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Abstract
cloned in 1997 in the author’s laboratory and published in 1999. Numerous studies have demonstrated that SAG

SAG (Sensitive to Apoptosis Gene) is an evolutionarily conserved RING finger protein, firstly

is not only an antioxidant protein that protects cells from apoptosis induced by metal ion or ROS, but also an im-
portant RING component of Cullin-RING ligases with oncogenic property, and being validated as an attractive
anticancer target. SAG acts as an E3 ligase for both neddylation and ubiquitylation. Via neddylating Cullin-5,
SAG activates CRLS5, and then complexes with other components of CRL5 or CRL1 to promote ubiquitylation and
degradation of many tumor suppressive substrates, leading to enhanced proliferation, survival, angiogenesis, and
tumorigenesis. In addition, SAG is also involved in virus infection and associated with a few other human diseases.
The drug discovery effort is currently under the way to identify small molecule inhibitors of SAG for anti-cancer
applications. This review summarizes current knowledge and advancement in the field of SAG research, including
its protein structure, biochemical activities, biological functions, especially in tumorigenesis, and mechanisms of

action. Finally, the future perspectives in the basic research of SAG and SAG-targeting drug discovery efforts are

proposed.
Keywords

{8 T 15UB S [K] 2% [ (Sensitive to Apoptosis Gene,
SAG) XA FRAE RING-box £ 1 2(RING-box protein
2, RBX2). Cullinifl¥5 & [ -2(regular of cullins-2,
ROC2). ¥ $55 H-7(RING finger protein-7, RNF7)
B, CKIIB-45 4 8 [ 1(CKII beta-binding protein 1,
CKBBP1). 19974, EH LR EAT KRS EEE
FEAE TR T IR 20 O T A O R IR A AR Y,
RGEFE T SAG, I T 19994 1 IR IESAGRE: — A
A YA RE S BoA] 1 <6 )& 2 7 BROS 5 3 1 41
MO TR o3 ot R254F, A BRI 2 ML I AT
HATC G UE S SAGA AN HI A MM T, B2 AA
g /E FH B B B3 3Ny, 2 — MRE B IR
B HUMIE L . SAGI DI RE AR T2 541
EZR AR G O e SN U R U 7 A e A K I o
HFZ =AM Cullin-55 A IRLR LB, (21
J IR AR A L AR I AR AR T A, B
RS 56 MK, JF5 2 M ANRBIHRH K. Bt
SAGH] &Ik £ LN 7 ) IEAET R b A

SAG:; Cullin-5; E3 ubiquitin ligase; ubiquitylation; neddylation; anti-cancer

SR 18] B 22 4 SR AE S AG ) 45 #4) A1 T e 75 T8I A B 72
BERE, LRIRSAGH) AW 2T RE, i) /& F e it b
KA KRR D REANE FINLEE, B 2R3 M e ESAG
S Tk AF 5 AN AS AG A #E A5 ) 37 2R 0 i Rg 25 P 1)
Y&

1 SAGHIEE#5InEE
1.1 SAGERFEFZEBHER K E B RALEH
SAGJE T — /N EA OR 57 I R KR, N K 9his
SAGHH) % K((RNF7) 5 /N 5 9 i Sag ) 2 Kl (Rnf7) 1
96% 17 FIAR AR, 5B 55%AH A4, SAG
TENKH )2 RIE, NHAE L HHEVIF 2
K=MmEmfEAERE T EmREY . NHKEFSAGHL
T YLt A3q22-24, A5 =Bl BY B2 A S5 R0 P S A
%[5]0
N ZESAGH /N iR Sag4 i5 1) & A ¥ & A 1134
IR, HA 12 R i (7 S = LR
10.6%), M4y T8 #£112.7 kDa™. SAGYE4H i 57 A4
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MiAZ HH 24046 434 . SAGJE TRING-box 2 (A K ik, 1
SAGIRR A ity A5 — A LB I RINGZ5 # 35, B — B
CyHLC R 57 2 7 A AN 88 JiR 7. RING-box 25 [ K
B 5 — AN i A RING-box 2 [1-1(RING-box protein
1, RBX )W & A A Ak 1) £& 57 £ 7 (C;H.C.D)(E1).
H5L |, SAGFIRBX1TE M EEREEI N R VE 2 4 Fh
HEA AL RS S, AR RN, B R g
— FHRING-box £ [ Hrtl1, 7F B RE A i Bk Hre1 BT 5] i
AL R A o] 4 N FISAGERBX 115 8% 17, $2oR(E 1
HFSAGHIRBX11 D RE 2 ] DL HAH B, R
ik, ANJSEN R SAGHIRBX IR £ J7 H %
AR AR IR, A 5 LTI 4 SR 1)
it

