression vector N luwisas aanalnn1InIeNieI2aInunIIABUaHY
] o v [~
AouANLNTAYDILTAR NS

IMNHAMIANBNNNLITAS KKU-100 71850 NQO1 siRNA $aunuesniadtingaiaing

1 n‘ a o % dg L% qq: = o L% 1 = o = d'
hdamseangnivasenaitindaddu aau msdnssauae 1 39vims@nenna lnnsanan
WNEITBINUNNTAAURWEIG AT AUDILTRR VLS las@nsnsuaasaanuadlisaun
Lﬁmfmﬁumuqwmi@nULLa:miLﬁrymaaLenaﬁT laun TUséin p53, p21, cyclin D1 uaz Bax
ABLNAA Western blot analysis
= A o ' Ao, o A a a

NANSANENN e Wudnealtndadnaiiumsuaadaanuadlls@u p53, p21 way Bax

Turad KKU-100 umwenienas KKU-100 7630 NQO1 siRNA Saunuesadiinta azdanunis
a . a X % A o o A

URAI8aNYAI TR URRLUNINT I (mﬂswnglugﬂw 3 MANWIN N.) lunsasanudng 1ila
ANMTIAANIIYNWTad NQO1 egmanieniinlwinansuaasaanuadan by NQO1 lasls
NQO1 overexpression vector W lsweas KKU-M214 naUWLINTMILIANNNTULRA988N2 89481 ksl
NQO1 luras KKU-M214 vinlwlmadnuinisnauanaddasnaiingananss lagaunusny
MINARIVBINILRAI8ENVBILUTAY p53, p21 wae Bax iWatfisunuiaas KKU-M214 A1 lasuen

A o a a ' a s A o & = & o v
NUNLALNENBENNLA 8 (@]Gﬂi’]ﬂgl%gﬂ‘ﬂ 5 MAaNWIN N.) QINW  NaNITAEN®IW ‘Yﬂl‘ﬁ

o A

o, \ A o A & & o & & @
manmsatldihnineuauesdasiafithafidiniulwaasigniuduenlod  NQO1 ¢
inafta NQO1 siRNA Waziisadasnuiiinsnuvasldsiu ps3 Saazyinsngastludiay
¢o b

5.5 uan138usItawlasl NQO1 wazlilsfin p53 aruinana NQO1 siRNA ua
1 1 o @ [~4
p53 siRNA Aan13AaUawaInaaILAdlintndalEasuztSe
A A & = o Aad ° = o ' P
Wadgadanunntaswesitinavhouvadlisdu  ps3  AumIneuauasdasiall
ﬂﬁﬁmaolfnaa‘ﬁgﬂﬂvuﬂ'ﬂLau"LGﬁﬁ NQO1 éiamaiia NQO1 siRNA 3¥msansnITeues
lU56u p53 menaiia p53 siRNA lulaas KKU-100 HAaNSANEIWLIN N1Ia0 24 Talud
p53 SIRNA S13130RANTILEAI8ENYDY p53 MRNA WAz p53 protein aeIdnfAY WazMT
gusaanloy NQO1 wazlusin p53 wisunudumaila co-transfection LWain NQO1 siRNA

WAz p53 SIRNA LTWTAANIANA® WUI1 MI¥N co-transfection Lwaan 24 T2las su1I0aa

a o o ¢ 1 A ' a0 o & 1 & a v
i'lild'l%’]'«)zmuuaugim ﬂ']sﬂ\‘]La?Nﬂ'}"lNl?ﬂaLﬂNu']]Jﬂ'i'aﬂNzL?ﬂﬂa%’]ﬂ 9 n 11
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MILEAIEaNTaI p53 mRNA uaz NQOT mRNA lénnin 85% aifisunuimassuiuy (a4
Unnglusufl 5 manwan n.) dain lunmsnunddudely wad KKU-100 sxgnefudsienlas
NQO1 sginaiia NQO1 siRNA %38 Qﬂﬁ'mfﬂﬂsﬁu p53 daEnAlia p53 siRNA #Igazgn
sussanlod NQO1 uaslisiin p53 wiaurudasmnafia co-transfection 1wan 24 Talus
Aawlasusuadinga (@T@ﬂiﬁﬂglugﬂﬁ 6 MAKWIN N.) tNaFN¥IMIReUaRaIGagLATINTA
YITARNLLS

HAMIANENT I WU’i’]Lﬁﬁaéirﬁgﬂﬂ'Uﬂ%Lauvlsﬁﬁ NQO1 uazluséiu p53 wiaunuaae
mafia co-transfection azdnsmausussdoafinga ionasay cytotoxicity spinadia
SRB assay ﬁaﬂﬂd'nsﬁaﬁﬁgﬂﬂ'mﬁauvlsﬁﬁ NQO1 (Neae19Lfen LLa:ﬁaUﬂiﬁL%ﬂ§ﬁQﬂgU£%
lUs@in p53 LWedatade T,@mgﬂuuumsmauauawiammﬁﬂm”@ﬁwmmﬁmﬂﬁqﬁ'u laiin

imasaz laupadindariialafioy @sUnngluzui 6 manwan n.)

5.6 NSANBINAYDIYLANLNUAABNISLEAIBaNYDI NQO1 mRNA wazn1s
) I’ 6 ® 'S 4 Y o ] { %)
9wy adtawles NQO1 Tuigaaaztse u,auﬁaLﬁa@mLLa:a']v(ﬁ‘lmywawgﬁ“lﬁmsn

S o %]

ANUUA

A Ao v L e o o & a a a o A a

Wasaneaiihuasiwlngdnilfossiiannzeioeaandiads  vmenoad
ﬂﬁﬂ'@ﬂmUﬁﬁ@slfﬂavlﬂﬂiz@‘}”umsa%"ﬁdawaﬁmﬂumiﬁ&hLSﬁaﬁLﬂuﬂavLﬂﬁé'ﬂ F9UFWIATIN
AaN1LASUARANTLATHININ LA TINTAERNaYIN IRl Tas NS InaUakaI laulNyNNT
LRAIDANVAILAW LT AI AN TLATI IaNnIa bl At 29VINMIANENATaIs AN Asdans
LRAIDaNTAY NQO1 MRNA LazN1IYIN9Iwuadlan sl NQO1 lulaasuslSy GInan13dnn
WUIMTLAIU gemcitabine W&y doxorubicin ¥ lAlTaaNzLSINaNnG KKU-100 LANANS
uaasaanadllsdiu NQO1 (Favngluzufl 1 mawwan n.) aaseAin3ld30 doxorubicin waz

° o & o ' A a a

5-fluorouracil i lAirasuzi5esldlnn HCT116 Felinmsuaasaanvad p53 wuUUN@ RN
uRAIaaNVaIlUIAL NQO1 wazn1Ivinswadtiawlay NQO1 (@‘ﬁﬂﬁﬂglugﬂﬁ 1 MANWIN
9.) 2t lsneN wamIniaaiimIuaadaanuad NQO1 mRNA LAsATYNwUadLath las]
NQO1 284 doxorubicin zwulawzluiraanzSaNdmsuaadaanvad p53 wuulnd (wild-
type p53; p53 +/+) LA WWUHaaIna1ilalien doxorubicin LLriLsnaﬁmﬁwiauQﬂﬁmﬂ PC3
. . :
Falaiinsuaadsaanuad p53 (null p53; p53 -/-) (mﬂi’lﬂglugﬂﬁ 3 MAKNWIN ©.)

A A = A &a o o @

Naula fa nansanunnuluirasinugaansadnuNanIIagaulay s
o ° A ' (Y .. v [ ' o
gainasadduluuiiess SINUIIn3lRen doxorubicin I(ﬂﬂmsﬁ@mmamaum%wmsﬁwmd
suWUT C57BL6 NiinIuaasaanvad ps3 uuuind (wild-type p53 mice) vilinuf lauen

. S ¥

doxorubicin IM3uaas0anvadllsdn NQO1 waznIIvineIuvadtan ol NQO1 NI NI 1k

arbaduuazildlng (@anngluguf 2 menwan .)
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A v o fo A = A o [ e a
NQO1 ianuaunusnunialy Feinmswitorsihldioasinsuaasaanueslysdn ps3
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MILEAI08N2aIIUTAN p53 ABUALMAS MAA1IZUNG NanSANEIWLILTas PC3 ngn
whothlAinsuaaseenvesldsin  p5s3 asdimsrhauvasewlod NQO1 Naaas 1u
% v o a a A A ° v A &/ dw s 1 [
anwasudInnEwnuYSualysdn ps3 Ao ldiAunndn wenand  SIWLILDaN
PC3 ﬁgﬂmﬁmﬁmmmmaaﬂmaﬂﬂiﬁu p53 LialesUsN doxorubicin AzANITVINULBY
tawlasd NQO1 flaaaInuIUIALaIL doxorubicin (@3N IUILN 3 Mmanwan 2.)

WWaNgatilusdu p53 uaz NQO1 Hdwwusiuatels Fshnisdinsinisdunu
32n39U091U5AU (protein binding) 3¢11319 p53 kaz NQO1 @atinafia immunoprecipitation
WUieras HCT116 besUsn doxorubicin wNawkeinmsuaadaanuadllsdu p53 way

> > 1 § > > Qq: AI g

NQO1 2eWUNIILUAUITZAIN9LYUTAY p53 way NQO1 TIn13auALUedlUIauniaasasiNudn
ANUSNHNNSURAI8aNVEILUTAY UaNINT HINUNNTIUAUIZRINIUIGU p53 way MDM2
luansaue inverse interaction Wé LWUINANNTILAUTTAINIUIAYL MDM2 waz NQO1 (@14

ﬂswnglugﬂﬁ 4 MANWIN .)

