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ABSTRACT

Involvement of autophagy-mediated
Multidrug Resistance-Associated Protein-Akt signaling

pathway in cadmium resistance

Song—-Hee Lee

Advisor : Prof. Sung—Chul Lim, M.D., Ph.D.
Department of Bio New Drug Development

Graduate School of Chosun University.

To elucidate the mechanisms involved in resistance of lung epithelial cells
to cadmium, we established a cell line that exhibits cadmium-resistance
(RWI38). RWI38 cells showed 5-fold greater cadmium-resistance than WI38
cells, and upregulated multidrug resistance—associated protein (MRP) and
metallothionein in respond to cadmium. Cadmium induced Akt phosphorylation
in RWI38 cells but not in WI38 cells; this was prevented by using of
pharmacological MRP inhibitor, probenecid, or siRNA for MRP, both of which
enhanced cell death and capsase-3 activation. Cadmium-treated RWI38 cells
induced autophagy, as demonstrated by Atg5 induction, LC3 conversion, and

formation of GFP-LC3 dots. A pharmacological autophagy inhibitor,

_|\/_



3—methyladenine, or silencing of atgb gene downregulated the cadmium-indu

ced Akt phosphorylation and MRP, and further enhanced procaspase-3
clevage. However, pharmacological or genetic inhibition of mrp—7 had no
effect on cadmium—-induced LC3 Il induction. These data indicate that
cadmium-induced autophagy is involved in cell protection by blocking of

apoptosis through MRP-Akt signaling pathway.



1. Hd &

ILEE (cadmium)E XS RS RES
AZMN, S sYE H=2 =H0| Jtes

2H & ARI|I2 (International Agency for Cancer Research, IACR, 1993)0l 2| dH
g

HA2E type | 22 XNFEH U220, 209 0Ol&2 21 MEstA vr2)|2 Qlol
MUe = = HE SHE2Z M0 G a8 298 Jel0l =0 /X W
T IIEEY RYEZ2E= EI =22 2F, deld 2FE SAS2 82 20t AE
Moz g == QlCt HEIIEQ JtEs &2 H, dEd, &&, delld 2t 22
Ctst JI2t0IM 2ol 210l ZI0H (Waalkes et al., 2003), A& A& Z1t
tEss 244 MH=Z dEtAlZE = U= F2 J20l He A2 LiEtEO
(Achanzar et al., 2001; Qu et al., 2005). 2&& I EHC=z Cldi LXHFHe=z
SSJ1&2 HE Sofl H=&0| M W R0 HesUH =SS ZE A
Ne S48 2AUstAlZ U= SoIIE0l =& Z=dl, tE & i =0l

otLt= metallothionein (MT)2l S =0ICH (Klaassen et al.,
1999). & O JIdez= e MHZEUW FsH2 ZaAdls J|1&el,
P—glycoprotein (P—gp)2t MRP (multidrug-resistance protein)2t 2 ATP-binding
cassette transporter® S=0ICH (Bodo et al.,, 2003; Thevenod et al., 2000;
Huynh-Delerme et al., 2005; Broeks et al., 1996; Tommasini et al., 1996). 0l2{

gt Z2U=2 IIEE2 WA P-gp E£= MRPIF 2&HE Jisd= AIAIGHAISE Ol
Oist 210= 0ldlst AEHOIC.
MIAEZEO gt MZEAN=E MZEAE (apoptosis)dt AIJIEAISE AN (autophagy)
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caspasel 43I ERE FE=2 eS| 2
Z== membrane blebbing, 882 2&, apoptotic body &4 S £ £ ULt (Wolf

and Green., 1999; Wyllie et al., 1980).



MEZEAEES SHHOILE &&= HNEE HHOIH €S AXolsll =R des
&tCH (Shivapurkar et al., 2003). WMctAl, IIESS0 st LHEES MHIZAIZQ HXE

NEE SANEZ MEAIZ 2= JACHD HAIZO SCH (Qu et al., 2002). Al
ol CHE =8t B XZE LA Akt= (Datta et al., 2008) MIZAIZEUM =
= ol= Bcl2 familyel &= Sol MIEAME Mol X2 LARMC
(Datta et al., 1997; Yune et al., 2008; Cardone et al., 1998). J2iLt, II=&0l
Chst Lhd ol UM Akt 23S0 st 2E0= QiCh
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HOZM &3
Ao =0 MetM, RPEASEANE HZo ME
o A= el XsSkKel @22 HA2ZD0 A NOHEAE
N EALS AegE BENEHN 20, Ol= type 1 programmed cell death
(PCD)Q! MIZZArZE Dt CHESHN type || PCOZ 2M UCH (Galluzzi et al., 2008;
Turcotte and Giaccia., 2010). X220 =80 2loHAM At HICOH o WHIIMIE
(HUVEXs) 2 F 2 AFMIE (MES-13)0IA XOIEZASEAO 210 & Ht UCH (Dong
et al., 2009; Wang et al., 2009; Yang et al., 2009). Jl2iLt =& WU ANHA
AOPEZAE &S] 2AL0 UolM= 210 & 8ot 8iC
ARNME HALDL d22AHE (W38N HESS Mot WENEZFE &8
(RWI38), ItIEE UWAHU UNHA KIIEZASAC 22eAdu, NEZAIZE J|& el
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(1) NIZHH I HWEANZF &