20074, MIYAMOTO%!""#£RCSB Protein Data
Bank & [ 25 W 504 2 B RO R T AR IR
fiEE AT I SAGIRTRING &S 14 32k 1 745 V% 45 #4) (PDB A4 P2
%5 : 2ECL). 20094, SCHULMAN [ b\ U@ i) 45
R0 58 R I, SAGFIRBX 1A 43 5 5 4% 5 [ E2

(A)

CUL5
CTD

(SAG RING-domain)

WE R IER LS 5, WISAGZE A UBE2F, MRBX145 4
UBE2M, MM £ 04 1 5 AN [F] Cullins 53 (1) 450 25 46
& fii(neddylation). It 4k, RBX2[1) 25 5247 7 7% & R
(Ne52)HN N & SAG S A E2 U\ 2 A5 E B 1) 4 5 [X 45K,
S EAEEE A M, 20204F, LUMPKINZE!2
IS R BRI 4 A f#EST T SAG-CULS(PDBfE
4 5 6V IHICKB-ASB9-ELOB/C(PDBA# /%
T 6VOH)"E SR 254, I3 4 T SAG-CULS-
ASB9-ELOB/CZ Jt 5 & 4 &A™ 45 K4 2 18] [ AH ELAE
MR X2 s 1 5 — A 52 B SAG-CULS
T HER 5 K. A, SCHULMAN ] AU g 8 —
TUE 7T 3@ i T SAG-CULS 5 % — S E A SSE31Z &
B AIRH2IE B SAG-CULS-AIRH2 & & 4 45 14
(PDBHUHE ZE S 5 TOND)!'S, $H T 00 2538 i B4 5
XN F PP FIE3 A TAE F BB LRI R R A
TGS T AW 2 A1 BRI SAG S B &k b HiAth
1R ELAE B B AH SCH I A A A 3R A T = SIS

S|

STho

A: SAGZ5 £y CULSH A 3 45 #1(C-terminal domain, CTD)f{I¥A kUS54, 75 €5/ NERIC R 4E B T-(PDB: 6VII'Y). B: SAGHIRINGES M (4 ta)
FIRBX 1M RINGSS F 38 (3 ) LL XS E(PDB: 6VOI'), 1LDIMY), o 25 (1 {7 sp U R 43 50l F o B € b HH, PyMOL# {4 il (The PyMOL Mo-

lecular Graphics System, Version 2.6.0a0 Open-Source, Schrodinger, LLC).

A: the cryo-EM structure of SAG binding to the CTD (C-terminal domain) of CUL3, with cyan balls representing zinc ions (PDB ID: 6V9I''*)). B: the
structural alignment of the RING domain of RBX1 (in purple) and SAG (in yellow), with key residues labeled in purple or yellow (PDB ID: 6V9I!'*!
and 1LDJJ"*). Cartoons were made by PyMol software (The PyMOL Molecular Graphics System, Version 2.6.0a0 Open-Source, Schrodinger,

LLQ).

