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HE

Nrf2-ARE 5 54§ @8 R ARG RE, R s T ot RATames -

2p45(NF-E2)48 % B -F -2 (nuclear factor erythroid-2p45-related factor 2, Nrf2). &K K AHF
(antioxidant response element, ARE)#= Kelch # 3% £ & A 548 % & & -1 (Kelch-like ECH-associated
protein 1, Keapl). Nrf2i#it5 AREABEMA, %5 AR &8, LENRBA B Ad RO RIE,
EREGUETRG PR EZUR. RFALLN, Keapl N2 RESMBEAR X, L2F
BT smpert b s Shah = A AT B, KX R T A A Nrf2-AREAS 545 1838 5 A 78 K £ A& 254

Kiia

B2, B— MY RS THA RS ERNZ PR
1, TEAF=AMILEREMHEROY B RS-
BAMAREY, FEMBEHN SRS, ER. BRI

FSBARSEHELNBERINEEHE-TEE

A RAE . TEMEYEIT S, A R IT 2y
VIR 254 B IR T R B RR . WX
M, —RERIBREAS Y REME, W
YIRIBURAE T FEEL RV 2R, BUE I Z0W IR 9T
HEERE LR PR 40 R 2 PR 2 R B (B X —
o B ) I % 25 b 5 /g AR R LIS [R) B 240 ok A T
20)5 4 JR 2 T 24 P4 (primary drug resistance, PDR)FI
% 24t 25 1% (multiple drug resistance, MDR)PI K3,
JR 24T 29 1 R 8 7 A X — PP P R 5 = A i 4
WS, SAEERBAYIEUR; BAWAMERE L&
P 40 B — P U 25 AR 2 1, R oAtk
RGP rF=E A Y. EHWAETH—S5H
P 7EME £ 2401 Z4 (intrinsic MDR, U ERRA LS
24 25) MRS M £ 25 25 (acquired MDR). AFEME
ZNMARIE—FHH PUE A R AWM, 3K
151 2 2y 24 B 48 BEE LT IR BRI g B B 7= A
My 2 0 PR A P P it 24, AR = B AL T AR
REIRE, Ak, BERW AR =ENE, THES
2y 2 1 19 BB 2 2 B AT PR BT ST S Y — KB
Nrf2-ARE {5 55 Sl R EAE AL TR R EE
R, (Bt 5 M RER X, 3 BIERE MR 2
AT EBERN MRS, REREENA
Nrf2-AREf 5% S8 it 5 M8 R 4 R X R .

Nrf2; JLEAL RN TCHF; % 25T 251

1 Nrf2-ARE{SSHSiEHEEFHEHLE 5% Th
fE

Nrf2-AREfs 5# FEBEHZ L FEEZESR
TR -2p45(NF-E2)HH 55 F -2 (nuclear fac-
tor erythroid-2p45-related factor 2, Nrf2). &K
% 7644 (antioxidant response element, ARE)F1Kelch ¥
HEF R LEAH<EA -1 (Kelch-like ECH-associated
protein 1, Keapl). Nrf2 5+ F &4 66 kDa, B T =%
& F CNC (cap-‘n’~collan) KR K 51, &H —mERT
B 2= B BB 7 % (basic region-leucine zipper, bZIP)
254, B 1R Nrf2 IR AL,

Keapl 24> F&4 69 kDa 40 fl & B H1E8 5
T, AT 19p13.2 A, BSAFESEMEL : () NK
¥ 751 (the N-terminal region, NTR), E&# 1~60; (2)
KE & 15 75 (broad complex, tramtrack, and bric-
a-brac, BTB region), EEM® 61~179, & —Fr itk {#
SFHE B RS E B U EAER TR, FETLE)
EAZAEARFREREATH, 2% 5HHBTBL)
REEREEE, )BT FEMEARENNRFT
(intervening region, IVR), & F:E 180~314; (4) ESX
H & B3 /5% (double-glycine-riched region, DGR), &
FH#8315~359. 361~410. 412~457+ 459~504 . 506~551
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Fig.1 Functional domains of Nrf2 protein showing distribution and types of nrf2 mutations
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Fig.2 Schematic of the conserved domain structure of human Keapl protein