JIIEEN WS & NEZE =Eot)| ol AtZFel HALD K2 MR WIS8
NZN s& &45&2=2 JtEsS XMoot IESsBUH WEsS & RWI38 MEE
S otALCH. WI38 MIEZ2t RWI38 MIIEE 10% fetal bovine serumdt 50 pg 4/mL
penicillin, 50 pg/mL streptomycinOl &S & RPMI1640 HHXIO S®5t0 37°C,
delld 5% CO: -95% 0O, 2 Zd= HHZIILHOIA BHZGHRACE 3-methyladenine
(3MA), BafilomycinA1 (BaF1), MTT [3-(4,5-dimethylthiazole—2-yl)-2,5-dipheny
ltetrazolium bromide] = SlgmaOH/\-l 2SI 2MH, Ly294002= Cell Signaling

Technology (Danvers, MA) Ol A ot AL
(2) M= =4

JIES0 et S48 246t <ol 1x10° 8 ZHE NE 2ERHES 48 well
plate®il 240 pl & 22t 26 F 24 Al2b S0F BHSIACH HHLE NEZSS M
E2 20t2I| Ao 0.1 yg/ml 28 ZHE MTT EXHS 2 wellofl 200 pl A
O 4 A2t SOt BHLSHACH. BHRIE HIASELD, 300 ul DMSOE =5t formazan
crystal =0 =, 540 nmo IEO0UA ELISA microplate reader (Perkin—Elmer)S
AMESIH SZ2EE =ZTOIJULL trypan blue EME2 AN 0.4% trypan blueE &It
ot A=20AM 5 228 &XIst =, hemacytometerE O|Z0tH trypan bluelil SAE

NE (52 }dl_.H_)SZP GMIX E2 ME (H0IU=E ME)S S0IZ2=2 2F6tD 22
UL

0H1



(3) Western Blot

+E5t NEZE X2 PBSZ =AHlotl, FAZeCIE ot0 cell pellet2 LALCH A
01 &l cell pellet2 Ripa buffer (Pierce, Rockford, IL)Z O0I23t01 MZE =
=, 12000 rom OIA 10 =2+ & =2l o0 HHHEQl ZetE ASUS AL &S
oHo| CIA S HEst = JFS HEZS 6-15% Sodium Dodecyl Sulfate
(SDS) Polyacrylamide gel OIA ZcIotRUCH =2elE HHMAEZ2 PVDF membrane2 =
transfer ot11, 5% EXE%= (0.1% Tween—20 Tris buffer)& blocking 8t Ct& &Y
g SHE E%C.  anti-MRP, anti-MT, procaspase-3, B-actin, Atgb,
goat—anti-mouse 1gG2t goat—anti-rabbit IgG= Santa Cruz BiotechnologylAd =+
ol¥ ], anti-LC3= Absent (SanDiego, CA)HIAM RBIFYSMH, anti-P-gpe
SignetOll Al, phosphorylated—Akt2t Akt, cleaved caspase-3= Cell Signaling
Technology OIM —*&otALCEH.

(4) RNA =& & SESAHMYES (RT-PCR) &4

TRIzol (Invitrogen, Carlsbad, CA)2 O0I&6t0 HMZALSl A& 8ol Oet =
RNAE =2l == oI%Lt. cONA= polypropylene tube®ll first—strand Monopoly
murine leukemia virus (M—-MLV) Q& AIS A (reverse transcriptase—Promega Co.)
2 oligo (dT) primerdt Z&E 40 &5 RNA 1 ug 2 E&0ot0 1 Al2h 8¢t 37°C
A &4otACH. MDR-1 / P-gp2t MRP, B-actinOl TSt PCR Z2He &2t HES
=0 Ol™Qo AE =¥l et =EolUCH 2HSokAH, 50 ng 2| cDNAZ Takara
premix Tag (Takara Shuzo Co., Shiga, Japan)2 AIEdt0d ZSZEAIZCH. MDR1 1t
MRP12 <5t0d 5 uCi o [**P]dCTPE &Ji5t0d PCRES GIRICH. PCR product= 7%
nondenaturing polyacrylamide gelOl 22I8t & AXAIJ11] autoradiographyE ot
Ch.