Ell SAGHISRILEH
Fig.1 The crystal structure of SAG
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1.2 SAGEXE3ZEEHERENIIEE

12 %24 [ /K & 4i(ubiquitin-proteasome sys-
tem, UPS)/2 24 F FAZ 40 M 9 s T b 5 R B B i AR
BMEERG. UPSRKREE WA T EHT, BIK
VIR A 12 R BRI R E A R (E2A) . &
FIFR 32 2402 B = AN R BEAb () [ B E192 K
BOGEREATPIEF M — N2 R0 TR E2Z R
GRS, J5 & B3 RIEEM LT, Wiz Ry
T3 B ) A BREE R R AR b, S8 BURA
EARE #1b. FIREI-E2-E3/ S [ AW 8
WERYIEA LR ERZ 2K, Y2RZEK
BE 72 R ) ZR48 5 1A 3 & R (K48 BK 1 1) AH &
B, I 5 1 AT 4 26S A 1 i A4 18 S R0 B At 1A
2A).

H AT A 9 N ZRIE K A gm B2 FHEL, 29405
E2, AL 600FHE3 (58 I AE W15 B 5 7 il A
B UER B AT RE S8 FHEL . 41RPE2F1634FE3RY),
E312 2 I 1 50RO N3RS 52 SR, R Tz
R ACEA B P PERY . E39Z 3R SRR 45 2L
E245 G 3l I 25 40 i m A% 332 25 1) 5 AR AL, mT 43
RN B ERINGSS IIE3 . AL HECTSS A4 3,

(A) Ubiquitin-proteasome system

The substrate ubiquitylation

Ub E2
+PP;
ATP
Ub E2
(B)Neddylation
Cullin neddylation
NEDDS E1 NEDDS E2
+PP X X
L NhDDS El NEDDS E2
+NEDDS8

The neddylatmn

substrate

(3)

[KJE3 AN A& RBR &5 A4 (K E3 2,

1 AT HE3IE # i 7, Cullin-RINGZ % i #% i
(Cullin-RING ligases, CRLs)& 5 K [ K Jti. CRLs/
ST ZRBERANBENZ R, R AL
FhEE E R AR e AR, ARG M R AR F 5
S RNESE. MG E FER A 5B PR 5 A i
R AR SR FEI Ry B . CRLs& — 1N %
LR EY), A EE RS () BE 2R ED
FIEWIBARE H; (2) 584 1 A I Cullin 224
(Cullin-1. 2. -3. -4A. -4B. -5. -7H1-9, 2 {45 Jy
CULIL. 2. 3. 4A. 4B. 5. 7/19); 3) B& LRk
R A ER 1 (4) B 32N R FIRING-box 2R
HRBXIHMSAG). b2 URICRLs E AR T K
i HCullinfy 22 5 1, 15 NCRL1. CRL2. CRL3,
CRLAA/BE{CRL5% ., CRLs[VZ % % $ By 35 1 4K 6
F-CullinZg ([ (L =L &M L ZENEDDSE —Ff 2%
ZREH, A2160%MEIERRT 5 51z Z AP, )
FAMIS AR 572 FAARL: FEATPIE A FE1HLE
TG BE(UBA3/APPBP1 K — ML 3R 4 FAL I 4R E2 I &%
FHIERF(UBE2MELUBE2F), i # Fi-1-40L 35 A% 12 2] Cul-
Tin 2 B R i P — AN 58 2 IR Bk 2 b, 58 i Cullin

The substrate degradation

RBXI1 or

m““’"““ ‘

Activated CRL E3

The neddylatlon
substrate

B2 ZF-FZABERGAFMURLIZIR®B)
Fig.2 Ubiquitin-proteasome system (A) and neddylation modification (B)
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Table 1 The reported substrates of SAG E3 ubiquitin ligase

R E A E3Z REHME &1k R A EE T RE Sk

Substrate E3 ubiquitin ligase complex Major functions of the substrate Reference

Pro-caspase-3 SAG-SCF#TeP A Caspase-3 precursor. The activated Caspase-3 cleaves variety of important  [29]
effectors and initiates cell apoptosis

NOXA SAG-CULS A BH3-only member of the BCL-2 protein family. NOXA binds to anti- [30-31]
apoptosis protein MCL-1, promotes MCL-1 degradation and initiates cell
apoptosis. NOXA plays vital role in cell apoptosis