#1553~598, 145 6 1 Kelch ThEEH; (5) C Kif/F 5
(the C-terminal region, CTR), & ## 599~624 ¥, H
g5 E 2 Bi7RP, IVR f1 BTB & & £ MEE, R
B SATEME R RN, RIS Nrf2 Friv B E M
. DGR ] 6 1~ Kelch ThHEEIH LB B T BLEH, 5
Nrf2 i) Neh2 St fF5145 & -

ARE ([5'-(G/A)TGA(G/C)nnnGC(G/A)-3'], n £
RIEMMERTR)E MY I DNA- B3I T4 &
FHl, MTAMEKS- %% E8(glutathione S-
transferase, GST). NAD(P)H:ER4E {Li% 5 1 (quinone
oxidoreductase, NQO1). UDP- EZi B MR £ B B
(UDP-glucuronosyl-transferase, UGT). LA E
AL ¥)7K 4% 85 (microsomal epoxide hydrolase, mEH). %+
U S B E B (glutamate-cysteine ligase, GCL)~
4 bt B Bk & BB (glutathione synthase, GCS). TE 4L
S B8 (catalase, CAT). HBEMYIALEF(superoxide
dismutase, SOD). M4 F&E LEF -1 (heme oxygenase-
1, HO-1). B8 i & &§(aldehyde dehydrogenase, ALDH).
B2 B i% JR B (aldo-keto reductase, AKR). BZEEFIL R
B 1 B A C1 (aldo-keto reductase family 1, mem-
ber C1, AKRICL)% I A B EE AT A LB R 1) 5'
3 8 BB, RERk 2 FpE AL SR AL S
i, AT a3 30 I A SR EALEE R AR, T
B 40 fL K AR

FEIEFEFRET, 4 /T ) Nrf2 55 Keapl 1Y
DGR Z& &b T HMRE, Keapl i AT R 3E Nrf2 $72

REAMGAKER, FIL Nrf2 FIREBEHAFEBEK
., 7EiE % (reactive oxygen species, ROS) B 3E H
HALEYFENNBUER/ER T, Nif2 5 Keapl f# {5
BE, BB AR, B bZIP 5/ TFARAHEEEA
(muscle aponeurotic fibrosarcoma protein, Maf) 7 —
FE k35 ARE £ GCTGAGTCA F344, Ml
3% ARE WRZHEFKHEZ, FHAEIES LE 3 1o,
Nrf2 B3R5 252 Keapl HIETE . Nrf2 5 Keapl
FRBRECR Nef2 BUBR BB, FEET HMRE:
H—RENEECEEN UGN EEER, K 2%
BALKEERER . HirAA RS RIRFELESHES
(mitogen-activated protein kinases, MAPKs). FH#
8§ C (protien kinase, PKC)FIBS R BEULEE -3- i85
(phosphatidyl inositol 3-kinase, PI3K)Z th. 5 58
Nif2-AREf 5% Pl B HIB0E R IARBEER A,

2 Nri2-ARE{ESHSEREMERERX
#
EERET, AP H Nef2 5 Keapl 44

AT IE AN INENRES . SR — B A 41
i, 514 Nrf2 5 Keapl f#REX, WUE 15 57 @ %
FRFERER R R RIS, WINQQL. £ GSTF
THE§. HO-1%, %‘%Téﬂiﬂﬂ%ﬁ%rﬁﬁw@ﬁmﬁ%,
B4 T MR RAE . TLEEH, Keapl BB LR
FR(C273 FI C288)5RFXt Nrf2-Keapl B & HIHItaE
EXRBIEAU, ARE W#EEZEREKESHGEILM B0
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Fig.3 Mechanism of Nrf2-ARE signal pathway 1!