5.8 msaAnsEngwssussewlaad NQO1 SMNsndIIEI NN TRBUAREIRDEN
mﬁﬁ'lﬁ'ﬂ‘lmﬁnaai‘mtga‘lﬁTﬂﬂmazfazgnﬂ'mﬁmuvlmf NQO1 @2atnaha NQO1 siRNA
WaEN131% dicoumarol (NQO1 inhibitor)

Lﬁiaﬁgﬁ]ﬁﬁuﬂ‘u’h NQO1 swnsadwdmanaiedassuanuladesadingale
LasNasInaazAadwiuIAmnnuuesllsdin ps3  59ldnamauiiuduunfasina
Tasvnmstiugaawlod NQO1 dammafia NQO1 SiRNA uwazm3ld dicoumarol $2urun
doxorubicin  Fewumssusaenley NQO1 dhwnadia NQO1 siRNA  uwazmsld
dicoumarol ®INNIAEILESNANN ALY doxorubicin WadLTas HCT116 lunisneasay cell
survival @einala clonogenic assay WazN1INA&aU cell viability @ignafia trypan blue
dye exclusion assay Gemansdnsfinulweans HCT116 szasiuadenunanmsdnmly
i madNzISIratndafia  KKU-100 iagaﬁ'maula do mssusaewley NQO1 drsmedia
NQO1 siRNA waznmsld dicoumarol fimoaaiasuanyhdassadtnge aswuawsluoas
HCT116 fAfinsusasoanvoslisein p53 (53 ++) wanavlinumasassunnuldosad
thiialuras PC3 Godwmasn ldnsuansasnveslusin ps3 (p53 -) (@ﬁﬂi’]ﬂgi%ﬁﬂﬁ 5
AMANWIN .)
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Abstract

Background: Cholangiocarcinoma (CCA) is highly resistant to most of the known chemotherapeutic treatments.
NAD(P)H-quinone oxidoreductase 1 (NQOT1) is an antioxidant/detoxifying enzyme recently recognized as an
important contributor to chemoresistance in some human cancers. However, the contribution of NQO1 to
chemotherapy resistance in CCA is unknown.

Methods: Two CCA cell lines, KKU-100 and KKU-M214, with high and low NQO1 expression levels, respectively,
were used to evaluate the sensitivity to chemotherapeutic agents; 5-fluorouracil (5-FU), doxorubicin (Doxo), and
gemcitabine (Gem). NQO1 and/or p53 expression in KKU-100 cells were knocked down by siRNA. NQOT was
over-expressed in KKU-M214 cells by transfection with pCMV6-XL5-NQO1 expression vector. CCA cells with
modulated NQO1 and/or p53 expression were treated with chemotherapeutic agents, and the cytotoxicity was
assessed by SRB assay. The mechanism of enhanced chemosensitivity was evaluated by Western blot analysis.

Results: When NQO1 was knocked down, KKU-100 cells became more susceptible to all chemotherapeutic agents.
Conversely, with over-expression of NQO1 made KKU-M214 cells more resistant to chemotherapeutic agents. Western
blot analysis suggested that enhanced chemosensitivity was probably due to the activation of p53-mediated cell death.
Enhanced susceptibility to chemotherapeutic agents by NQO1 silencing was abolished by knockdown of p53.

Conclusions: These results suggest that inhibition of NOO1 could enhance the susceptibility of CCA to an array of
chemotherapeutic agents.

Keywords: NAD(P)H-quinone oxidoreductase T (NQOT1), Cholangiocarcinoma (CCA), 5-fluorouracil (5-FU), Doxorubicin
(Doxo), Gemcitabine (Gem), p53

Background incidence and mortality rates of intrahepatic CCA are
Cholangiocarcinoma (CCA) is a malignant cancer arising  increasing worldwide [2,7]. The prognosis is generally
from neoplastic transformation of cholangiocytes, the poor because most patients present at advanced disease
epithelial cells lining of intrahepatic and extrahepatic = and early diagnosis is difficult [7]. Curative surgical re-
bile duct [1,2]. The incidence of CCA is extremely high  section is considered the most effective treatment, but
in northeastern Thailand [3,4]. The most important risk  most cases are inoperable at the time of diagnosis [7].
factor is the liver fluke (Opisthorchis viverrini) infection  Unfortunately, chemotherapeutic agents are modestly ef-
[5,6]. Several lines of studies have shown that the fective on CCA and drug resistance is the major obstacle
in the treatment. Multiple mechanisms are assumed to
be involved in drug resistance; e.g, alteration of drug
metabolizing enzymes, efflux transporters, cytoprotective

* Correspondence: peuamd@kku.ac.th
'Department of Pharmacology, Faculty of Medicine, Khon Kaen University,

Khon Kaen 40002, Thailand enzymes or derangement of intracellular signaling sys-
*3Liver Fluke and Cholangiocarcinoma Research Center, Khon Kaen tem [8]. It is an urgent need to search for novel treat-
University, Khon Kaen, Thailand ments for CCA.
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NAD(P)H-quinone oxidoreductase 1 (NQO1 or DT-
diaphorase, EC 1.6.99.2) is a drug metabolizing enzyme.
Its over-expression has been observed in many cancers of
the liver, thyroid, breast, colon, and pancreas [9,10].
NQOL is a flavoprotein mainly expressed in cytosol, cata-
lyzing an obligate two-electron reduction of a broad range
of substrates, particularly quinines, quinone-imines, nitro
and azo compounds as the most efficient substrates
[11-15]. NQO1 has several functions including xenobiotic
detoxification, superoxide scavenging, and modulation of
p53 proteasomal degradation [12]. Chronic inflammation
suppresses NQO1 expression [16] and may increase sus-
ceptibility to cell injury. Increasing number of evidences
suggest that up-regulation of NQO1 at the early process
of carcinogenesis may provide cancer cells a growth
advantage [17,18]. Since NQOL1 is also an antioxidant en-
zyme, it may protect cancer cells by removing free radicals
and making cells more resistant to anticancer agents, par-
ticularly to oxidative stress inducers.

Recently, a role of NQOL1 in cancer chemotherapy has
been demonstrated by several groups. Inhibition of
NQO1 by a pharmacological inhibitor, dicoumarol, sup-
pressed urogenital and pancreatic cancer cell growth
and also potentiated cytotoxicity of cisplatin and doxo-
rubicin [19,20]. Significant association was observed be-
tween high NQO1 expression in CCA tissue and short
survival [21]. We have recently demonstrated that dicou-
marol potentiated gemcitabine-induced cytotoxicity on
CCA cells with high NQO1 activity [22]. The chemosen-
sitizing effect was associated with oxidative stress and
induction of p53 protein [20]. However, dicoumarol could
exert several effects apart from inhibition of NQO1, such
as suppression of JNK and NF-«kB pathways, and potenti-
ation of apoptosis induced by TNF-« in HeLa cells [23].
The exact mechanism of the chemosensitizing effect con-
ferred by suppression of NQOL still remains unclear. The
importance of NQO1 on modulation of p53 is also con-
flicting [22,24].

In the present study, we validate the role of NQO1 in
cytoprotection, and then demonstrate that suppression
of NQO1 potentiates antitumor activity of chemothera-
peutic agents. These results suggest the crucial role of
NQOT1 in cancer cells. NQO1 may be a potential target
molecule to enhance the susceptibility of tumor cells to
chemotherapeutic agents.

Methods

Human cell line cultures and chemotherapeutic agents
Two human CCA cell lines, KKU-100 and KKU-M214,
were developed from tumor tissues of CCA patients at
the Srinagarind Hospital, Faculty of Medicine, Khon
Kaen University. Liver Chang cells and normal bile duct
epithelial cells, MMNK1, were also used in this study.
CCA cells and normal cells were routinely cultured
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in Ham’s F12 media, supplemented with 4 mmol/L L-
glutamine, 12.5 mmol/L N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid (HEPES), at pH 7.4, 100 U/mL
penicillin, 100 pg/mL streptomycin sulfate, and 10%
fetal bovine serum (FBS) in a humidified atmosphere
containing 5% CO, at 37°C. The media was renewed
every 2—-3 days. After the cells became confluent, cells
were trypsinized with 0.25% trypsin-EDTA and subcul-
tured in the same media. Some aliquots of cells were
transferred to freezing medium containing 10% DMSO
and stored at —80°C for subsequent use.

Chemotherapeutic agents were selected on the basis
of the frequent usage for CCA, gastrointestinal tract
cancers and solid tumors. These included 5-fluorouracil
(5-FU) dissolved in DMSO (100 mM), doxorubicin HCI
(Boryung Pharm, Seoul, South Korea: Doxo) dissolved in
DMSO (100 mM), and gemcitabine (Gemzar, Eli Lilly, IN,
USA: Gem) dissolved in phosphate-buffered saline (PBS:
137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 2 mM
KH,POy4, pH 7.4). They were added to the culture media
without FBS to make final concentrations indicated in the
“Results” section and incubated for a designated period of
time.

