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Abstract

Cullin-Ring Ligase (CRL) refers to a large family of ubiquitin E3 ligases composed of similar

architectures, including a scaffold Cullin protein, a Ring protein (Rbx1 or Rbx2), and a substrate receptor module.

Different Cullin protein decides the presence of other components in the same CRL complex. After nearly 2 de-

cades of research efforts, much knowledge of CRL has been gained. This review is focused on giving a overlook of

current understanding of functional and regulatory mechanisms of CRL complexes.
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Cul 1-51IN-3fi %47 Cul I & £5 4 (cullin repeat, CR)FIC-4fi [ Cul [7]J& X (cullin homology domain, CH). Cul% 47 /NMlA7 [ CPHAIDOCEE . i
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Cul 1-5 contain a Cul repeat domain (CR) and a Cullin homology domain (CH) at the N-terminus and C-terminus respectively, while Cul7 contains

CPH and DOC region in addtion to the C-terminal Cullin homology domain. All Cul proteins contain a conserved C-ternimal Neddy8 conjugation site.
El CuxRikEBENTERE
Fig.1 Schematic domain organization of Cul proteins
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S represents ubiquitination substrate and N indicates Neddy8 conjugation for each individual CRL complex.
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Fig.2 Architecture of CRL E3 complexes
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SERLAE G LRI (K -fibers U I, W1 2245 4 uk
HIE S B T e AR o B R R VR . BT
% B, Cul35BTBZE [1KLHL13FMKLHLOM i, — 4>
HHAKE G, Aurora BE 454 (EKLHLOMIKLHL13
(0 JEC A 0 X 45K, AT LA — PP CRL3UAG R T AT
2 FABEAR, T w23 2 I AR 1) RS

L AR IR B 253 I 58 7Y e Cul37E S % J7
A FEEAE . Mathew 25758 i3 45411 i ok Cul 3
HEPRHIE B T Cul34E 5L 4k 40 J P 1 1098 B 4 d
PLZF (promyelocytic leukaemia Zinc finger protein) A&
B bk 9 25 FIBCL6 (B cell lymphoma 6)4 i 1]
TP M F LR R EAEH] . ARATTRIN, PLZF
FENKAN i 2 Z 5 Culd4 &, I IECul3 N, 4l
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255 AR W EEDCAF (Ddbl and Cul4 associated
factors) & [1, BEIM 4545 I Bk = IR (E12). 2
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WDRSHIRBBPS)AH H.AF HI AT 5% Wi 2 2 1 1) H 2
AR B9, Cul4-Ddb 1A ] LUAE ATPAK 4 (1) G {4,
JoUH SIS WI2/SNF2 5K ik ¥ i bt 2 — [ CSB R AE 72
2B, LUV I T, Culd-Ddb1P®™HICul4-
Ddb 1S3 ot A [7] (45 5 i A5 40 i) R 5 4 R DR 4 A5
2 GGR (global genome repair) fll ¥ % % & Z TCR
(transcription coupled repair)/f . X P FIi&I2 1)+
BEDIAE T 105 0 A IR ALRIAN TR B 458403 () DNA
(GGR) B i 4k B ORNAZE 451 11 (TCR). R
e FIFERTUVIRELS & HCRLE A4H 73 25481, Culd-
Ddb1P®F1Culd-Ddb15* [y i P & il it COPIAF 5 /)y
R(CSN)Z: I A ] & A2 R 3 1Y, fEGGRIE it
&, Culd-Ddb1°®* i T 45 417 FIDNAFIDAb2 1) B 2
AHEAE B S A B3 (0 IX, BAR B A 2 1R
E %, HE Ak /& FHXPC (xeroderma pigmentosum
group C protein). Rad23B#ICentrinZ A% 1) & £ 14
T 55 455 FIDNA DA 1 2 41 H A 43 52 3]
DNAT A A7 s B0 8K 5, CSNELA KN I AL I
Cul4-Ddb1°®2 Ffift 25, 5 3505 B2l 130 UL R Y)
(XPC). JEMIZAADAb2FICuld A 5 () £ Bz #ib s
Mi. FETCRAEEIFE, UVIRST G5 & w1k
A RNAZE A M 1145 1755145 FIDNAIX . 155,
CSB# 5+ S ZIRNAZK G 11 |, Bl 5 CSBikd 31| Ji5 4
FHSENER & [ 418 (1 & W 5% 5 75 Bigp300 A1 i
1k 1 5 CSNZE & [ Cul4-Ddb1 A BIRNA K A1 11
(B IEDA 1 I/ FHEY, Detl-Cop 12 B 4 AE A4 b
PR AT 615 5 30 2 1 G R 2 1% #ENFLB)h