&4k Keapl IVR 7 [ PR ERREE, 53 Keapl 14
ST, FEHARS Nif2 &4, 7 Nrf2 BB AR
HE T %412, Keapl BTBHIRTLERELT HHER
(SI4A) B REER, UREFH N2 AFE
Keapl &6, HEB B4 MZ ). Singh ZFERFFH
T Keapl IR ESL(E 2), HRIMAEVFZ MR
— iR 41 il R P Nrf2-Keapl 15 5 # FEH O 44
PR, ERFRRNE, LG SN, Nif2-ARE
FERFERTATTSHERNRX, mEX—R
PHLEIBE IR, #4Hin DNA 45, X T RS2 RT3
BERERMRREZ —09, dke] 1, Keapl AT R —
AFHMEER, LRTSEHREAE.

B8 & A5 Keapl RAEH X, M H 5 Nrf2
RAWHFY)FFR. Shibata ZOHFFTRI: 7E ALK
90 M P 4RES Nrf2 B RET IR A RRE, T
A WE £ ERGER DR ARENRA, REEER
JFHIHI5RAE 3 B Nef2 7E4% 9 RIAFHAEE T Nrf2-ARE
WEERAER. Nrf2 RZETFIRT IEH Nrf2-
Keapl KA B /EH & H Keapl /M FHI{EA A Nrf2 #F#
fi#. Nrf2 FiEH o FRANaERF5 DLG
CLxxQDxDLG*)#1 ETGE ("DxET GE®) 116, X Fy-%1]
FHEZANREAAWE 1) O, EREEMED, 12.2%
WAk F AR X SR, F R E T 1441 M i
IR, (BFH AR B[R XA, 7R 11% MRS R
LT Nrf2 B3Rt shhEse s, Nif2 R BT
Keap1-Cul3 E3 3 #:E8%) Nrf2 RIIRBIREK, SEIER

i1 Nrf2-ARE 15 5% Sl B 40, (2SR f R,

3 Nrf2-ARE(E S SiBHK 5 MEimt 25 1EaY
XE

ARG REY, Nif2-ARE 15 5 # SE KA
B I ARER. SIS RAYRBRE
HREKPEMRBEWRAERRRNKXER. EALE
Yl Nrf2 Rk 2 BE N, 91.5% #3%3 M8 R 30
EBRIR b R 40 B R Nrf2 BIRIA R o, 78 ik
FE, 61.8% BB S 4 BRAZ A Nif2 BARS, 5§
ZeAEF /M THERNA (scrambled siRNA) )40 ffa % R,
4 Nrf2 /T3 RNA 1 SK-OV 41 st HiiE 254
A, Nrf25 BRI GR 2% (0 40 3t e 25 0 (4
U, ARGk i M 40 Al KCL22 Rt 4%
B T it 2 L5 40 A 28 % H R (glutathione, GSH) &
BRI INE Nef2 FIBER X, SRE4EER CLEA
S, 40U P Nrf2 sk, {40 x4 71 B skt
R e, XEsein 45 LR, Nif2-ARE (5 5%
T 2% 5 R T 25 MR DI AH 5 .