Transient transfection of NQO1 and/or p53 small
interfering RNA (NQO1 and/or p53 siRNA)

Pre-designed NQO1 siRNA (siGENOME SMARTpool
siRNA #M-005133-02-0020), p53 siRNA (siGENOME
SMARTpool siRNA #M-003329-03-0005), and control
siRNA (siGENOME non-targeting siRNA #D-001210-
02-20) were purchased from Thermo Scientific. In this
study, NQO1 siRNA and p53 siRNA were the pooled
siRNAs, each is composed of four different sequences of
siRNA, targeting for NQO1 and p53, respectively. For
transfection of the siRNA, 1.5x10°> KKU-100 cells were
plated in 6-well plates and grown in Ham’s F12 medium
supplemented with FBS, without antibiotics. The cells
were transfected with 50 or 100 pmole of the siRNA for
6 hr using 0.4 or 2 pL of Lipofectamine™ 2000 reagent
(Invitrogen, Calsbad, CA, USA) in 500 pL of Ham’s F12
medium without FBS and antibiotics. After transfection,
the cells were added with 1.5 mL of Ham’s F12 medium
supplemented with FBS, without antibiotics, and incu-
bated further for 24-48 hr. The efficiency of the NQO1
knockdown by transient transfection was determined by
gene expression with reverse transcription real-time poly-
merase chain reaction (RT-qPCR) using specific primers,
NQOT1 activity assay, and Western blotting analysis.

For cytotoxicity assay, CCA cells were seeded onto 96-
well cultured plates with FBS, without antibiotics at a
density of 5 x 10% cells/well for an overnight. The cells
were transfected with 3 pmole of the siRNA for 6 hr
using 0.06 pL of Lipofectamine™ 2000 reagent in 100 pL
of Ham’s F12 medium without FBS and antibiotics. After
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6 hr, the cells were added 100 pL of Ham’s F12 medium
supplemented with FBS, without antibiotics, and incu-
bated for 48 hr. The cells were then incubated with che-
motherapeutic agents in serum free medium for additional
24 hr.

Transfection of NQO1 vector into CCA cells

A plasmid encoding human wild-type NQO1 in pCMV6-
XL5 (4,707 bp) was purchased from Origene Technologies
(#SC119599; Rockville, MD). The insert cDNA (1,120 bp)
contained the complete NQO1 coding sequence (NM_
000903.2). For transfection of the pCMV6-XL5-NQO1 or
pCMV6-XL5, as a negative control vector, KKU-M214
at a density of 5x10° cells were plated in 6-well plates and
grown overnight. At 70-80% confluent condition, cells
were transfected with 2.5 pug of pCMV6-XL5-NQO1 or
pCMV6-XL5 for 24 hr using Lipofectamine® LTX and
Plus™ reagent (Invitrogen) protocol as directed by the ma-
nufacturer in 2 mL of Ham’s F12 medium without FBS
and antibiotics. Then the cells were collected for Western
blot analysis and enzymatic assay. The empty vector con-
trol was prepared by cutting the NQOL1 insert site from
pCMV6-XL5-NQOL1 plasmid at the EcoRI and Xball site.
The bearing vector was ligated with oligonuclotide (non-
coding sequence) and cloned into E. coli (J]M109). The
empty vector control was purified and the presence of
vector was confirmed by restriction digestion and run it
on 2% agarose gel.

For cytotoxicity assay, KKU-M214 cells were seeded
onto 96-well cultured plates at a density of 7.5 x 10° cells/
well for an overnight, the cells were transfected with
100 ng of pCMV6-XL5-NQO1 or pCMV6-XL5 using
Lipofectamine® LTX and Plus™ reagent for 24 hr. The cells
were then incubated with chemotherapeutic agents in
serum free medium for additional 24 hr (Doxo) or 48 hr
(5-FU and Gem), since it was the optimal incubation time
for each drug.

NQO1 enzyme activity assay

NQOI1 assay was performed according to the method
described previously [20]. Cells were seeded at 7.5 x 10
cells/well in flat-bottomed 96-well cultured plates over-
night. After cells were cultured for the designated time,
cells were lysed with 50 pL solution containing 0.8% dig-
itonin and agitated on a shaker at room temperature for
10 min. Twenty-five microliter of 0.55% dicoumarol was
added into culture wells designated as baseline activity,
while the corresponding paired wells were added with
distilled water (DW) designated as the test activity wells.
After that, all wells were added with 200 uL of reaction
mixture (the following stock solution was prepared for
each set of assay: 7.5 mL of 0.5 M Tris—HCI (pH 7.4),
100 mg of bovine serum albumin (BSA), 1 mL of 1.5%
Tween-20 solution, 0.1 mL of 7.5 mM FAD, 1 mL of
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150 mM glucose-6-phosphate, 100 pL of 50 mM -
NADP, 275 unit of yeast glucose-6-phosphate dehydro-
genase, 45 mg of MTT, and DW to a final volume of
150 mL and menadione (1 pL of 50 mM menadione dis-
solved in acetonitrile per milliliter of reaction mixture)
was added just before the mixture is dispensed into the
microtiter plates. A blue color developed and the plates
were placed into a microplate reader with filter wave-
length of 620 nm and readings were made at 0.5 min
interval for about 10 min. The rate of increase of the
optical readings with times represents the activity of the
reaction. Using the extinction coefficient of MTT forma-
zan of 11,300 M™ cm™ at 610 nm and correction for the
light path of the microplate, NQO1 activity was expressed
as nmol/min/mg protein.

Cytotoxicity or SRB assay

Cytotoxicity testing is used to evaluate the effects of che-
motherapeutic agents. In brief, CCA cells were seeded
onto 96-well cultured plates at a density of 7.5 x 10>
cells/well overnight, then media was renewed with fresh
media containing test compound and further incubated
for the indicated times. Assay was performed at the end-
point of treatment to determine amount of protein
remaining in each well. Media was discarded and re-
placed with 100 pL of ice-cold 10% trichloroacetic acid
(TCA) and placed in 4°C for at least 1 hr. Then TCA
was removed and wells were carefully rinsed with deion-
ized (DI) water for 5 times. After 10 min of air drying,
50 pL of 0.4% sulforhodamine B (SRB) in 1% acetic acid
was added for 30 min. Cells were rinsed 3—4 times with
1% acetic acid and air dried for 1 hr at room temperature.
Finally, adhered cells were solubilized with 200 pL of
10 mM Tris base and plates were shaken for 20 min be-
fore absorbance reading with a microplate reader with
filter wavelength of 540 nm.

Real-time polymerase chain reaction (real-time PCR or
qPCR)

CCA cells were seeded in 6-well plates at the density of
1.5x10° cells/well. Total RNA was extracted from CCA
cell lines using TRIzol® reagent following the manufac-
turer’s instructions (Invitrogen). Total RNA was isolated
using a previously described method [20]. Total RNA
(1 pg) was reverse transcribed in a 20 pL reaction mix-
ture, containing 0.5 pg of oligo(dT)15 primer, 20 U of
RNasin® ribonuclease inhibitor, and 200 U of ImProm-
IT™ reverse transcriptase in 1x PCR buffer, 3 mmol/L
MgCl,, and 1 mmol/L dNTPs. The first-strand cDNA
was synthesized at conditions of 42°C for 60 min. The
reverse transcription products served as templates for
real-time PCR. PCR amplification was performed using
specific primers for the NQO1, wild type p53 and the in-
ternal control using B-actin. The primer sequences were
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Figure 1 (See legend on next page.)
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Figure 1 Basal level of NQO1 mRNA, protein expression, and enzyme activity of CCA cells and NQO1 protein induction by
chemotherapeutic agents (5-FU, Doxo, and Gem). (A) Basal NQOT mRNA expression in CCA cell lines (KKU-100 and KKU-M214) and two other
cell lines (Chang and MMNK1 cells) analyzed by gPCR. The bars represent relative mRNA expression of NQO1 normalized with B-actin as internal
control. *p < 0.05 vs KKU-100 cells. (B) Basal NQO1 enzyme activity analyzed by enzymatic methods. *p < 0.05 vs KKU-100 cells. (C) Basal NQO1
protein expression analyzed by Western Blot analysis using (3-actin as internal control. Representative images of NQO1 and f-actin are shown in
the top panel of the figure. *p < 0.05 vs KKU-100 cells. (D) Effect of chemotherapeutic agents on NQO1 protein expression in KKU-100 cells. Cells
were exposed to 5-FU (3 uM), Doxo (0.1 uM), and Gem (0.1 uM) for 24 hr. Data represent mean + SEM, each from three separated experiments.

*p < 0.05 vs the untreated control.
.

as follows: 1) NQO1 (NM_000903.2): forward primer
5-GGCAGAAGAGCACTGATCGTA-3 and reverse pri-
mer 5-TGATGGGATTGAAGTTCATGGC-3’; 2) wild
type p53 (NM_005256778.1) [25]: forward primer 5-ATG-
GAGGAGCCGCAGTCAGATCC-3’ and reverse primer
5-TTCTGTCTTCCCGGACTGAGTCTGACT-3; 3) pB-
actin: forward primer 5-TGCCATCCTAAAAGCCAC-3
and reverse primer 5-TCAACTGGTCTCAAGTCAGTG-
3. The real-time fluorescence PCR, based on EvaGreen®
dye, was carried out in a final volume of 20 pL containing
1x SsoFast™ EvaGreen® supermix (#172-5200; Bio-Rad,
CA, USA), 0.5 umol/L of each NQO1 or wild type p53,
and 0.25 pmol/L of B-actin primer. Thermal cycling was
performed for each gene in duplicate on cDNA samples in
96-well reaction plates using the ABI 7500 Sequence De-
tection system (Applied Biosystems). A negative control
was also included in the experimental runs. The negative
control was set up by substituting the template with DI
water. Real-time PCR was conducted with the following
cycling conditions: 95°C for 3 min, followed by 40 cycles
of 95°C for 15 s and 60°C for 31 s. To verify the purity of
the products, a melting curve analysis was performed after
each run. Upon completion of 40 PCR amplification cy-
cles, there was a dissociation step of ramping temperature
from 60°C to 95°C steadily for 20 min, while the fluores-
cence signal was continually monitored for melting curve
analysis. The concentration of PCR product was calculated
on the basis of established standard curve derived from
serial dilutions of the positive control for NQO1, wild type
p53 and B-actin in the CCA cell lines.