(5) MRP2| J|s 24

24 &= calcein acetoxymethyl ester (calcein-AM) (Molecular Proves)2
Ol23IR2M, HM=EZSIAY A YRl et EAGHACE calcein-AM2 HIZUWHEZ
SO ItM esterasedl 2ol AMOI 22l&l 1], calcein MRPOl 2o HE AR=2 R=
= MZE 0.5 yM calcein—AM1t &M 37°C OIM 30 =2+ BHE =, 0.5 mM
probenecid (Sigma)E X2l StHLE Melotkl 22 HEzZs 246HULH MXE

0|l

EC
LHOIA AM2l 2e2I2 2ol 22 28ol= calceins & =22ZAH (Tricon, ltaly)
Eoll SAHGIUCH. Excitation / emission HII&EE 22 488 / 538 nm & AISoISICH.

(6) Transfections

HIZE OPTI-MEM (Invitrogen) BHXIGIA BHSH =, AZ mro-7 SEXA CHE
SiRNAE 0l GtRACH MRP-1 siRNA 0Ol CHSH & X ME2 (5"-GGAGUGGAACCC
CUCUCU-3")0IA 204, control siRNA= EGFP (Ambion)g AIZ5tRUCH SA X 01
RNAIMAX (Invitrogen)E AESIA S0, MZAS] L0 et +=3SHACH 4 Al2+

S MO ERE BIXIZ XI2s £ 48 A2t HHSHALE.
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(1) WI38 HIZ2t RWI38 MIZ2

RWI38 (WISBMIZZRE =tEst IIES0 st LHEAME) ME= WI38 HAI Al
2ol JtEE82 sk &4s=22 XHMolote H==0 et WH0l ==& AMIEOICH
RWI38 AIXE2l Jt=S0l et e =2 =246t ?ol WIS MEL S H=s=
Melet = 24 Al2E 20l MTT 242 =& otA0h 1 Z0 WIS ME2| 1Cse s&E=
48.2 uM, Zc2li) RWI38 MIEONAM= 180.9 uM = UEIE2ZM, RWI38 AlIXEIt
WI38 MIZOl HIGHH IIEE SH0l 581 0142 Wds ERCH (Fig. 1).

(2) RWI38 MIZ0lA methalothionine (MT) & |S&2 MIE MESO 2
IEE2 SH0 JAHA MT2 EHE G| fIGH WI38 MIZ2t RWIS8 AIE |
40 UM IIEES Xclotd 24 A2t S0 BB CE trypan blue EMs & = A0}
=5 =& 2, JHES HMol =0l HoU=s HME=s HEZ MERF
HlnaES [ WIS8 MXE= 50.6%, RWI38 MIE= 93% MEE22 ZJACH (Fig. 2A).
SIUM e 20 22 LHOZ WIS M2 RWI38 MIEN ItEE=S HMel ot
MT CHEHEIOl HEHE NMIIFsS2 Soll S4GHACH WIS MZUAt=E Zel, RwI3s
NZOA tEE8S M2l =0 MTS Z80l XMl SOotRIC 2=, IES
el & RWIBS MIEo =2 MES2 MTO 2 20| US A2 M2E
ZICH (Fig. 2B). O] ZWES MTS K& JIEE HMESH Mo AHLE 2

=10 UL

(3) RWI38 MIZEAM IIES0 28t MRP &

ATP-binding cassette transporter= {ItXl 4=2| HEIIMN 20| U=
oz BALUCH WmetM, ItE8d2 WHWHHl P-gp2t MRP2t 22 tansporter
gdd= AHAGHI| <o, WI38 MIE2H RWI38 MIZOA MRP CHHEOl &
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HIF=sS Sol =AGHALCE. MRPL ZEE2 WIS MZNM= e 2L RWI38
NZOA 83l SIHEUCH (Fig. 3A). 01218t 2= RT-PCROl 2lof =QI5tR 20,
RWI38 HMIEOM mmo—-17 mRNASl levelOl &Xaol &It &= LEHWHJACH DUt
MDR-1 /| P-gp mRNA= WI38 MIEZ2t RWI38 HIZUHA ZLSEX LS2ZMN IIES
o L&l MRPL Z2tHds 2010 UCH (Fig. 3B).