Ixba SAG-SCF#Ter An important member of the IkB family and the major inhibitor of NFxB [32]
pathway. Ikba regulates the activation and transcription of NFkB and plays an
important role in both innate and adaptive immunity in all eukaryotes

p27 SAG-SCF#Ter The natural inhibitor of CDK (cycle-dependent protein kinase). p27 mediates [33]
the cell cycle process by inhibiting the activity of the CDK or its complex

NF1 SAG-SCF™*WV? A protein encoded by the gene NF/ (neurofibromin 1). NF1 inhibits tumor [9]
generation by down-regulating RAS signal pathway, while its mutation is
related to a variety of tumors such as neurofibromatosis, type |

DEPTOR SAG-SCFHTer A natural inhibitor of mMTORC1/2 (mechanistic target of rapamycin complex  [34]
1/2). The mTOR signaling pathway is widely involved in cellular metabolism,
apoptosis and autophagy

c-Jun SAG-SCF™*WV? A family member of AP-1 (activator protein-1). C-Jun can be induced by a [35]
variety of stimulation such as growth signaling and UV and is involved in
the transcriptional activation of various important effectors, regulating cell
proliferation, cell cycle, apoptosis, and tumorigenesis

HIF-la SAG-CULS HIF-1 is a nuclear protein with important transcriptional activity, participating [36]
in hypoxia adaptation, inflammatory response and tumorigenesis

Erbin SAG-SCF#Ter A member of the PDZ protein family. Erbin modulates the function and [37]
localization of the tyrosine kinase receptor 2 (Erb-B2 or HER2), and blocks
the Ras-RAF interaction

NRF2 SAG-SCFHTeP Nuclear factor erythroid 2-related factor 2, a key transcription factor of [37]
cellular oxidative stress-related proteins. NRF2 plays an important role in the
mediation of antioxidant response

B-TrCP1 SAG-CULS A member of the F-Box protein family and a component of the SCF E3 [38]

ubiquitin ligase. B-TrCP1 recorgnizes and ubiquitylates a variety of important

substrate proteins, regulating multiple important signaling pathways and
biological processes including NF«B signaling pathways, Wnt signaling

pathways, cell cycle and etc.

H AR EERB)*, BIFRING-box £ -5 Cullin
BB R RS &5 S AP R B Bt S
RBX14# 57454 CULL. CUL2. CUL3. CUL4A.
CUL4B. CUL75{CULY, fiSAGI{{ 454 CUL1E{CULS;
TEAL LB, RBX145 A E24U % 48 % BFUBE2M,
MSAGEZE A-UBE2F™, 4 g 77 753X Fikl s 2H & 77 20
1) 5 ER] g AT 4, {H 0] LA B, SAG-CULSE A4 1
T HABCRLS, 7] BEEA 5 5 AL £,

H A S A HSAGS 5 IEY AEE: (1) 1
T # 5% & [ W Caspase-3 ] il #APro-caspase-3 Al {i¢
JHT R ANOXAPY; (2) #2555 K FNFB KSR I
il Rl Ik Bal™; (3) 4 i A A AH 5 5 (p27°3; (4) 411

Ji & H WINF 1P HIDEPTORPY; (5) 14 & Hc-Jun®;
(6) ZE AL N IR 26 25 (AHIF-10P%; (7) RAS-RAFHI ]
H A Erbin®"; (8) HU4A M Sk K FNRF2P7; (9) 7] 2
E3iZ R IE BN 1IB-TrCP 145 (K 1)