Western blot analysis

After treatment with chemotherapeutic agents, CCA
cells were washed with PBS, collected, and lysed at 4°C
with 1x cell lysis buffer with 1 mmol/L dithiothreitol
and 0.1 mmol/L phenylmethylsulfonyl fluoride (PMSF)
with vigorous shaking. After centrifugation at 12,000 ¢
for 30 min, supernatant was collected and stored at —80°C
until use. Thirty microgram of the protein samples were
mixed with 5x loading-dye buffer, heated at 90°C for
10 min, and proteins were then separated by electrophor-
esis in 10% SDS-polyacrylamide gel. Proteins were trans-
ferred to polyvinylidene difluoride (PVDF) membranes at

180 mA for 1 hr. The PVDF membranes were blocked for
1 hr at room temperature with 5% (w/v) skim milk powder
in PBS with 0.1% Tween-20. PVDF membrane was incu-
bated overnight at 4°C with primary antibodies diluted
with PBS/Tween-20. The antibodies purchased from
Santa Cruz BioTechnology, Inc. (California, USA) were:
rabbit polyclonal IgG Bax (1:2500) (#sc-493), rabbit po-
lyclonal IgG cyclin D1 (1:1000) (#sc-718), rabbit poly-
clonal IgG p21 (1:500) (#sc-56335), mouse polyclonal
IgG p53 (1:500) (#sc-98), and mouse monoclonal IgG B-
actin. (1:2500) (#sc-1616). The rabbit polyclonal IgG
NQOL1 (1:2500) (#ab34173) was purchased from Abcam
(Cambridge, MA, USA). The primary antibody was then
removed and the blots were extensively washed with
PBS/Tween-20. Blots were then incubated for 2 hr at
room temperature with the secondary antibody horse-
radish peroxidase-labeled goat anti-mouse IgG (#sc-
2005) or goat anti-rabbit IgG (#sc-2004) at 1:5000 dilu-
tions in PBS. After removal of the secondary antibody
and extensive washing in PBS/Tween-20, the blots were
incubated in the ECL substrate solution (Amersham™
ECL™ prime Western Blotting detection reagent; GE
Healthcare, Piscataway, NJ, USA). Densities of the spe-
cific bands of Bax, cyclin D1, p21, p53, NQO1 and B-
actin were visualized and captured by ImageQuant™
LAS4000 (GE Healthcare).

Statistical analysis

Data were expressed as mean + SEM of triplicate assays
from three independent experiments. An analysis of
variance with repeated measurement was used to deter-
mine significant differences between each experimental
group. The level of significance was set at p < 0.05.

Results

NQO1 expression in CCA cells is constitutively high and
increased further by chemotherapeutic agents

We first examined the NQO1 expression in two CCA
cell lines, KKU-100 and KKU-M214, and two other cell
lines (liver Chang cells and bile duct epithelial MMNK1
cells). KKU-100 cells showed the highest expression in
NQO1 mRNA, protein and enzymatic activity (Figure 1A-
C). Chang and MMNKI1 cell lines showed relatively low
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Figure 2 Knockdown of NQO1 by siRNA sensitized KKU-100 cells to chemotherapeutic agents. (A-B) Effect of NQO1 siRNA on mRNA and
protein levels of NQO1 in KKU-100 cells. Cells were transfected with the pooled siRNA against NQO1 gene for 24 hr and 48 hr. Data represent
mean + SEM, each from three separated experiments. *p < 0.05 vs the non-targeting siRNA transfected cells. (C-E) Cytotoxicity of chemotherapeutic
agents on NQOT1 siRNA transfected KKU-100 cells. Forty-eight hour after transfection, cells were treated with varied concentration of chemotherapeutic
agents; 5-FU, Doxo, and Gem for another 24 hr as described in the “Methods” section. The cytotoxicity was evaluated by SRB assay. Data represent
mean + SEM, each from three separated experiments. *p < 0.05 vs the non-targeting siRNA transfected cells.

enzymatic activity. KKU-100 and KKU-M214 cells were
used in the subsequent study as the representative of the
high and low NQO1 expressing cells, respectively. To
examine whether chemotherapeutic agents could induce
the antioxidative stress response by induction of NQOI,
KKU-100 was treated with 3 M of 5-FU, 0.1 pM of Doxo,
and 0.1 pM of Gem for 24 hr. The results showed that

NQO1 protein expression was increased after treatment 351

with Doxo and Gem, but not 5-FU (Figure 1D). 352
NQO1 gene silencing sensitizes CCA cells to 353
chemotherapeutic agents 354

To verify the possibility that NQO1 can modulate the 355
susceptibility of CCA cells to chemotherapeutic agents, 356
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Figure 3 Altered expressions of proteins related to cell proliferation and apoptosis pathways. A-D, Expressions of proteins related to cell
proliferation and apoptosis pathways. KKU-100 with NQO1 knocked down cells were exposed to chemotherapeutic agents; 5-FU (3 uM), Doxo

(0.1 uM), and Gem (0.1 uM) for 24 hr. Whole cell lysates were prepared after indicated treatment and Western blot analysis was conducted using
anti-p53 (A), -p21 (B), -cyclin D1 (C), -Bax (D) and -3-actin antibodies. The relative bars that were normalized with 3-actin as a loading control of
each band is shown below the Western blot images. Data represent mean + SEM, each from three separated experiments. *p < 0.05 vs the treated
non-targeting knocked down cells. **p < 0.05 vs the untreated non-targeting knocked down cells.

NQOL1 expression was knocked down by using a siRNA
method. KKU-100 cells were used in the study, because the
recent study has shown that the high NQO1 expressing
cells, KKU-100 cells, are sensitized by dicoumarol to the
cytotoxicity of chemotherapeutic agents, while the low ex-
pressing cells are not [22]. The results showed that NQO1
mRNA expression was suppressed by siRNA more than
80% at 24 hr (Figure 2A). The protein expression levels
(Figure 2B) and enzymatic activity (data not shown) were
also suppressed moderately at 24 hr (data not shown) and
about 80% at 48 hr after the siRNA transfection. The fur-
ther experiment was performed after transfection for 48 hr.

Then, we examined the susceptibility of NQOI1-
knockdown-KKU-100 cells to various chemotherapeutic
agents. NQO1 siRNA treatment alone did not alter

significantly the cell viability compared with that of KKU-
100 cells treated with non-target siRNA. By NQOI1-
knockdown, KKU-100 cells became more sensitive to the
cytotoxic effect of 5-FU, Doxo, and Gem (Figure 2C-E).
The chemosensitizing effect was remarkable especially at
the low concentrations of the chemotherapeutic agents.

NQO1-knockdown and chemotherapeutic agent
treatment induce p53 and altered expression of cell
death pathway proteins

To explore the possible mechanisms of chemosensitizing
effect of NQO1-knockdown, we examined the expression
levels of cell death-related proteins in NQO1-knockdown-
KKU-100 cells. Western blot analyses revealed that Doxo
and Gem treatment alone increased p53 levels (Figure 3A).
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Figure 4 (See legend on next page.)
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Figure 4 Effects of NQO1 over-expression on the susceptibility of KKU-M214 cells to chemotherapeutic agents (5-FU, Doxo, and Gem).
A-B, Effect of NQO1 over-expression on mRNA and protein levels of NQOT1 in KKU-M214 cells. The pCMVE-XL5-NQO1 (wild type NQO1) or
pCMV6-XL5 (control vector) was transfected to KKU-M214 for 24 hr. The whole cells were collected for NQO1 enzyme activity assay (A) and Western
blot analysis (B). The data represent mean + SEM, each from three experiments. *p < 0.05 vs the control vector transfected cells. (C-E) Cytotoxicity of
chemotherapeutic agents on NQO1 over-expressed KKU-M214 cells. Twenty-four hour after transfection, cells were incubated with chemotherapeutic
agents for additional 24 hr (Doxo) and 48 hr (5-FU and Gem). The cytotoxicity was evaluated by SRB assay. Data represent mean + SEM, each from
three separated experiments. *p < 0.05 vs the control vector transfected cells.

When NQO1-knockdown-KKU-100 cells were treated
with chemotherapeutic agents, p53 level was enhanced
further by all 3 agents (Figure 3A). Then, we examined
the expression levels of some p53 downstream proteins,
i.e. p21, cyclin D1, and Bax protein. Similar to p53, p21
and Bax were over-expressed by the drug treatments
(Figure 3B, 3D). In contrast, in the NQO1 knockdown
cells, treatment with chemotherapeutic agents strongly
suppressed the cyclin D1 level (Figure 3C). In the non-
target siRNA transfected KKU-100 cells, Doxo and
Gem, but not 5-FU, treatments increased cyclin D1
expression (Figure 3C).

Over-expression of NQO1 in CCA cells induces drug
resistance against chemotherapeutic agents

Since KKU-M214 cells naturally express relatively low level
of NQOJ1, effects of NQO1 over-expression by transient
transfection with NQO1 expression vector on the suscepti-
bility of cells to chemotherapeutic agents was evaluated.
After transfection, the NQO1 enzyme activity in the
transfected cells was elevated approximately 2.5-fold
and the NQOL1 protein level was 2.25-fold higher than
the control vector (Figure 4A-B), indicating that NQO1
construct was efficiently expressed in KKU-M214: cells.
Then, NQOIl-over-expressed KKU-M214 cells were
exposed to 5-FU and Gem for 48 hr, and to Doxo for
24 hr. The results showed that the cytotoxicity of 5-FU,
Doxo, and Gem were markedly decreased for NQO1-
over-expressed KKU-M214 cells (Figure 4C-E), indicat-
ing the protective effect of NQOL.