RWI38 MIZOUA ZSOtEl MRP2 30| IIE&0 28t ZUCIXE =0I5t)| 2l
M, MRPSl &43t (functional activity)& calceindt MRP A XA Q! probenecidE
OlZolAd =ZHotAUCH WI38 MIZ2t RWI38 MIZO0l 0.5 mM probenecid& &Xel
gt & 0.5 uM calcein~rAM2 30 22F X2l otACEH. RWIS8 HIZEW A calcein®l 2|l

LIEtLt= S22 % (fluorescence intensity)= probenecid XMelol 2o RAL U=
=012 20 2L WIS MIERF HlWEHES I RWISS AMIZUA X5l 2ABHSCH
(Fig. 3C). 0218t Z1= RWISS MIENA SIt=l MRPO &8 2 =82 WA
AEXO a2 018 &= USS AlAto &0

(4) RWI38 MIZOA =8 HMe2lol 28t Akt E43tet M
Akt= MIZo| MZE0 e ASHEEHMAN JAHM Set ZEXNZ LM UCH

(Datta et al., 1997; Yune et al., 2008). RWI38 MIZ2t W
ASE=oz HeldME M, WIS NiE= ItEd2 sS0 BtSdte ICso =% OIS A
OF Akt EtH3tE LIEFUA LD, BHHOI RWISS MO A= Aktel 4TI IEES
of et SIHE 2BACH (Fig. 4A). E£8t 180.9 uM IHtEE Hel & o Al2t
£ A8 ZW A2 AEHN BSIHE EJCH (Fig. 4B). [MetA,
MRP2t AktS] ZteAMES &0CI5t)| 25t RWI38 MIZN MRP 2 HXM Q! probenecidE
1 Al2t SoF MXel 8t = 160 uM H=EEB2 12 A2t S2 XeldtRULCE probenecid
Mele HES0 2ol REE MRP CHHA HE0 FES =X LUKILH, QILSHE
Akto] CHHA 2SS XS ZAAI= JCI0l EACH E£8H MRP-Akt A SHEE XA
ot MIZEALStSl 2HALES ALGIRULH. JtES XM= procaspase-30 H HoE

F=X &ZUCH. edLt, procaspase-3= probenecid AHIO 2o H2 o= ZA L

—

ol

D
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o se

© M, 0l= probenecid?t It=&E2 MHelol 2ol & X8t 24

NI ALS] 2010] EACH (Fig. 4C, D). 01218 2= MRP

AESHH, MRPS LB AME Sofl =CIGHRULCH. MRP |REXS Y& A

Melol 2ol &= ClASHE AKE AMIGHI M, caspase-3 E4HSE REGHJ

Ct (Fig. 4E). Oledst Zt= MRPIE IEZ0 2ol R Aktel QlAtg o

caspase-3E EASIAUZM MIEAIE 222I0= AE BE0HF= Z 0|0
>

fI2 Z2U0A MRP-Akt 20t ME dZ=0 20| As A2 UERI] 2

-

oo

O, Ol =Qlotdl ot PIBK LMK Ly2940022t wortmanning O0l&6t0 Akt
SH3E AHOIRLH Ly2940022F wortmannin M2l= Akt QIAMSIE Hel kNG|
AMOIALM, Ol= SItE caspase-3 43E RESICEZM, SXME MEASE 22
ZCH (Fig. 4F, G). |12 ZSE RWI38 MIZONAM MRP= Akt #AHSE Sol MIE
MEAZE XESI= S AIAFSHCE

(5) RWI38 HIZOIA StEE0 2ol REE= XIIEZASA
WI38 MIZ2t RWI38 MIZO0A JtES0 BtSot XtItiEAl
ARSI fIoH, WIS8 HIE2F RWI38 ML =& &as&2=2
HelotACH RWIS8 MIZEOl =S XMels Aot
E sk A=HO=Z F Lot Et NIEASAS] XHZ
HHMAT =& 2AEXN SIIE BA2U, WI38 MEMA= EZ =2 Atgh%t
LC3ll HHEAEZS BACH (Fig. 5A). RWI3B HIZUAM =SS0 2ol XHIFEZAS A Q)
SEE oI5t o 160 uM 2 HEES Heldtll, Oef A2t 2020z NEE
+E5IALCE. HESE Ml = 3 A2H 0l AtghIt 8 Mdl REEU20, E£&F LCII0
M LC3Il EEi29 ME0| &elZ A, Ol= Al2t0l et = SItatATH (Fig. 58).
RWI38 AMIZOA XIIEZASEAES  Green Fluorescence Protein(GFP)-LC3B
plasmid DNAE 0|5t =CIGHRAUCEH. GFP-LC3B plasmid DNAJE Ol & AIZO
160 UM JtEEES 9 A2t XMclst = ZES01E22 2EOIRUCH HEZS AZE