HE3Z B ALpS3°. ETV S5 5% K11
Befd. AR L, Copl ] LU 5 Det1 41 HAF H,
J A CRLASE A5 AR 1) JE 4 VAU 30 5 Sk A Ab 3 s TR 1
KA RAP-11 4% 0 Rl F——c-Junf¥1iZ 2 40 B R
X RGBT, Copl (IRIng4h K 384T K AETH T, 1M
JE R HICRLAE & 7K thRbx 1 £ (A AU Ring4h #4) 5 S 31
ZFEIRE

CRLI5CRLARR T 25t KB, A — L8 dL[q)
(BRI Bl an e FLBh P, PRI 35 B
Cul1-Skp2PIFICuld-Ddb 143 5l LA AN [] f) BL 6] 1 428
Cdt1 1) 45 11 ARET, Cdtl 3 Fx Sk 52 5 A B 1
(replication license factor), JU[# i i 76 4 7741 ffo Y
RSP Ay v b o OB 2 7 ok T A o g
HLAIE1, {H KA Cul4-Ddb 17 i N S 5 FIDNA
T4 IS 6P Cdt L 1) E 1 B At A 0 7 [RE71001020 - b i
R [FJCRL1P## BT 75 1) phospho degron/TFI AN, 7
T-Cdt1 8 FIN-ii 15 2 R 51 PCNA 4 £ 45 14 1l (PIP
box) [ B fif 15 5 471 97 W B SHA FIDNA 45 47171031041,
TANIT S R B, Culd-Ddb 1 5545 3 G (4 7 X Ak
#i 1 Cdt1 5 PCNA AH B /E ', H 45 4DNAK
ek H ILDNAS 7 I PCNAA 2 5 e i i 45 45 JF
e FECA FEfE . EFLaIY) . Bt F i)
HAE S IR, Culdds 53 Rl -~ Cdt2 41 Cul4-Ddb 11K
L Cde ¥ B A A d T B DO, H.Cde2 A
DNA K il 8 5 DNA$ ) 5 301 Cdel 1) 2 1 B il i

T A0 — TUAJE 9% & B, CRLAPCATR] D) i 1k %
filt O LAZ 2 AARORa, K2 N ik Rl 21 (1) 32 15 F
S ) 7L R 40 R P 14 OSSR 9 R T, I el
CRLAPAFIGFROR a4 S R ) 5 45 6 1 50 T B4 4R
1 5L 1% BEEZH2 0 ROR o) 3847 8t 2, 1 ik ik 3t
AT H AN, AR X — R I, TUE AT REAT 218600
AN A R] e I S AL AL B A5 CRLAPAT it 1R 1) K11
B fie, DRI, CRLAPCATYH) T 6 mT B8 Iz e 168 7 FL At 11
CRLAZ & 1 W NI & % (1) — I TAEMR A6 UE ] T

Sl R ) SR TET 530 1 D KBS TET 135 PE,
T U 4 50 R N A 0 A7 0 A AR U, B AR
I3 THLHE M AR 2, A 5050 B /RCRLAMZ 2%
LS M FIDCAFS TET AR 1A I AH ELAE FH A6 e ik 72
HA S 2 TF 1



X0 : CRL E372 IR R & R HE 5Tk it

163

Ak, CRLAME AT G875 5 25 86 4 0 B o &k #54
Mo R aE X F1(HBX) 5 DDB1 45 & A
A 995 25 1 SO 3K — I B AT g ZE S AN
e I3 4 i B hE Ay o,