Over-expression of NQO1 suppresses chemotherapeutic
agents-induced p53 and protein expression in the cell
death pathway
Previous experiment showed that NQO1-knockdown
increased p53 and apoptogenic protein expression. The
results of this experiment showed that over-expression
of NQO1 in KKU-M214 cells strongly suppressed the
chemotherapeutic agents-induced increased expression
of p53, p21, and Bax (Figure 5A-B & D). On the other
hand, over-expression of NQO1 enhanced Doxo- and
Gem-induced cyclin D1 expression (Figure 5C).
Knockdown of p53 abolishes the chemosensitizing
effect of NQOL1 silencing Since the results given above
showed that the knockdown and over-expression of

NQO1 enhanced and suppressed, respectively, the che-
motherapeutic agent-mediated cytotoxicity in association
with the altered expression of p53, p53 apparently play a
role in the expression of the cytotoxic effect of those
anti-cancer agents. To validate the role of p53, we pre-
pared the double knockdown of NQOI1 and p53 in
KKU-100 cells. The efficiency of NQO1 and p53 knock-
down was more than 80% (Figure 6A). As is shown
above, NQOI1-knockdown increased the susceptibility
of KKU-100 cells to chemotherapeutic agents. Con-
versely, p53-knockdown markedly reduced cytotoxic
effect of all tested chemotherapeutic agents compared
with chemotherapeutic agents alone (Figure 6B-D). In-
terestingly, in the double knockdown experiment, the
cytotoxic potentiation effect of NQO1 gene silencing
was totally diminished by the simultaneous knockdown
of p53. The cytotoxic effects of chemotherapeutic agents
on double knockdown cells were similar to those on p53
knockdown cells. These results strongly suggest that the
cytotoxic effects of all 3 chemotherapeutic agents on CCA
cells were dependent on p53 expression and NQO1 is
probably the upstream modulator of p53.

Discussion

We previously showed that the survival time of CCA pa-
tients with high NQO1 mRNA expression was shorter
than patients having CCA with low NQO1 expression
[21], suggesting the possible role of NQO1 in CCA pro-
gression. We also demonstrated that inhibition of NQO1
in high NQOL1 expressing cell line, KKU-100, enhanced
the cytotoxic effect of chemotherapeutic agents, but not in
the low NQO1 expressing cells, i.e. KKU-M214 [22]. In the
present study, the role of NQO1 was validated by knock-
down of NQO1 expression in KKU-100 cells and over-
expression of NQO1 in KKU-M214 cells. Knockdown of
NQOL1 enhanced the cytotoxic effect of 5-FU, Doxo and
Gem, whereas over-expression of NQO1 protected the
cells from chemotherapeutic agents. The suppression
of NQOL1 expression was associated with up-regulation
of p53, p21, and Bax proteins, while over-expression
was associated with down-regulation of those proteins.
The role of NQOL1 in cell viability became significant
when NQO1 knockdown KKU-100 cells exposed to che-
motherapeutic agents. It should be noted that NQO1 plays
an important role in cell viability especially at severe stress
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transfected cells. **p < 0.05 vs the untreated control vector transfected cells.

Figure 5 NQO1 over-expression attenuates the p53 pathway in KKU-M214 cells. A-D, Western blots of p53 (A), p21 (B), cyclin D1 (C), and
Bax (D) protein in KKU-M214-NQO1 over-expressed cells after treatment with 5-FU 3 uM (48 hr), Doxo 0.1 uM (24 hr), and Gem 0.1 uM (48 hr).
The relative bars that were normalized with 3-actin of each band are shown below the Western blot images. *p < 0.05 vs the treated control vector

condition in CCA cells. The role of p53 was verified by
p53 and NQOI1 gene silencing with siRNA. The potenti-
ation effect of NQOL1 gene silencing on the cytotoxicity of
chemotherapeutic agents was inhibited by p53 knock-
down. Thus, the sensitizing effect of NQOL1 is likely to be
mediated via p53.

Inhibition of NQO1 by dicoumarol suppressed cancer
cell growth and potentiated the cytotoxicity of chemother-
apeutic agents [19,20]. Chemotherapeutic agents such as
Doxo and Gem induced over-expression of NQO1 in
CCA cells. This may be a cellular adaptive response to oxi-
dative stress and cytotoxicity [13] and may confer the
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Figure 6 Double knockdown of NQO1 and p53 by siRNA altered KKU-100 cells to chemotherapeutic agents. (A) Effect of co-transfected
NQOT1 and p53 siRNA in KKU-100 cells. Cells were transfected with the pooled siRNA against NQO1 and p53 for 24 hr. The bars represent relative
expression of NQO1 and p53 normalized with 3-actin as internal control. (B-D) After co-transfection, cells were treated with varied concentrations
of chemotherapeutic agents; 5-FU, Doxo, and Gem for another 24 hr as described in the “Methods” section. The cytotoxicity was evaluated by
SRB assay. Data represent mean + SEM, each from three separated experiments. *p < 0.05 vs the non-targeting knocked down cells and *p < 0.05
vs NQO1 knocked down cells.
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cytoprotective effect to the cells. The biological role of
NQOL1 in CCA was validated in this study and found to
be consistent with our recent report in that suppression
of NQO1 enhances the cytotoxic effect of many chemo-
therapeutic agents and the activation of mitochondrial
death pathway [22]. On the other hand, over-expression
of NQO1 in KKU-M214 cells suppressed the cytotoxic
effect of chemotherapeutic agents. The results indicated
the protective effect of NQO1 from chemotherapy in
CCA. Taken together, this may provide a possibility to
combine NQO1 inhibitor together with chemotherapy
as a novel treatment strategy for CCA. However, to
apply this information to CCA patients, several critical
studies are requested to confirm the in vivo relevance
of these findings. For example, the synergistic role of
NQO1 inhibition in chemotherapy of CCA should be
further validated in animal models. This could be car-
ried out in our future study.

The mechanism of NQOI1-mediated chemosensitiza-
tion was further explored. Previous reports suggested
that NQO1 modulates p53 expression by interfering
with 20S proteasome-mediated degradation of p53 [24].
Inhibition of NQO1 by dicoumarol suppressed p53 pro-
tein levels and induced cell death [24]. In contrast, di-
coumarol at non-cytotoxic concentrations, but sufficient
to inhibit NQO1 enzyme activity, enhanced p53 protein
levels [22]. Present results show that the suppression of
NQOL1 increased p53 expression.

Tumor protein p53 and Bcl family proteins regulate
mitochondrial outer membrane permeabilization (MOMP)
[26]. Our results showed that the increase of p53 was asso-
ciated with increased p21 and Bax levels. Both p21 and
Bax are p53-dependent downstream gene products. The
p21 is a potent cyclin-dependent kinase inhibitor and its
expression is associated with the strong antiproliferative ef-
fect as was seen in the present study. Bax is a multidomain
proapoptotic Bcl2 family. It translocates into the mitochon-
drial outer membrane and forms Bax pores leading to the
release of proapoptotic proteins and ensuing cell death
[27]. p53 is a tumor suppressor gene that responded to
DNA damage or oxidative stress by inducing growth arrest
or apoptotic cell death [28,29]. Our results showed that
knockdown of p53 inhibited the chemosensitizing effect,
which was induced by knockdown of NQO1 in KKU-100
cells. This indicates that the sensitizing effect of NQO1
knockdown is mediated via p53 pathway. It is also noted
that KKU-100 cells expressed both the wild type full length
p53 as well as the splicing variant of truncated p53 protein
[30]. Interestingly, our results showed that the potentiation
effect of NQO1 gene silencing on the cytotoxicity of che-
motherapeutic agents can occur even in cancer cells with
high expression ratio of mutant p53/wild type p53. It is yet
to determine the chemosensitizing effect of NQO1 sup-
pression on cells expressing the other mutated p53. As
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some CCA patients express high NQOL1 [20], targeting the
NQOL1 by suppressing the activity or expression could be a
strategy to overcome drug resistance of cancer and enhan-
cing the efficacy of chemotherapeutic agents.

Conclusions

In summary, NQO1 plays an important role in cytopro-
tection of cancer cells and modulates the sensitivity of
chemotherapeutic agents, particularly in the high NQO1
expressing CCA cells. NQO1 is a potential molecular
target for enhancing the antitumor activity of chemo-
therapeutic agents.
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Abstract

NQO1 (NAD(P)H-quinone oxidoreductase 1) serves as a two electron
reductase for detoxification of quinones and antioxidant activity. Inhibition of NQOI1
could sensitize cancer cells to anticancer agents. The sensitizing effect of NQO1 has
been shown to be associated with p53. How anticancer agent and NQOI interact with
p53 is unclear. We demonstrated that the treatment of doxorubicin (Doxo) and 5-
flurourcil (5-FU) in HCT116 cells increased the NQO1 and p53 protein levels, but the
NQOI enzymatic activity was paradoxically suppressed. To understand the link
between the increase of p53 and suppression of NQOI1 activity, the
immunoprecipitation was performed. The p53 proteins were found to physically
interact with NQO1 which probably interferes with NQO1 activity. The role of p53 on
NQOI was explored further. Treatment of Doxo to p53-null PC3 cells did not alter
NQOI1 activity, whereas over-expression of p53 by transient transfection with p53
expression vector suppressed NQOI1 activity. Moreover, suppression of NQO1 by
dicoumarol did not potentiate anticancer activity of Doxo in PC3 cells, while
dicoumarol potentiated Doxo in p53 wild-type HCT116 cells. The effect of NQO1
suppression by dicoumarol was further validated by NQOI1 siRNA. Our study
suggested that anticancer agents increased expression of p53 and NQO1, whilst p53
may physically interfere with NQO1 activity. The inhibition of NQOI1 activity by p53
is whether contributed to chemosensitizing effect is not certain. However, an inhibitor
of NQOI1 activity, as well as the presence of p53 is required to exhibit
chemosensitizing effect. Our study demonstrates an intricate relationship between the

positive and negative control of p53 expression.