GFP-LC3B2l 1E AHZELS S MHECZ #&e =M gZs OJULL
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B0 JI=E&S XM2lst MEU A= GFP-LC3IS XtEAAHN 22 01822
OIS =Mo| Hoz 2FCULH (Fig. 5C). AIIZAAH R elABue 8888 M
Al9l= Bafilomycin A1 (BaF1)2l dXel= NMIIEAAN 2oz 0lsE GFP-LC3IY
ZoE QMESEZM KIEAAH ZH0AS LC3IS SRS ==06t0 LC3II S E O]
8ME  BIE  UEHH”JD  (Fig. 5D), E8  XItZAEAS XM

3—-methyladenine= JIEE0 2ol K= LC3Il Al A= Mol ZAARUCH

(Fig. 5E). Atgh0ll THEH SiRNAS OI2AIZ A2, HES0 2ol S== Atgh2t LC3Il

CHEHEIQ] & X6l ZAZJCH (Fig. 5F). 0 AlgZ = RWISS HMIZUHA IES Hel
A

(6) HEZN 2ol FEE XIIEASA2 MRPE &S

IIEE0 2o STE MRPRE NIIZAEAS 2E&sS HEGHI| o, 2 MRP
o AHMAC probenecid (100 uM)E 1 Al2t S ™2l 8 & 160 uM IIEES
9 A2t X2IGHRLCE probenecide A3 AMMOIDI 20 MRP2 SHERA L& 0f
IS FX RI}M, T8 IS0 2o REE LC3IIS HHE AHE JES
=X RotACH (Fig. 6A). etMd, MRPSl F&s = &lotdl fGHA, MRP siRNA
OIS Soll mrp—1 |FEXC &0l AHME MZO 160 uM tEES 9 A2t XM 2Ict
ULt Fig. 6B OlA 2= Bt 201 mrp-1 SEXS Z& A= IES0H 2ol
SEE LC3II AN Has =X RO (Fig. 68). ALt MIIZASEAS Ft&tA
AMHL BMAE 2 Al St MHel & = 160 uM IFEE S 9 A2t ™Ml
22 JE8H 2ol K=& MRP HEHAES Mol 24 AIR2MH, O0l= Akt Q4HsE
SHOIFCEH. £8 3MA HMele IIIES0 2ol ST = caspase-32| EAHSIE SIHA
ZCH (Fig. 6C). 3MA Xclol 28t caspase-3 2432t NEZ MESNO 2HHHS
B0I5tD| fI5H0, RWI38 MIZOl 2 A2t S¢F BMAE &2l & = IIEE2Z 24 Al
2t Sot Melotd MTT 24 HEHoz NE MEEg2 SFHGIACL 1 Z1, 3MA Hel
= IIES0 2o ZAE NE MESZ2 H=2H ZAAIRCH (Fig. 6D). Ol HEZ0
ool REE XIIEZAMEANOl MEMEBES JHNELEZM MEE ESot=0 20et=



A2 AIAMGH ZECH Mebd ROPZASE Al AR st ZWME RIZA A A0
2AE atgh REX LB AME Soi =QIGHAL Fig. 5F OALt 201 atgh R&
NE RWI38 MIZO Ol M= [, MRP2 MRP2| HEAECHEBHAOl Akt HHEHA HAS
SMotAH ZAAIZCH Ol £8 JIES0l 2o "<& pro-caspase-32| A
%2 XSl ZAAIl=E H20l ACH (Fig. 6E). 0 2= IES0H 2l REE
MRP AlS&EE HMAHI ROPEASAN ClohA ZEECls RS UELHCH <12 2

2 t21 ?Iot0 PIBK LAXMMIQ! Ly2940028 AtE

OlA AKIOF MRPI ENCINOS =25

SH2ACH RWI38 MIZOI Ly2940022 2 A =

JIE8S HelohACh Ly2940022 Hels JIESH o REE MRPS CHEXo)
= EXNCES SHoIst2CH (Fig. 6F).