5 Cul7

Cullin7(Cul7) 5 1 /& 11 7824 & J& 1R 2H 1l 1)
KorF- Ao, Hoahiy 5 A0 Cul 55 LA R
AN, BT & FAACAUK K L A#AM. 5
Rbx 14545 AR S CHES M3, Cul 7384 25 P AN SRR 1)
ghikbia: —~ 540 M A L E 52 5 AR APC (anaphase-
promoting complex)tH [A]f)DOC domain, 17 —MF
Wk I CPHZE ¥ 15 (conserved domain in Cul7, Parc and
Here2)"*I(J81). Cul 7HURF ¥ 45 ¥ v T B iz
FIERR ) )7 XS HARCRLA . Cull (ISCFE &
AR, BT A A N-I I CRE A4,  EARCul 7tk
% 5}y % T SCF-Rbx1-like [ E37Z % % Bi il 5 A 1,
£ $5Skpl. Cul7. K 2EF-boxiK [ (Fbx29. Fbws)
FIRbx1, {H JECul7/2& AISkpl. Fbx294L i (1) & 454
FHES G, A & 5 Skpl A &5 &, HAS B H A e 4
f(JCRL1 F-box# [1 U Trepi¥ #& Skp2 1 H. 15 .
Ik, Cul7Z 5 1 & — PP AR SR 1), /> BUF-box
WIFbx2941 T IIVZ 22 A0 Pk 2 1 P ade 1210, [l —
BIF 5T 20 3 S 53— T 9T R WY, Cul 73k w] 55 Skpl-
Foxw8 I B A7 I Ik )32 2 T e g, SR AL BE B 3252
1A JEE MJIRS1 (insulin receptor substrate 1, IRS1)[1 72
F AR (E12), 103X R AA A H ) 3 mTORBE A 1)
R S P H ) FRapamycin BT M4, 7E Cul 73 K i
B2 1 /0N BT 4 40 i ) TRS 1A 2T 7K S K HE 19 0,
1 FLAY: Bifi 5 400 16 &) 30 2 0 i 4 0 0 p 1 6 1% 7 v R
NI AZ P SRR . IR EE LR, CRLT
A 6 AE A M A KA 50 % 1 52 2% S AL g TS 4
PSS INEEL (T R

MATTRFCul 7R, B T 7K L&
FI B AR T RE AL, 6 5 IR Cul 73E R 9848 W] R 5 — Ffrist
f& 995 ——3MZE A 1IE(3M syndrome) 1] & A AH OGS,
SMEZEAAE 2 — Pl G (AR Ba TR g AR5, B8 R
TE PR R A KR S TR . Sk KEEIR,
H 7 R RN 436 1R« 3MEZEL E [ 9599 #H 9K
5 IRIRN Cual 75 PR 5 67 1 Gt AR [) — X3k, 17 i IR
EXIMEEA AR B AT Cul 7P 5 i G, BRI T
25N B RAS, o A 19 R4 S 8B 4 AT &

1E, 64 FEUE L FeARel,

Arai FFMILE JEAT Cul 735 PR 5 /N B S 50 1 &
IR, PR 2 R B R IR R ¥ i R LB E IS . T
TR R R & IWE10.5 K BIB12.5 K M), 245 — /N
SIWEIGTH o TEE12.5 R, Cul7-null ()17 Ik
i R A TR o B R AT L, AE R N R B
ZE0, M S AR R IR AR AR N e X AT AR BT
TEGEUR I B, Cul7-null PR AR H LT ™ 8 1 2R COR
G, HLIG Ak Al DR i A &5 4 e Wi th B T W3R )2 R R
TAE A IS DL T UL, Cul 746 AR KN B R &
B AR A B PR AR A, AR AR R R
FEDIRE M BARS FHLHI A AR AT

6 CRLE&SRHIEZEFITHH

FH TR ] L, CRLYZ 22 3% B2l 3= 2 W AN D) g
X, N-iig IR R /45 41X, DL R C-ui IRz 22 45 &
/RS X, DA OGP CRLI) BE A # th = ZAE v T 1K
AR . Nedd8ie —A~512 2 K/AMAMLH A AH 4 [F
PEE B 4, mT LA % 2 B Cul K 8 19 C-3i (1)
5 A7, QICull ¥ 72047 481 2 RS, X — .
B 45 7 (M Nedd8 1% 1 —1% $2 g A4 & i i 4k, HL75 22
Rbx 143 ¥ 1 2 5 K B Cull 5 K % £ () Nedd8 11
FEORE A7 20, BUAR LI IR S 0IF 5, Nedd8 12 1 (1)
CRLAEE 5 A7 250 b A8 A4 P e A0 SIS 0 11032 25 A0 B A
IFEE X Nedd8iG & el A8 R T K T % 2107y
T FHIMLN4924121, {HNedd8 & 1fi % CRL ) fig (1]
WHENLHI FEATE 2 2 50 (1) 45 0 A= 4 2 i e
11 BT M A BT T Nedd8 12 1i (1) Cul5-Rbx 1 5 45 ) 1) 4
Fal, A 5 s Ml (A1 2 T A A )0, sizBR b, Cul gy
+C-¥ii JNedd81& 41, n i i I £ Cul 53+ C-¥iii (1) 14
%, KAERbx 15 CRLE A WIN-ui [ 47 (1) BE 25 F0AH
S E, MIAETZ 225 1 MARbx 1HE B8 48 K4 25 1111
I R IR A . R T A Cul B FINedd8 15 Tii 1)
UBC12-DCN &4/, ik A5 —4 L Nedd8IE M 1114
St BE-C SN 58 i oK £ i #8 CRLA & M id U1, (H
A AN I R G W 7E AN RS54 R BAP)
RSB 7 20, PRUEES 2 CRLYZ 2 IE BN )i
WIEE A BRI