FEM Mz A Nrf2 B R IREBN A M EER
Rz —. HRFROIESE, . JLRE. sroiiR
i OIS BB R, =& TSR (loss of heterozygosity,
LOH)ENL T 19 S YA EE, Bl keapl FTTEAL A,
19 2 Yo R v 70 ) R A1 IR 458, #9795 1) LOH 8
it 60% @1, fiE4H ek 19p13.2 &t LOH ¥ 2 4R E
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N 61% BIHE/D A I B b8 (non-small cell lung
carcinoma, NSCLC)fZ7E A7 G 2R, 50% HI4H A
BREA SRR, XS R ] 6 330 Keapl FIFNHIME
R, g A Nif2 28, g1+ 5 Nrf2 RE
BN, 3 B Nef2 @50 A EERERE. RHEk
B N2 YA 1 TR R (K AR M ). GSHATAE KA
B S STUREAY RSB YR ESEA, b
LR GSH FIAH AR SR IE IR ATRES IR T
S A R 4 P FE K A AR S VR A, SR A e = A
251522, Singh ZSHFR CUESE T Keapl fEfE2
HHRE (B 2), 7EE 41 8 R 4 Kelch 5§ Keapl IVR
1% EAM RS Nif2 FI#3E & NQO1. GSH %
B A FUK R A %, B Keapl i85 FINef2 (AR [F3%
P AT B8 5 R 4E X P AR AR R BUR R Ok
Padmanabhan A5 2 & B, ZEFE 4 ML+, DGR
RAT B RERR(Cys) 53 h HE R (Gly) R4
R, XAF Keapl %3 T 5 Nif2 14541, SE4H
B Nif2 B3R, 4 T #— P A Nef2 728 i 251
J5 T BIVEF, Singh S M A BB 2 A0 72 h
J&, BF A4 Rlkeap ] (¥4 Hu Lt fities 40 B X 25490 SEAURK,, 31X
KGRI keap] FFTEVETENZTAS . Shibata FP1HE
H, T E A AL Nrf2 5238 195 40 it EBC-1 B Keapl
SR IR AN AS49 R IR, i E AR 1K PR Fol 40 P
BEUHERAHE; S RAFMILE, RETELRT
Nrf2 /N3t RNA ) EBC-1 F1 A549 40 fl IS 5 K,
YEFEHHE.

Nrf2-AREA5 5 S8 B 3 (KB 5 Fs i 20 v
HRK. EEMIEARTEEEE. 5kRE. T
S AR 2 PO JB)HO-1 13808 K HER iS558 In; HO-
1 Pyt B 208 v (R {3 R 4 B8 T . BT B ALY 3
I % A B R Rkt B 8, HO-1 45 etk o s SR b
WHK(ZnPPIX) ] S 3040 A A T4 i, A2 BIPUR/E @,

PREE KA EA RS, HO-1 REHEMH A
TN, Fang Z@HEHE: $# 42 HO-1 /M T3 RNA A
5 SWAS0 4 L IE 1= . KimZ50ofg Hi . 78 filies 40 fu o,
Nrf2-HO- 15 5 ¥ 538 B 55 5 40 MxoF IR 7= AR Tid 24
VIR, FIFAHO-1/MFHRNA B ZnPPIX #1H]HO-
1 FIFRIAERIE M, TTH058R AS49 41 B4R A SR .
Loboda 2%} Nrf2-HO-1 15 5 # Sl B AL b
PR 29 1 P I VE R AT T PR (B 4).

NQO1 7EEAE AL F TP R EEEH, A,
Logsdon 508151 MR 7T K 3R, NQO1 7E A\ JE & 41
AP HREREFEHAW 125, CHHREY, I
K JE N BN . G5 LS S IR 4 R
NQOI1 HIFRXhn, NAD* B4 R4 A B ke,
IXEERRF IR B, NQO1 ] i & VA I IR AR I 25 HE 2
NQO1 BEJ&E T-58 1 tHEs, L& T 58 11 AHBE, M4
NQO1 BE i, PR AN, MEERR SER
B, SRARIT YA B, X R 4 MR TR
HEMERZ —.