Cetd $19 Zos TOIEASA0l MRPO| ZEEZ 3 IS8 o6 SEo=

NZEAMES ANet=s 2= AlAtol =L

_10_



IIEES MUONA Qe J|2t SOt HHE = 2522 Hl, 2, A&, BE, M4
2SS 0 JI2UM S82 L2222 M (Achanzar et al.. 2001), 2ol =&t
2010 E0lE =756t1, O HEIIM0 tHold= AR OIE6HC 2 HR0UAM WA
SEXCL MRPIF KO AISHAN 2o REECE M IIESE0 s LHERCI0l E2

H &MOIAIEQN WISB AIZEN SH

=
MTE S=5 disotell S8 92= otll, 6d 2 Jt=&0 Ui WA

ZF0AM JtEES HWEIIHN SR8 IS ots W22 B = 0 (Klaassen
et al,, 1999). £8t MT= HES2=2 Qe MESHN ol AEZE ESdls H2=2
1 EH”EM, 2HZ MTE MEZEMES AMELZMN H=sd =S40l Uoll MEE

=

B3ole 2o LARCH (McAleer and Tuan., 2001; Shimoda et al., 2003).
=2 HAIRUAE RWISS AHIEZ=E WI38 MEZECH 5 i 0l& WAEES XU YA/JYSH,
Ol MT level® Al=ES =BG LD, IIES0 e MEZEADE SHE 2HO2 LELG

CHHI2fE WA SBHE (multidrug resistant proteins-MRP)2 MIEZS| disut 2o
ANz E 2dolict=ll sR& Fg= ot A2 LH[MO. MEZN EMot= P-g

MRP2I 22 transporter0|E2 2, s EEZ2M S22 HE HISAH SAAHE2 seHA
of CHSH L0l 20i8tCt (Deeley et al., 2006). HTB-546 renal adenocarcinoma
cell line, proximal tubule cells, J2l1] Caco-2 TC7 cellstlA IIEE Mil= P-gp
CHME = mdr-17 mRNA level2 &SAIZCH (Thévenod et al.,, 2000;
Huynh-Delerme et al., 2005). At&2l MRP1 REX ME Jls 2FIt LESHA
2EH U=, IHEE - 2§ WE ™K 1 (Yeast cadmium resistance factor
1-YCF 12 22X JIES0 et S8 LEs 2AH S LEHHTH (Tommasini et

I

al., 1996). 8&59 U=EQl Caenorhabditis elegans= 4 52 MRP homologues
gsiol=0 O & MRP10| IIES L= HlAQ SHI LES 20| JUULH (Broeks
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et al., 1996). |12 2RSS EZKRFU W AF= OtLIXIEH HES LHEU JUNA
MRP12| 2tEd S AlASHECH M2 HRUAM H=s HES 2= RWISS MZEOIA
MRP &d3t= JtEE WL SR8 F2S ot A2 LIEHRL

= £
Akt= PISKS] HACSAZ NI MEZZW UMM S2E Jg2 o=
TEXZ AN UCH (Datta et al.,, 1997; Yune et al., 2008). L£&t, &3Ol o4
S0 2otH FH=EES MCF-7 S22 MZHA Akt 243E SEotRUCH (Brama
et al., 2007; Liu et al., 2008). & AN AME RWI38 MU AM =0 2o Akt
A3 &2l ZUCH MRPL JIs0l HIFH = M, RWI38 AIZNA MRP Z& 1t
Akt ALOIOI &F2t2tAHDF US H2e=2 MAGRUCH 0 IS MRP 3H&tE A RIM Q!
probenecid = MRP K&EX2 ZHZ YAHAIIIe AE=2S Sot¢ =OIGITU2H,
JIIES0 2loll QlAtstEl Aktel 2t4-2F & caspase-32 EAMFIF

Oleigt Z= MRPIL Aktel E43IE Soll IIEE SHOZRH ME

ot A CH
55 A4S LIEHW=D QUCH.
A

AJtEA a2 Qciel HHE0IL £= a8 AEAD|IZ0| 2dikl= UE0IT
o AAMAME WIS MIEN Jt=&= Xclot idet Bax2l 2d3tE Sofl ME
[ —

o™
ACH (Oh et al., 2004). J2iLt 2 AR0MAN= RWIS8 MZ= IES0
CHot M OIEZE2I0to 2/t MEAE Z2Z= LHELEA SULCH MZEAZEL A X=
MEZMEN Sst 92 o £S5

S BICH &8 RIIMZASEAS MEAZS M & 5= UCH (Gozuacik and Kimchi.,
2004). IEEBLERH REE AIIEAS A

o, RWIS8 MIZUA IIEES Mel2 Clof KIPEAA
]

Atgb2t LC3IIot &It ZIJCH 8 NIEAHE NS AMMC! BaF1lt 3MAO 2ol
LC3I2t LC3IIS fluxE SHE2EZM IIES0 2ol =& NIIEASEA0 JIsHY
= STotRULE L8 XIEAFEAC ANE caspase-32 2HEIE SIAIA =S
Of CHet S &0l KIPEASE A0l 2HAE0 USS AIARSHT

etd =2 H+2 b ADHEAS A2 JtES0 2SSt MRP-Akt A& Xl
HE FE2ZM MEE 2setlUs XS SHotALH ststd AHMKEHLE F& X2