BEAR 2 B Cul 5 & 11 nT DLl I 45 & AN R
YU 5 R 4L B AN [7] (R CRL A B4 i AN T f JEs 4,
DX TP [ JE A 0 FE 2 [R) 2 o] D45 (i e 2 — Fof
W 7 O X 28 TR R ) KL AR AS [ 1R 1) 2 [i)



164

AL -

I3 AT 40 M 5L AR B AN A, 40 45 5 Cul T F-box £
[1Skp2, HAE41 I IS RIG IR IA, T LLCRLS?
9 HAESFIG 11775 BR A0S 40 B J 3 3 i C DK,
I — P ML L B Cand 1 R (IIIEHT . A
Cand172 FH1 230/ 24 HE PR 7k BE 21 B 1 2 11, ml LA LA
1: 1149 75 2 [R] B 45 A [R] — S Cul 43 IR N -3 AT C-ity oK
SR I 5, (TS RN S MCRLAE 544 E 1)
fif 5, WEOIL R IR, AT Nedd8IE MR A [ Cul 4y
TABEL A5 Candl, B, JRWZ5 4 WAL D)4 L g
FECRLSE iz ZALHE AR Ik FE, H B4 2 FRNedd81&
Wiz JG A REHEAT o 0B IR A 45 & AL 4545 B Cul
o1 b, Sl Cand 1 & 1R G AR IF B FFCul o3 7,
SR S5 Nedd8 i b — Bl 4 24 BB B 1iCul, HTCRL
I EE I A A IE G RE, FFF R = —A
JEEE U,

gr PR, Cul KGR A MG EAMR T —
ANECKI . AT 6E 22 162004 AN 6] /172 2534 42 il 53
M BIR R, WL T E A Tz #
P BRI R, IS5 IR a5t A% R B S 5 1) R A 2%
PIMH G, MCRLAES 32 H 2 A 204 E 1, £
I AW B B URASE /L P N U ¥ | L= N 7y A7/ L % 5.3
RFBRFFLEAWTINSE ), CEYILEY] T CulK ik
T AW HARY) R SN, ik — PR R FIT R
EEXHER) Zad Base T 3l . (HE, 5V 2 10 i) i
ERFRRAT LRI AEREE TR, AT K
PLCul K 15 CRLE £ [ EEL ) B, A ] ix 2
SRR Ry B0 99 R 1 10k N SR A H Dk

B Z 3k (References)

1 Hershko A, Ciechanover A. The ubiquitin system. Annu Rev Bio-
chem 1998; 67: 425-79.

2 Schulman BA, Harper JW. Ubiquitin-like protein activation by
El enzymes: the apex for downstream signalling pathways. Nat
Rev Mol Cell Biol 2009; 10(5): 319-31.

3 Wenzel DM, Stoll KE, Klevit RE. E2s: Structurally economical
and functionally replete. Biochem J 2011; 433(1): 31-42.

4 Bai C, Sen P, Hofmann K, Ma L, Goebl M, Harper JW, et al.
SKP1 connects cell cycle regulators to the ubiquitin proteolysis
machinery through a novel motif, the F-box. Cell 1996; 86(2):
263-74.

5 Kipreos ET, Lander LE, Wing JP, He WW, Hedgecock EM. cul-1
is required for cell cycle exit in C. elegans and identifies a novel
gene family. Cell 1996; 85(6): 829-39.

6 Guardavaccaro D, Pagano M. Oncogenic aberrations of cullin-
dependent ubiquitin ligases. Oncogene 2004; 23(11): 2037-49.