Keywords:
NQO1; p53; 5-fluorouracil; doxorubicin
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Introduction

NQOLI is a ubiquitous flavoprotein that functions as an antioxidant enzyme.
Under normal physiologic condition, the enzyme catalyzes two electron reductions of
quinones to hydroquinones, thus avoids an one electron reduction and associated
redox cycling which generates ROS (Ross et al., 2000; Ross and Siegel, 2004; Siegel
et al., 2004). It is conceivable that NQOI1 plays an important role in protecting normal
cells against oxidative injury and carcinogenesis. The expressions of NQO1 and
antioxidant enzymes are recognized as an adaptive response to chemical stress (Wang
et al., 2008). On the other hand, analysis of several solid tumors found an over-
expression of the NQO1 gene in cancers of the liver, thyroid, breast, colon, lung and
pancreas (Danson et al., 2004). Recently, significant association was observed
between high NQOI1 expression in cholangiocarcinoma (CCA) tissue and short
survival (Buranrat et al., 2012). Under these circumstances, NQO1 probably functions
to protect cancer cells by eliminating oxidant species and making cells resistant to
chemotherapeutic agents that induce oxidative injury.

Recently, NQOI is one of the attractive targets in development of
chemotherapy. Inhibition of NQOI activity with dicoumarol suppressed urogenital,
pancreatic and cholangiocarcinoma (CCA) cell growth and potentiated cytotoxicity of
cisplatin and doxorubicin (Buranrat et al., 2010; Matsui et al., 2010). Dicoumarol
could exert several effects apart from inhibition of NQOI1, such as suppression of JNK
and NF-kB pathways, and potentiation of apoptosis induced by TNF-a in HeLa cells
(Cross et al., 1999). The combination of dicoumarol with gemcitabine induced
cytotoxicity on CCA cells with high NQOI1 activity by enhanced p53 and decreased
BcL-x1 expression (Buranrat et al., 2010). The treatment of cancer based on targeting
NQOT1 has been shown to be a potential strategy to overcome the chemoresistance.

P53 is a tumor suppressor protein that is active in response to genotoxic stress,
anticancer drugs typically resulting in cell cycle arrest growth inhibition and
apoptosis. Many studies have shown chemotherapy enhance p53 expression by
modulating the expression of pro- and anti-apoptotic genes members of the Bcl-2
protein such as Bax, Puma and p21 or directly by acting on the mitochondria and
modulating mitochondrial intergrity (Chappell et al., 2012; Chee et al., 2012; Velez et
al., 2011). Thereby, p53 prevents proliferation of genetically abnormal cells and thus

cancer formation.
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Although the effects of chemotherapy on p53 functions in cancer cells are well
documented, the mechanism by which NQOI inhibition modulates p53 is still
uncertain. In the present study, we investigated the interplay of NQO1 and p53. The
study revealed that anticancer agent treatment induced expression of NQO1 and p53,
thereby, p53 physically interfered with NQO1 activity, however, inhibition of NQOI1

and presence of p53 were required for the chemosensitizing effect.

Materials and methods
Cell Culture

The human colon carcinoma cell line p53 wild-type HCT116 (p53 +/+)
and human prostate cancer cell line p53-null PC3 (p53 -/-) were purchased from
American Type Culture Collection (Manassas, VA). HCT116 cells were grown in
media consisting of modified Eagle’s medium supplemented with 10% (v/v) fetal
bovine serum (FBS) (HyClone, Logan, UT), 200 uM L-glutamine (Invitrogen, Grand
Island, NY), and 1% penicillin-streptomycin-neomycin (PSN) antibiotic (Invitrogen).
PC3 cells were cultured in RPMI 1640 (Invitrogen) supplemented with 10% FBS, 1%
penicillin and streptomycin mixture, 1 mmol/L sodium pyruvate, 10 mmol/L HEPES,
1% NEAA mixture (Cambrex Bio Science, Walkersville, MD), 1% MEM vitamin
mixture (Mediatech-Cellgro, Herndon, VA), and 2 mmol/L of L-glutamine. All Cells

were grown in a 5% CO, atmosphere at 37°C.

Anticancer agents

Doxorubicin (Doxo) was purchased from Bedford Laboratories
(Bedford, OH). Dicoumarol (Dic) and 5-fluorouracil (5-FU) were purchased from
Sigma (St. Louis, MO). Cells were incubated with Doxo (0.1, 0.34, 1, and 5 uM for
various times (1, 3, 6, 12, and 24 hr) or 5-FU (25, 50, and 100 uM) for 24 hr. In order
to study the effect of Doxo on protein degradation by proteasome, cells were pre-
incubated with a proteasome inhibitor MG132 (0.1, 0.5, and 1 uM; Calbiochem, San
Diego, CA) for 30 min before addition of Doxo.

Reagents
Unless otherwise stated, all antibodies were purchased from Santa Cruz

Biotechnology, Inc. (Santa Cruz, CA). Rabbit polyclonal NQOI1 antibody was
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purchased from Abcam (Cambridge, MA). Mouse monoclonal B-actin antibody was
purchased from Sigma. Control siRNA was purchased from Santa Cruz
Biotechnology. The NQO1 siRNA was purchased from Thermo scientific
Dharmacon. (Chicago, IL, USA). The p53 expression vector (pcDNA/p53) was

purchased from Invitrogen.

Transient transfection

To study effect of NQOI1 gene silencing, HCT116 cells were
transfected with NQO1 siRNA or control siRNA. The siRNA sequences targeting
NQOI1 gene (siGENOME SMARTpool siRNA #M-005133-02-0020) were
as follows: strand 1, 5°-G-AAAGGACAUCACAGGUAA-3’; strand 2, 5°-
GAAGGACCCUGC-GAACUUU-3’; strand 3, 5’-GCAAGUCCAU-CCCAACUGA-
3’; and strand 4, 5’-CCGAGUCUGUU-CUGG-CUUA-3’. The control siRNA used
in this study were pooled of three different non-targeted small RNA fragments
(sc-37007, Santa Cruz BioTechnology).

To study effect of p53 over-expression, PC3 cells were grown for 24 hr
in RPMI 1640 medium supplemented with FBS, sodium pyruvate, HEPES, NEAA
mixture, MEM vitamin mixture, and L-glutamine without antibiotics. Cells were
transfected with p53 expression vector (0.1, 1, and 5 pg of p5S3 cDNA constructed in
pcDNA plasmid) or control (-p53) pcDNA vector using Lipofectamine®2000
transfection protocol as directed by the manufacturer (Invitrogen). Twenty-four hours
after transfection, the cells were washed twice with PBS and incubated in fresh
medium for another 24 hr before Doxo treatment. One or twenty-four hours post-
treatment, the cells were washed with PBS and processed for Western blot analysis

and NQO1 enzymatic activity assay.

Western blot analysis
Total cell extracts were prepared by collecting attached and floating
cells in 1X cell lysis buffer with phosphatase inhibitor cocktail and protease inhibitor
cocktail kit (Pierce Biotechnology, Rockford, IL). Protein concentration was
determined by using the Bradford reagent kit (Bio-Rad) with bovine serum albumin
(BSA) as standard. For Western blot analysis, 50 ug of protein was denatured by
heating at 95°C for 5 min in 10% SDS sample buffer, loaded onto 10% SDS-
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polyacrylamide gels, and then electrically transferred to a nitrocellulose membrane.
The transfer efficiency was assessed by incubation with 0.1% Ponceau solution. The
membrane was washed with distilled water until the dye disappeared completely. The
membrane was blocked in 5% w/v nonfat dried milk in TBS-T buffer (10 mM Tris-
HCI (pH 7.8), 150 mM NacCl, and 0.05% v/v Tween 20) for at least 1 hr at room
temperature. After a short washing with TBS-T buffer, the membranes were incubated
in the primary antibody for at least 2 hr at room temperature or overnight at 4°C. The
primary antibodies were diluted in 5% w/v nonfat dried milk in TBS-T buffer at a
dilution range of 1,000-5,000. The primary antibodies were: anti-MDM2, anti-p53,
anti-GADPH and anti-B-actin (Santa Cruz Biotechnology), and anti-NQO1 (Abcam).
The membranes were then washed three times with TBS-T buffer and then further
incubated with the secondary antibody at a dilution range of 2,000-10,000 for 1-2 hr
at room temperature. The membranes were washed twice with TBS-T buffer and once
with PBS. Anti-B-actin antibody was used to show equal loading of the protein in the
Western blot analyses. Protein bands were detected using the ECL® system
(Amersham Biosciences). The Quantity Image-Pro Plus analyzer software program

was used for quantitative densitometric analysis.