EFEMEARY, AYREHEEREFES
Nrf2-ARE 5 5% @ B HAE. BIEX AKRs #EF
RERRTY, AKRs {LEEM 4 A HEE — 2
e, — BRI L B AT AKRIATFIAKR1C2
BERHIEFECD, CEAMAMNABESRS,
AKR1B1MAKRI1C2 I mRNA /K381 B nea,
R ER, AF AKRIC H7NE TR AEIE /N0 g B4 fi
I ERIE, 27 384 BIR A G RIL, AKRIC &
RIEFIR AT R R TR ZECY. ZE0HK AR BR it
RERE R AR SO B R, AKRICT AT =
B0 X R AKRIC it BERIETRESH—&
FEREIR AXTALST 9P AT 21, . Palackal 09 it
bt A\ B9340 P bk Hep G2« A\ i iS58 4 D 2R A549. %
AL 40 M bk Ha41 . At 40 i H358 K TN, AS49 41

(A) Flavonoids (B) Chemotherapy © Chemotherapy
Sulphoraphanes Radiotherapy Radiotherapy
Other SH-reducing agents Photodynamic therapy Photodynamic therapy
| Nif2 inhibition
i (siRNA Nrf2)
l l l [ HO-1 inhibition
(siRNA HO-1, ZnPPIX)

HO-1 induction HO-1 induction HO-1 blocking

Chemoprevention-resistance of
normal cells to transformation

Anti-apoptotic effect increased
tumor growth resistance to
anti-cancer therapy

Increased ROS formation
Apoptosis of tumor cells
Enhanced sensitivity to anti-cancer therapy

Fig.4 The role of Nrf2 and HO-1 in chemoprevention and tumor resistance to therapy 1"
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fiH AKR1C (¥ R/K F 5=, HepG2 5 AS493 81t
BREMAKRIC, X G RRIER AT RS R

FRAH. H AT AKRIC HHLTT S50 35 P32 7
S —A A

Wi o

4 FEEBRIETZA R SRR

SO R 25 A 24 R AR Ak T SR S T A o
B, IR BRI, X Nrf2-ARE
5 5H FEB S A=ENHBIFRR, B 17 RKE L
THes: —FH, AREDHEAREEMS, NERE
7KSEXT Nrf2-ARE 15 5 # S@ B 0 LA 3R EiEm ], w7
BRI RO, 5 — 5, PR —RMPUEZY, 5%
PANTf2-ARE {5 5% 318 B I HIFE A B85 S5
FELYIBLA{EH, R MDR 40 Xt 47095 25 4 F UK
Mo T RIELS A Nif2-ARE 15 5 3 S8 B 1404
), ATLLE IR E RIE ARE RAEEBREED
(ARE-luciferase reporter) f]4H fPE R 7 1E 357, H
T A549 M i Keapl FIRAAEN27ER A KB RR,
FIF X —REERATATE T AS49 418 R &L ARE-lu-
ciferase $& & RIX M40 fubk, o7 4 Nif2-ARE @ B i)
5357 b 2 B AT B AR IR AL H AR

5 /&

7EFRAT SR, RS AW AR — A
MK, Nrf2-ARE {5 5% Sl BB 2 s PUEL
EETTVE BT R A, R AR R TPt FAm I
B R A AW T RE B ALTT A VETT R, ATE
REFIIETT R — £ FR R
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The Role of Nrf2-ARE Signal Pathway in Tumorigenesis and
Drug Resistance

Ai Xin, Xiu-Wen Tang*
(Department of Biochemistry and Genetics, College of Medicine, Zhejiang University, Hangzhou 310058, China)

Abstract The important elements of Nrf2-ARE signal pathway are nuclear factor erythroid-2p45-related
factor2 (Nrf2), antioxidant response element (ARE) and Kelch-like ECH-associated proteinl (Keapl). Nrf2 is a
redox-sensitive transcription factor that regulates the expression of electrophile and xenobiotic detoxification en-
zymes and efflux pumps, which confer cytoprotection against oxidative stress and apoptosis in normal cells. However,
treatment of cells with anticancer agent induces expression of Nrf2-regulated genes. Genetic alteration of Keapl and
Nrf2 associated with tumorigenesis and confer resistance to chemotherapy. The development of the field regarding
the role of Nrf2-ARE signal pathway in tumorigenesis and drug resistance is discussed.
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