7 Feldman RM, Correll CC, Kaplan KB, Deshaies RJ. A complex of
Cdcdp, Skplp, and Cdc53p/cullin catalyzes ubiquitination of the

10

11

12

14

15

16

17

18

19

20

21

22

23

24

phosphorylated CDK inhibitor Siclp. Cell 1997; 91(2): 221-30.
Skowyra D, Craig KL, Tyers M, Elledge SJ, Harper JW. F-box
proteins are receptors that recruit phosphorylated substrates to
the SCF ubiquitin-ligase complex. Cell 1997; 91(2): 209-19.
Willems AR, Lanker S, Patton EE, Craig KL, Nason TF, Mathias
N, et al. Cdc53 targets phosphorylated G, cyclins for degradation
by the ubiquitin proteolytic pathway. Cell 1996; 86(3): 453-63.
Schulman BA, Carrano AC, Jeffrey PD, Bowen Z, Kinnucan ER,
Finnin MS, et al. Insights into SCF ubiquitin ligases from the
structure of the Skpl1-Skp2 complex. Nature 2000; 408(6810):
381-6.

Zheng N, Schulman BA, Song L, Miller JJ, Jeffrey PD, Wang P,
et al. Structure of the Cull1-Rbx1-Skp1-F boxSkp2 SCF ubiquitin
ligase complex. Nature 2002; 416(6882): 703-9.

Jin J, Cardozo T, Lovering RC, Elledge SJ, Pagano M, Harper
JW. Systematic analysis and nomenclature of mammalian F-box
proteins. Genes Dev 2004; 18(21): 2573-80.

Skaar JR, Pagan JK, Pagano M. Mechanisms and function of
substrate recruitment by F-box proteins. Nat Rev Mol Cell Biol
2013; 14(6): 369-81.

Cardozo T, Pagano M. The SCF ubiquitin ligase: Insights into a
molecular machine. Nat Rev Mol Cell Biol2004; 5: 739-51.
Zhang H, Kobayashi R, Galaktionov K, Beach D. p19Skp1l and
p45Skp2 are essential elements of the cyclin A-CDK2 S phase
kinase. Cell 1995; 82(6): 915-25.

Carrano AC, Eytan E, Hershko A, Pagano M. SKP2 is required
for ubiquitin-mediated degradation of the CDK inhibitor p27.
Nat Cell Biol 1999; 1(4): 193-9.

Bornstein G, Bloom J, Sitry-Shevah D, Nakayama K, Pagano M,
Hershko A. Role of the SCFSkp2 ubiquitin ligase in the degrada-
tion of p21Cipl in S phase. J Biol Chem 2003; 278(28): 25752-7.
Tedesco D, Lukas J, Reed SI. The pRb-related protein p130 is
regulated by phosphorylation-dependent proteolysis via the pro-
tein-ubiquitin ligase SCF(Skp2). Genes Dev 2002; 16(22): 2946-
57.

Huang H, Regan KM, Wang F, Wang D, Smith DI, van Deursen
IM, et al. Skp2 inhibits FOXOI1 in tumor suppression through
ubiquitin-mediated degradation. Proc Natl Acad Sci USA 2005;
102(5): 1649-54.

Yang G, Ayala G, De Marzo A, Tian W, Frolov A, Wheeler TM,
et al. Elevated Skp2 protein expression in human prostate cancer:
Association with loss of the cyclin-dependent kinase inhibitor
p27 and PTEN and with reduced recurrence-free survival. Clin
Cancer Res 2002; 8(11): 3419-26.

Latres E, Chiarle R, Schulman BA, Pavletich NP, Pellicer A,
Inghirami G, et al. Role of the F-box protein Skp2 in lymphom-
agenesis. Proc Natl Acad Sci USA 2001; 98(5): 2515-20.
Signoretti S, Di Marcotullio L, Richardson A, Ramaswamy S,
Isaac B, Rue M, et al. Oncogenic role of the ubiquitin ligase
subunit Skp2 in human breast cancer. J Clin Invest 2002; 110(5):
633-41.

Shim EH, Johnson L, Noh HL, Kim YJ, Sun H, Zeiss C, et al.
Expression of the F-box protein SKP2 induces hyperplasia, dys-
plasia, and low-grade carcinoma in the mouse prostate. Cancer
Res 2003; 63(7): 1583-8.

Lin HK, Chen Z, Wang G, Nardella C, Lee SW, Chan CH, et al.
Skp2 targeting suppresses tumorigenesis by Arf-p53-independent
cellular senescence. Nature 2010; 464(7287): 374-9.