1.3 SAGHIEf:IhEE

13.1 #_AMk. AT EHELRIERESES
JEEE AT T I A AR T (A S TR ek R e e v
TLl% T SAG, R BSAGE A 1R 5 it bt S AL A 4T
TN, S5 S FURR 4R R IS AG HT R4 b8 40 A
PREEANAE . O ILAR BN Bt & P R 2R 5 - B A R )
XU R A AT L. 1-
P-4 DR BENENE . UV-ARSS . SRl 5 (0 440 B3
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T L B HR S A SA G [ w0 ] b 8 4 M A A
e BEANMI T . EIRAE ALK M SAGA B T ik
1 PES H B (reactive oxygen species, ROS)HHE
DL K AE N 372 3% H B X Pro-caspase-3. IkBa Al
NOXAZE A Ao
132 #isa4t, DNABUHIEE  SAGH T4
L E M. 1%, SAGR A HFRROSHIAE 11, 1M
ROS/Z 5 R 0 40 j i) = = 2 —B1, LR,
SAGH FIxBaffiz AL AR, AT A NFKBE?,
J& F N e A T 40 A AR 1 T A S
U0, 3 3 IR R R siRN A VT BR B A i Bk B i B
/N BV 6 4 B i Sag, TR 35 L 4H i W ROSIK
S AHINFRBIE M, $2 TH4H IO B A S UK
PEB2, JAh, MLN4924(75 ffh 44 : Pevonedistat), —Ff
CullinfPl 24 (14738 F #0177 (AT #0611 SAG-CULS5 48
FA)A, ] 3 A R M e R L e S A P PR
BRI U, TR IR A s ma R N RS,
COOPER %3 i 5 T X 43 ¥ ¢ J6 H AN A (bimo-
lecular fluorescence complementation, BiFC)H] =i
ik, KINSAGE HE JE 41 M 1% 51 JF PCNAKI AH H.
TEREHZ —, 2 5DNAKH]. &5 FAH A i
e
133 AV @mieREELE  SAGH YN N
FYIM2. —J5TH, SAG-CRL1P""/r S IxBaff] 4 #,
M )5 7 FE NFxB ) 28 S0 ] 55021, NFxB R 307 AT
ZARHE T 9 1 20 i Rl TNFofHIL-6 1) % 3 1K),
EH A N R IAEAR SN AL, SAGHR I 7] 5]
IkBof R, MM HHINFRBIE 1, BB 540 i 1) 28
E SN0 iy — U7 T, ARG AR, SAGRT
2 AR AR JH T2 88 I Bax MISARM, 1875 St
PR 5 B 7K 1, DT 248 457 I 40 3 709749, L4k,
SAGZ SR M A IE, M E AN Ty 7T 875 5
ZHEN T IR 28 A R R 1 2 AR 1

253 1A DA I 38 1o i ST AE B R 4 P SR A R
i Sagh1Sag LysM= /)N SRR Y K BilSag™ v P4 4% 41
Jii e Sag™ B Wk 41 Jf 7 A= B8 22 1) % 1 A0 i BT,
ANSag e [ 2 i A0 e AR 20 i PR 0 e A b kS )
ANE VR FHPO st Ab, TR i v 5% A i bR Sag 1)
Sag""Leke /N FRARAY, Je 43R A A FIIMLN4924, 2
# A BAIE 52 Sag /i 5 ICRLs UL & AL fETHH fi A 5 11
T8 2 B ARG Y. Sag ™ TAHRRAE M4 ] 4441
P LIS I A G e 770355 RN 20 B IR -1 40 WA D

DIRES, XA T REFFARAE M 118 3290 (graft versus
host disease, GVHD)¥] & 4= %; % FHMLN4924 411 i
SAG/ T IFICRLsHML 25 4k nT 15 B AR AL 1) 25 . 1%t
FLIE R MSAGA F I HLF A AET A Mo A (194 FH 5 48
i Rl -7 $ 1 2 1 SOCS 15 SOC3 AR B Aok, X 55
SRR 0 R IR 40 2 A LE AR 5 4 B B W 24 o o o
A FNFxB % 1 51 ) 3R ANE, B TSAGS
555 200 i G 928 N TR LA