Immunoprecipitation

Immunoprecipitation studies were performed on HCT116 cells with
radioimmune precipitation buffer (9.ImM Na,HPO,, 1.7mM NaH,PO4, 150mM
NaCl, pH 7.4, 1% v/v Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 10
ug/mL phenylmethylsulfonylfluoride, and 1 pg/mL aprotinin). The antibodies used
for immunoprecipitation were mouse anti-p5S3 (FL), rabbit anti-NQO1, and mouse
anti-MDM2. One mg of cellular protein was incubated overnight at 4 °C with 2 pg of
corresponding antibodies. Then, 20 uL of protein A/G (Santa Cruz Biotechnology)
was added to the reaction mixture and the mixture was incubated and rotated for
another 2 hr at 4 °C. Immunoprecipitates were collected by centrifugation at 2,500 x ¢
for 5 min, followed by washing three times with radioimmune precipitation buffer.
Following the final wash, supernatant was removed. The precipitated samples were
then resuspended in the 1X Laemmli buffer, boiled, and subjected to 10% SDS
polyacrylamide gel electrophoresis. After electrically transferred to a nitrocellulose

membrane, the immunoprecipitated proteins were then detected by Western blotting.
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NQO1 activity assay

NQOI enzymatic activity assay is performed essentially according to a
previously described method (Buranrat et al., 2010). Cells were seeded at 7.5x 10°
cells per well in flat-bottomed 96-well cultured plates overnight. After cultured for the
designated time, cells were lysed with 50 uL of 0.8% digitonin and agitated on shaker
at room temperature for 10 min. 25 pL of 0.55% dicoumarol was added into culture
wells designated as baseline activity wells while the corresponding paired wells were
added with distilled water (DW). After that, all wells were added with 200 pL of
reaction mixture (the following stock solution was prepared for each set of assay: 7.5
mL of 0.5 M Tris-HCI (pH 7.4), 100 mg of BSA, 1 mL of 1.5% Tween-20 solution,
0.1 mL of 7.5 mM FAD, 1 mL of 150 mM glucose-6-phosphate, 100 pL of 50 mM f-
NADP, 275 unit of yeast glucose-6-phosphate dehydrogenase, 45 mg MTT, and DW
to a final volume of 150 mL) containing menadione (1 uL of 50 mM menadione
dissolved in acetronitrite per 1 mL of reaction mixure) was added just before the
addition of the reaction mixture into the microtiter plates. A blue color developed and
the plates were placed into a microplate reader with filter wavelength of 620 nm and
readings were made at 0.5 min interval for about 10 min. The slope of the optical
readings with times represents the activity of the reaction. NQO1 activity is the
activity of sample subtracted with activity of the corresponding baseline activity.
Using the extinction coefficient of MTT formazan of 11,300 M cm™ at 610 nm and
correction for the light path of the microplate, activity of NQOI1 is expressed as

pumol/min/mg protein.

Cell survival assay

To monitor the clonogenic survival of cells, the clonogenic assay or
colony formation assay was used. Briefly, HCT116 cells were trypsinized and plated
in triplicate into 6-well plates at density of 100-500 cells/well for overnight. Then,
cells were treated with Dic or Doxo or combination for 24 hr. After remove the
treatments, cells were further incubated for 15 days. On the last day, cells were
washed and stained with crystal violet, and the colonies containing more than 50 cells
were counted. Plating efficiency was calculated by dividing the average number of
cell colonies per well by the amount of cells plated. Surviving fractions were

calculated by normalization to the plating efficiency of appropriate control groups.
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To monitor cell viability, trypan blue dye exclusion assay was used.
PC3 cells were plated at a density of 10° per well in 96-well culture plate for
overnight. Then, cells were treated with Dic or Doxo or combination for 24 hr. After
treatment, the cells were cultured for another 5 days, stained with a 0.4% trypan blue

dye and counted using a counting chamber.

Animals
p53 wild-type mice are in the C57BL/6 background and were initially
generated in the laboratory of Dr.Tyler Jacks at the Center for Cancer Research and
Department of Biology, Massachusetts Institute of Technology, Cambridge, MA.
Male mice between 10 and 12 weeks old were used in this study. All animal
experimental procedures were approved by the Institutional Animal Care and Use

Committee of the University of Kentucky.

Doxorubicin treatment and tissue collection
Mice were treated with a single dose of 20 mg/kg of Doxorubicin-
Adriamycin (Bedford Laboratories, Inc., Bedford, OH) or saline via intraperitoneal
injection (IP). Three days after treatment, mice were anesthetized using
Nembutal\sodium solution (65 mg/kg) (Abbott Laboratories, North Chicago, IL). The
colon and liver were excised and immediately frozen in liquid nitrogen. The Western
blot analysis and NQOI1 enzymatic activity were determined from the crude

homogenates of colon and liver tissue.
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Statistical analysis
Data were expressed as mean £ SEM of three separated experiments.
An analysis of variance was used to determine significant differences between each

experimental group. The level of significance was set at p<0.05.

Results
Chemotherapeutic agents induced NQO1 and p53 protein levels with
modulating NQO1 enzyme activity
The treatments of chemotherapeutic agents (Doxo and 5-FU) were
shown to induce expression of NQOI1 and p53 levels in dose-dependent manner,
while the MDM2, a negative regulator of p53 were correspondingly decreased. The
enzyme activity of NQO1 was increased along with the increase of NQO1 protein
levels by Western blotting up to certain levels where the activity was paradoxically
decreased. The decreasing activity of NQO1 was associated with the increase of p53
levels. The effect was observed as early as in the first hour and was still present up to

24 h (Figure 1A-C)

Anticancer agents induced p53 and inactivated NQO1 enzyme activity in

Vvivo
The effect of Doxo in induction of NQO1, p53 and modulating NQO1
activity were supported by in vivo study. P53 wild-type mice were intraperitoneally
injected with Doxo (20 mg/kg body weight). Three-days after the treatment, the liver
and colon were collected for Western blot analysis and NQOI1 activity assay. Doxo
increased p53 and NQOI1 protein levels, but decreased the specific activity of NQOI
in both liver and colon tissues (Figure 2A-B). These results confirm that
chemotherapeutic agent induced p53 and NQOI protein expression but suppressed the

NQOI1 enzyme activity both in vitro and in vivo.

p53 modulated NOO1 enzyme activity
To determine the possible inhibitory effect of p53 on NQO1 enzyme
activity, p53-null (p53 -/-) PC3 cells were treated with Doxo (0.01, 0.34, 1, and 5 uM)
for 1 and 24 hr (Figure 3A). The result showed that NQO1 enzyme activity was not

difference when compared with controls. The important role of p53 in the inhibition
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of NQOI1 activity was investigated by transduction of p53 expression vectors at
variable doses (0.1, 1, and 5 pg) into PC3 cells. The protein expression of p53 and
also NQO1 was examined by Western blot analysis. Expression of p53 ¢cDNA in PC3
cells induced inactivation of NQO1 enzyme activity and the activity was negatively
correlated with the amount of p53 ¢cDNA vector (Figure 3B-C). Furthermore, the
NQOI1 enzyme activity was further suppressed by the treatment with Doxo in PC3
transduced with p53-vector (Figure 3D-E). These results demonstrated that p53 is
important for the suppression of NQOI1 activity.

Immunoprecipitation of p53 with NQO1

We previously showed that the presence of p53 is essential for
suppression NQOI1 activity. To investigate the mechanism underlying the inhibitory
effects of p53 on NQOI activity, the immunoprecipitation of proteins of interest were
performed in HCT116 cells. Following the immunoprecipitation with NQOI1
antibody, there was no presence of MDM2, detected by Western blotting (Figure
4A(a)). This is implied there is no direct physical interaction between MDM?2 and
NQOI. On the other hand, by using p53 antibody, there was NQO1 and MDM2 co-
precipitated with p53 protein (Figure 4A (b)). This suggests an inverse interaction of
NQO1 and MDM2 with p53. However, the treatment with Doxo decreased MDM?2
co-precipitated with p53, while increased the levels of NQO1.

Furthermore, we tested whether the NQOI activity inactivation is
mediated by p53 expression but not related to MDM2 function. For this purpose,
HCT116 cells were pre-treated with MG132 for 30 min and then co-treated with
Doxo. The results showed that treatment with MG132 alone increased MDM2 and
p53 protein levels by Western blot analysis, however it did not alter NQOI1 activity
(Figure 4B). Combined MG132 and Doxo caused more increase of p53 protein levels
without change of MDM2. At high concentration of MG132, the presence of Doxo
suppressed NQOI activity (Figure 4B).

To further confirm the effect of MDM?2 is not mediated NQOI1
inactivation, we used immunoprecipitation using antibody against MDM2 followed
by Western blot analysis. The results show that MDM2 antibody is not able to

immunoprecipitate NQO1 in both treatments; MG132 treated alone and co-treated
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with Doxo 1 uM (Figure 4B (a)). These results suggest that the presence or absence of
MDM?2 does not contribute significantly to the suppression of NQOI1 activity.

Suppression of NQOL1 activity required p53 for sensitizing cancer cells to
anticancer agents

To verify the role of suppression of NQOI1 activity on p53-mediated
cell death, cells with p53 wild-type HCT116 and p53-null PC3 cells were treated with
combination of NQO1 inhibitor, dicoumarol (Dic; 0.01, 0.1, 1, and 10 uM) and Doxo
(0.1 and 1 uM) for 24 hr. The NQOI activity in both cell lines was inhibited by Dic in
dose-dependent manner. The concentrations of Dic and Doxo in the study caused only
a slightly cytotoxic effect. Combination of Doxo and Dic produced a markedly
enhanced cytotoxic effect only in p53 wild-type cells by dose-dependent but not in
p53-null cells (Figure SA (a), 5B (a)).