ZAZ Qlofl KIHEASEA0 AMIH HESH /st MRP2l E& 0l 2AXY, 0l=
NEZAZEE SIHAZULH Tetd 2 g+ a2 WES SItAIZI= MRPIE MXE
A

o HE JMSHLHH BZ20M Set = stlhe AS HIULH

_13_



Jt=S0l et Wdu 2geE JI8E A+ot)l ?6H0, AtESl Hian AMEZEQ
WI38 MEZZ2H 5 B OIS =0 MetdES = RWIS8 NMEE &EoHUL
RWI38 AMlIiE= JtES0 BrSot0 M= e HE

CHOREL (
=2 g8= BA2H, 0l= RT-PCRI Western blottingS S0t &QIGHRUCH JtE
82 RWI38 AMIZOUAM ClatstEl AKtE E4HStAILD, SR MRP2l A el
probenecid Lt MRP-10ll CH&' siRNA= MIXEAL?} caspase—-3 &3S SIHAIZALY.
IIEE HMele RWIS8 MIEOA KINHEASMS RESIF2H, Ol Atgh R&
LC3Il &It el GFP-LC3 dot &5 Sol SHotULH StEE XHIFEASE A9
AMHMCI 3-methyladenine Lt Atgh S& A2l &8 AM= IES0 2ol == 24t

StE Akt MRP-12 224 A2, &8t capase-32 &43IE SIHAIZICH AU
MRP-10il CHSt Ststd AHMAMLE &K LS AMe= IES0H 2 LCIIS R
gats A EUCL OetMd, 2 H7= eSS0 2o REE NIHZEAEA2
MRP-Akt AISHEHHE S MEAZS ANMEFLZAN MEE 2Sol=s 9
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Fig. 1. Effects of cadmium on viability in WI38 and RWI38 cells. Cells were
treated with the indicated concentrations of cadmium for 24 h, and viability
was determined using an MTT assay. The values represent percent survival
relative to the untreated control from three independent experiment

performed in triplicate.
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Fig. 2. MT expression in response to cadmium in RWI38 cells.

(A) Parental WI38 and cadmium-resistant RWI38 cells were
exposed to 40 pM cadmium for 24 h, and cell viability was
measure using Trypan blue exclusion as described in the Materials and
Methods section. Values are expressed as the mean = S.D. of the
percentage of live cells determined in three independent experiments.
(B) Cells were treated with cadmium for as described in the A, and MT
expression level was analyzed by immunoblotting. Cd, cadmium; MT,

metallothionein.
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Fig. 3. Expression and functional activity of MRP in WI38 and cadmium

—resistant RWI38 cells.
(A) Western blot analysis for MRP. WI38 and RWI38 cells were lysed,

aquantified, and equal proteins were separated using 7% SDS-PAGE,
and then immunoblotted with anti-MRP antibody. B-actin was used as
the loading control.

(B) RT-PCR analysis for P-gp and MRP1. Total RNA isolated from the
cells was reversetranscribed, and the resulting cDNAs were subjected
to PCR amplification using primers specific for MRP1 (355 bp), P-gp
(296 bp), and B-actin (501 bp). The PCR products were then
electrophoresed on 7% non-denaturing polyacrylamide gels. The gels

were dried and autoradiographed.
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(C) Functional activity of MRP in RWI38 cells. The cells were incubated
with 0.5 UM calcein-AM for 30 min at 37°C in the absence or presence
of 0.5 mM probenecid. The fluorescence intensity of the intracellular
calcein was then analyzed via spectrofluorimetry as described in
Materials and Methods. Results are expressed as mean = S.D. of three

independent experiments.
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Fig. 4. Cadmium induced MRP regulates Akt phosphorylation.

(A) WI38 and RWI38 cells were treated with increasing concentrations of

cadmium as indicated in the figure for 12 h, and were harvested and
lysed. The lysates were analyzed for MRP, phosphorylated—Akt, and Akt
by immunoblotting.