134 RAPIEBEE. bW R 2mpLd
RIRN T fRSAGTER N [ 4 B 24 T R, 264 H1BA
ST Sag A FE R R/ RS, R ISag iR 25 5
FORHATE R B HIH11.5~12.5KAET:, IESZSag /M,
IR RG R B B b 75 10, 3X — I R 5 Sag fE B A2k dt
AR DUAS [P0 TE 2R IR T 38 520 90 R B, Saglt
R 2 5N BRRRR A K IR 2% M K B T2 N
SEH LA A AR, X 5 SAGHE AR A2 i 15 55 52 56 h
R 200 0 186 5 S A 40 B VR T B R — 3, L
T 7 R B, Sagz Bt AT W AR I A= p ke 8 B2 1
H, &N Sagiifr 2z 51 4 B AN AR 2, 5
& RaslP R SRS K-, 24l ML AE e M [A] IS
w5 Sag RINFT AT 35 43 185 5 Sag™ W B Hh 10 1M 87 A= 1
BRI BB 5 i A R BLAE R 40 e rh 4%
1 R ok Sag . 2 51 2 I A8 A8 il R AR BB T, I
P Fp27(AR R, AT HIGI 40 AT RS . B FE AR T
BRI, X g Bt 25 IE B Sag & R R L T BT 2%
IR 7o HINOZEPOE b 2 37 Sagit N/ 15 /) iR
TR [FIRE 30 Sag e R G J5 /I SRV G A7 375 P b 75
(1), H.SagHICulS7E /) B FEFIRCAF /)N BRI K i A7
TESZ L RIE .

SAGTE 4 7 i 2 41 i 2 A5 A Zh e J7 TR A5 =
BAEH. COOPERZFR BISAG-CULS-SOCS741 &
DABI B4R, J5 % /& Reelinfs 538 1% 1) X815 54>
F. FAIRCHILDZ:¥ %% HLSAG A 1 9 5 4 15 1F %
LA RN BERI L B IC K . SAG R 5 A XU 41
HETE 6 I8 52 2% AIMullerH i f e X AH P A B o 17
IR SAGE YR M ESOCS 74 S HRELN/DAB1 [
FEGBOE, T -F B0 S 40 f i A7 B 7 Y, i
) — T 703 7R, SAG-CULS E3i2 % B2l 1 4%
ARLACH) 8 AR M, R il At 2 40 R TR &S
KA, SAGRER N CULS R P35 A 51 2 i D 40 22 5T
ISR E 5%, RHESAG-CULS &iF 52
JCA MR B B OCHEUR 1T . 53 4h, UEMATSU
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Anti-oxidation
: !
antx-apopmsis

mediates ROS-
related signaling

rac
) —

mediates protein

>
degradation as an E3
% Ski

liagase

o5
¢< .
\ cell pro\'\fe\‘a\\o“

E3 ZSAGETMERRY. FSEBMEDTE
Fig.3 The protein substrates, signaling pathways and biological processes regulated by SAG

L ISAG-CULSIE 1T ASB7iZ & AL Al % A DDA3
WM TR T, J58 &R g iRz 3 f &
HEAT R, TR RSAGS 5 4H i 22 4y 2L 48
534k (E13).

14 SAGHVATEFREMEEERR

SAGR Z Fh A 7 FT. 238 LK = KIMSAG
LSHIF-147 75 A7 H.[8] (1) 4 [m) 8 4%, T2 i — /NHIF-1-
SAG B i : 7RSI T, HIF-11] 255 S4GH:
A 28 — AN N & FIIHIF-145 & 47 S GCGTG, #5%1
BARHESAGH N IR IL . 175 FRILMSAG T KA
T HIF-1af0Z AR . LIRS a] RE A2 41
X A LI RT P AR ) R K HIE-1 R R4 AL 2
—[36]

B HBNIE K INSA G 0 15 A AP-111 5 5%
PR, AP-17] 45 & SAGIE 3 1 145 2 X ik, i &
SAGI F ik, T8 I MISAG i # 1] LU iEc-Junfr)
2 FACRBEAR, I HIH] AP-1 5 125,

SAGIHH F& i [7) BE 2 UPS % . 2& % A B\ K BN
NEDD4-1, — /M & HECTE: M4 E3Z 2 7% F4 1,
Al HHECT 45 Mk B #: 45 & SAGI i K i RING

gERIR, T HESAGHITZ FAL FERES,

BT, ZE 3 FBNE R BISAGS 5 — FE3Z &
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