To further confirmed the essential function of p53 for NQO1-targeting
chemosensitization, a NQO1 siRNA transfection was performed in HCT116 cells and
PC3 cells. As shown in Figure 5A (b) and 5B (b), NQO1 siRNA suppressed NQO1
protein and enzyme activity in both cell lines. Combination of NQO1 knockdown and
Doxo enhanced cell death resulting in decrease of cell viability only in HCT 116 cells

but not in PC3 cells (Figure 5A (c), 5B (c))

Discussion

NQOLI is an important survival factor essential for protecting the cells from
cytotoxicity via its enzymatic activity. Many cancer cells exhibit high level of NQO1
which protects the cells from apoptotic death. Inhibition of NQOI results in
potentiation of cytotxic effect of various anticancer agents (Buranrat et al., 2010;
Madari et al., 2003; Matsui et al., 2010; Nolan et al., 2010). The chemosensitizing
effect by inhibition of NQO1 has been suggested to be associated with increased p53
expression (Buranrat et al., 2010). Our results suggest that anticancer agents induced
NQOI1 as well as p53 protein expression. The increasing p53 levels were inversely
inhibited NQOI1 activity. However, suppression of NQOI1 by pharmacological
inhibitor or by knockdown of NQO1 expression as well as the presence of p53 are

required to obtain chemosensitizing effect.
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Treatment with stressors such as anticancer agents, Doxo and 5-FU, induce
NQOI1 expression as a part of adaptive for survival response to cope with stress
conditions (Han et al., 2008; Tew et al., 1998; Zhu et al., 2009). Expression of p53 is
also well known as a response to DNA and cell damage (Asharani et al., 2010; Luo
and Leverson, 2005; Sharpless and DePinho, 2002; Shen and White, 2001). However,
the intrigue is while NQOI protein levels detected by Western blotting were increased
by dose of Doxo, the specific activity of NQO1 was paradoxically decreased.
Moreover, the decreased NQOI activity was associated with the increase of p53
levels. This phenomenon is not unique to Doxo, as 5-FU could also induce the same
effect. We did not examine whether the induced NQO1 protein has any structural
change resulting in decrease of enzyme specific activity.

MDM?2 is a negative regulator of p53 by interacting with p53 and mediated
p53 ubiquitination and proteasomal degradation (Bianco et al., 2005; Pei et al., 2012;
Zhao et al., 2006; Zheleva et al., 2003). DNA damage induces phosphorylation of p53
and MDM2, thereby preventing their interaction and stabilizing p53 (Colman et al.,
2000; Jabbur et al., 2000; Unger et al., 1999). Our finding is consistent with that
MDM?2 was decreased while p53 was increased. The association of p53 with NQO1
activity was verified by transduction of p53 expression vector in p53-null PC3 cells. It
is quite clear that the presence of p53 is causally related to suppression of NQOI1
activity, whereas the increasing amount of p53 is directly related to more suppression
of NQOI1 activity.

The association of p53 and NQOI was further examined by
immunoprecipitation assay. It is apparent that NQO1 physically interacts with p53,
where there was no direct interaction between NQO1 and MDM?2. It is probable that
the physical interaction of NQO1 and p53 resulting in suppression of NQO1 activity.
In this context, it is apparent that DNA damage induces increased levels of NQO1 and
pS3 partly by mutual stabilizing each other by the physical interaction. Previous
studies had shown that NQO1 plays important role to stabilize p53, as inhibition of
NQOI1 decreased p53 levels (Asher et al., 2001; Asher et al., 2002). However, our
recent study using dicoumarol and current study using siRNA revealed that inhibition
of NQOI1 activity was associated with increased p53 levels. Importantly, the almost
complete inhibition of NQO1 was carried out by Dic at subcytotoxic concentrations
(Buranrat et al., 2010). Current study suggests that p53 and NQO1 could be co-existed

by induction of anticancer agents.
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Present study is clearly demonstrated that p53 is mandatory for the
chemosensitizing effect by NQOI inhibition, as there was no chemosensitizing effect
in p53-null PC3 cells, no matter the inhibition of NQO1 was performed by Dic or by
NQOI knockdown using siRNA. The downstream effects of p53 activation leading to
cell death are multifaceted (Bhushan et al., 2009; Kurata et al., 2008; Weller, 1998).
P53 mediated via Bcl2 protein in mitochondria and in cytosol with induction of
intrinsic and extrinsic cell death. Inhibition of cell cycle progression is also mediated
by p53 via various proteins such as p21 (Bhushan et al., 2009; Jabbur et al., 2000).
Moreover, the increased levels of p53 after treatment with cytotoxic agents which
causes suppression of NQOI activity may partly contribute to enhance the cytotoxic
effect of anticancer agents, in that, p53 inhibits the adaptive for survival response of
NQOIL.

In summary, the treatment of anticancer agents induces NQO1 and p53 protein
expression. The increased p53 protein is physically interacted with NQOI1 and
probably inhibits NQO1 activity. Since NQOI1 plays role in cytoprotective effect in
the cells, the inhibited NQO1 activity by p53 may contribute to the enhanced
cytotoxicity. Inhibition of NQOI1 and presence of p53 were required for the

chemosensitizing effect.

Conclusions

In summary, NQOI1 plays an important role in cytoprotection of cancer cells and
modulates the sensitivity of chemotherapeutic agents, particularly in the high NQO1
expressing CCA cells. NQO1 is a potential molecular target for enhancing the

antitumor activity of chemotherapeutic agents.
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Figures

Figure 1 Chemotherapeutic agents induced NQO1 and p53 protein levels
and modulated NQO1 enzyme activity. A-B, Effect of Doxo (0.1, 0.34, 1, and 5 uM)
on expression of NQO1, p53, and MDM2 protein in HCT116 cells for 1 (A) and 24 hr
(B). Protein expression was determined by Western blot analysis using GAPDH as a
loading control. C, Effect of 5-FU (25, 50, and 100 uM) on expression of NQO1, p53,
MDM2, and B-actin (as a loading control) protein levels and NQO1 enzyme activity.
at 24 hr . The NQOI1 enzyme activity was analyzed by enzymatic methods. Data
represent mean £ SEM, each from three experiments *p<0.05 vs. the untreated

control.

v .
NANKIN 2. AU Xiv



Figure 2 In vivo effects of Doxo on NQOI1, p53 protein expression and
NQOI enzyme activity. pS3 wild-type mice were treated with a single dose of 20
mg/kg of Doxo. Three-days after treatment, the liver (A) and colon (B) were
collected. NQO1, p53, and B-actin protein levels were determined by Western blot
analysis and NQO1 enzyme activity was analyzed by enzymatic method. Data
represent mean + SEM of three animals in each group. "p<0.05 vs. the untreated

control.
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Figure 3 A, Effect of Doxo on NQOI1 enzyme activity in p53-null PC3
cells. Cells were exposed to Doxo (0.1, 0.34, 1, and 5 uM) for 1 and 24 hr. The NQO1
activity was evaluated by enzymatic assay. B-C, Effect of over-expression of p53 on
NQOI1 enzyme activity. pS3 vector (0.1, 1, and 5 pg) or pcDNA as a control vector
was transfected to PC3 cells for 24 hr using lipofectamine ™ 2000. After transfection,

the whole cells were collected for Western blot analysis and NQO1 enzyme activity.
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D-E, Effect of Doxo on NQOI enzyme activity in p53 transfected PC3 cells. After
transfection, PC3 cells were treated with Doxo (0.1 or 1 uM) for 1 and 24 hr. Data
represent mean = SEM, each from three experiments. *p<0.05 vs. the untreated

control; “p<0.05 vs. the corresponding treated control.

Figure 4 A, There was no direct physical interaction between MDM?2
and NQOI (a) while NQO1 and MDM?2 were co-precipitated with p53 protein (b).
HCT116 cells were treated with Doxo (1 and 5 uM) for 1 hr. Immunoprecipitation
analysis was used to detect interaction of p53, MDM2 and NQOI1 protein.
Immunoprecipitation with IgG was shown as control. B, Effect of proteasome

inhibitor (MG132) on p53, MDM2, and NQOI protein and NQO1 enzyme activity.
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HCT116 cells were pre-treated with MG132 (0.1, 0.5, and 1 uM) for 30 min and then
co-treated with Doxo 1 uM. Twenty-four hours after treatment, cells were collected
for Western blot analysis of MDM2, p53, NQO1, and B-actin (as a loading control)
protein. Cells were also determined for NQOI1 enzyme activity. Data represent mean
+ SEM, each from three experiments. "p<0.05 vs. the control; “p<0.05 vs. the

corresponding treated control.
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Figure 5 Suppression of NQOI activity needed p53 to sensitize cell
death. A, Suppression of NQOI1 enhanced cytotoxic effect of Doxo in p53 wild-type
HCT116 cells. (a), HCT116 cells were treated with Dic (0.01, 0.1, 1, and 10 uM) or
combined Dic and Doxo (0.1 and 1 uM) for 24 hr. Clonogenic survival of cells was
evaluated by colony formation assay. (b-c), HCT116 cells were transfected with either
control siRNA (0.4 nM) or NQOI1 siRNA (0.4 nM) for 48 hr followed by Doxo
treatment (0.1 and 1 uM). Efficiency of siRNA transfection was confirmed by
Western blot analysis and NQO1 enzymatic assay (b). Twenty-four hours after Doxo
treatment, the clonogenic survival of cells was evaluated by colony formation assay
(c). B, Suppression of NQO1 did not enhance cytotoxic effect of Doxo in p53-null
PC3 cells. (a), PC3 cells were treated with Dic or combined Dic and Doxo similar to
HCT116 cells. The cell viability was evaluated by trypan blue dye exclusion assay.
(b-c), similar siRNA transfection experiments were performed in p53-null PC3 cells.
PC3 cells were transfected with either control siRNA or NQO1 siRNA followed by
Doxo treatment. Efficiency of siRNA transfection was confirmed by Western blot
analysis and NQO1 enzymatic assay (b). Twenty-four hours after Doxo treatment, the
cell viability was evaluated by trypan blue dye exclusion assay (c). Data represent
mean = SEM, each from three experiments. "p<0.05 vs. the control; "p<0.05 vs. the

corresponding treated control.

Abbreviations
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