(B) Kinetics for MRP expression in RWI38 cells. cells were treated with
160 pM cadmium in RWI38 cells for up to 24 h , harvested, and lysed.

levels of MRP and B—actin were determined by immunoblotting.
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(C-D) RWI38 cells were pre—treated with 0.5 mM probenecid for 1 h and
then further treated with 160 mM cadmium for 12 h. The lysates were
analyzed for MRP, phosphorylated—Akt, Akt, and procaspase—3 by
imunoblotting using the corresponding antibodies. Cell viability was

measured by MTT assay. Cd, cadmium; Prob, probenecid.
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(E) Silencing of the MRP gene downregulated the level of phosphorylated
Akt, and led to caspase—3 activation. Cells transfected with control or
MRP-specific siRNA were treated with 160 yM cadmium for 12 h. The
lysates were analyzed for MRP, phosphorylated—Akt, Akt, procaspase—3,
and the active form of caspase—3 by immunoblotting. Transfection with
nonspecific siRNA did not affect on the expression of MRP as compared to
the control cells, whereas knockdown of the MRP gene markedly attenuated

the level of MRP protein. Cd, cadmium.
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(F-G). Inhibition of Akt phosphorylation using PI3K inhibitors activated
caspase—3 and enhanced cell death. RWI38 cells were pre—treated with
Ly294002 (20 yM) and wortmannin (200 nM) and then further treated with
cadmium for 12 h. Cell viability was measured using the MTT assay. The
data are expressed as mean = S.D. from three independent experiments
each done in triplicate. Values were compared between the non-treated

control and the treated group. Cd, cadmium; Ly, Ly294002,; W, wortmannin.
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Fig.5. Induction of autophagy and expression of autophagy-related proteins
in RWI38 cells.

(A) WI38 and RWI38 cells were treated with various concentrations of
cadmium for 12 h, and LC3 Il and B—-actin were determined by
Immunoblot analysis.

(B) Cells were treated with 160 uM cadmium for up to 24 h, and then analyzed
for Atgh, LC3, and B—actin by immunoblot analysis.

(C) Cadmium treatment induced GFP-LC3B fluorescence punctate in RWI38
cells. Cells were transiently transfected with GFP-LC3B, and then treated
with 160 uM cadmium for 9 h. Fluorescence microscopy images (200%)
show diffuse green staining in non-treated control cells; however, the

staining is relocalized as GFP-LC3 dots after treatment of RWI38 cells

with cadmium.
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(D) Autophagy flux by cadmium treatment in RWI38 cells. Cells were
treated with 160 uM cadmium for 9 h after pretreatment with 100 nM
BaF1 for 1 h. LC3ll showed marked accumulation in the presence of
BaF1.

(E) Cells were pretreated with 5 mM 3MA for 2 h before the addition of
160 pyM of cadmium for 9 h. LC3 conversion markedly decreased by
3MA.

(F) Knockdown of the Atgh gene decreased cadmium-induced LC3
conversion. Cells transfected with nonspecific sSiRNA or Atgb specific
siRNA were treated with 160 uyM cadmium for 9 h, and the lysates were
analyzed for LC3. B—-actin was used as a loading control. Immunoblots

shown are representative of at least three independent experiments. Cd,
cadmium; BaF1, bafilomycin Al; 3MA, 3—methyladenine.
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Fig. 6 The effects of cadmium-induced autophagy on MRP expression or

on cell death.

(A) Effects of probenecid on cadmium-induced autophagy. RWI38 cells
were pretreated with 0.5 mM probenecid for 1 h before 160 uM cadmium

was added for 9 h. Cells were then harvested and lysed, and the
lysates were analyzed for MRP, LC3 and B-actin by immunoblotting.
(B) Knockdown of the mrp-7 gene did not affect on cadmium-induced
autophagy. Cells transfected with nonspecific siRNA or MRP-specific
siRNA were treated with 160 uM cadmium for 9 h, and the lysates were
analyzed for MRP, LC3, and B-actin by immunoblotting. The
immunoblots shown are representative of at least three independent

experiments.
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(C) Cells were pretreated with 5 mM 3MA for 2 h before the addition of
160 uM of cadmium for 9 h, harvested, and MRP, Akt, phosphorylated-
Akt, procaspase—3 and B-actin were determined by Western blotting.
(D) Cells were treated as described in A for 24 h, and cell viabilities were
determined by MTT assay. The values represent percent survival relative
to the untreated control from three independent experiments performed

in triplicate. Cd, cadmium; 3MA, 3— methyladenine.
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(E) Knockdown of the Atg5 gene downregulated MRP, Akt, phosphorylated—
Akt, and procaspase—3. Cells transfected with nonspecific siRNA or Atgb
specific siRNA were treated with 160 uM cadmium for 9 h, and the lysates
were analyzed for MRP, Akt, phosphorylated—Akt, procaspase—-3, and B-—

a c t i n b vy i m m un o b |l ot tin g
(F) MRP regulates Akt. Cells were treated with 50 yM Ly294002 for
30 min, followed by the addition of 160 uM cadmium for 9 h. Lysates

were analyzed for MRP and B—actin by immunoblotting.
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