XIAHICAE: CRL E3iZ 22 IE 4L & A R0 5Lk it

165

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Wang H, Bauzon F, Ji P, Xu X, Sun D, Locker J, et al. Skp2 is re-
quired for survival of aberrantly proliferating Rb1-deficient cells
and for tumorigenesis in Rb/"" mice. Nat Genet 2010; 42(1): 83-
8.

Wang Z, Gao D, Fukushima H, Inuzuka H, Liu P, Wan L, ef al.
Skp2: A novel potential therapeutic target for prostate cancer.
Biochim Biophys Acta 2012; 1825(1): 11-7.

Frescas D, Pagano M. Deregulated proteolysis by the F-box pro-
teins SKP2 and beta-TrCP: Tipping the scales of cancer. Nat Rev
Cancer 2008; 8(6): 438-49.

Winston JT, Strack P, Beer-Romero P, Chu CY, Elledge SJ, Harp-
er JW. The SCFbeta-TRCP-ubiquitin ligase complex associates
specifically with phosphorylated destruction motifs in IkappaBal-
pha and beta-catenin and stimulates IkappaBalpha ubiquitination
in vitro. Genes Dev 1999; 13(3): 270-83.

Yaron A, Hatzubai A, Davis M, Lavon I, Amit S, Manning AM,
et al. 1dentification of the receptor component of the IkappaBal-
pha-ubiquitin ligase. Nature 1998; 396(6711): 590-4.

Dorrello NV, Peschiaroli A, Guardavaccaro D, Colburn NH,
Sherman NE, Pagano M. S6K1- and betaTRCP-mediated degra-
dation of PDCD4 promotes protein translation and cell growth.
Science 2006; 314(5798): 467-71.

Busino L, Donzelli M, Chiesa M, Guardavaccaro D, Ganoth D,
Dorrello NV, et al. Degradation of Cdc25A by beta-TrCP during S
phase and in response to DNA damage. Nature 2003; 426(6962):
87-91.

Kudo Y, Guardavaccaro D, Santamaria PG, Koyama-Nasu R,
Latres E, Bronson R, Yamasaki L, ef al. Role of F-box protein
betaTrcpl in mammary gland development and tumorigenesis.
Mol Cell Biol 2004; 24(18): 8184-94.

Moberg KH, Bell DW, Wahrer DC, Haber DA, Hariharan IK. Ar-
chipelago regulates Cyclin E levels in Drosophila and is mutated
in human cancer cell lines. Nature 2001; 413(6853): 311-6.
Gupta-Rossi N, Le Bail O, Gonen H, Brou C, Logeat F, Six E, et
al. Functional interaction between SEL-10, an F-box protein, and
the nuclear form of activated Notch1 receptor. J Biol Chem 2001;
276(37): 34371-8.

Oberg C, Li J, Pauley A, Wolf E, Gurney M, Lendahl U. The
Notch intracellular domain is ubiquitinated and negatively regu-
lated by the mammalian Sel-10 homolog. J Biol Chem 2001;
276(38): 35847-53.

Yada M, Hatakeyama S, Kamura T, Nishiyama M, Tsunematsu R,
Imaki H, et al. Phosphorylation-dependent degradation of c-Myc
is mediated by the F-box protein Fbw7. EMBO J 2004; 23(10):
2116-25.

Nateri AS, Riera-Sans L, Da Costa C, Behrens A. The ubiquitin
ligase SCFFbw7 antagonizes apoptotic JNK signaling. Science
2004; 303(5662): 1374-8.

Mao JH, Kim 1J, Wu D, Climent J, Kang HC, DelRosario R, et
al. FBXW7 targets mTOR for degradation and cooperates with
PTEN in tumor suppression. Science 2008; 321(5895): 1499-
502.

Inuzuka H, Shaik S, Onoyama I, Gao D, Tseng A, Maser RS, et
al. SCF(FBW?7) regulates cellular apoptosis by targeting MCL1
for ubiquitylation and destruction. Nature 2011; 471(7336): 104-
9.

Wertz IE, Kusam S, Lam C, Okamoto T, Sandoval W, Anderson
DJ, et al. Sensitivity to antitubulin chemotherapeutics is regu-

41

42

43

44

45

46

47

48

49

50

51

52

53

54

56

lated by MCL1 and FBW?7. Nature 2011; 471(7336): 110-4.
Rajagopalan H, Lengauer C. hCDC4 and genetic instability in
cancer. Cell Cycle 2004; 3(6): 693-4.

Rajagopalan H, Jallepalli PV, Rago C, Velculescu VE, Kinzler
KW, Vogelstein B, et al. Inactivation of hCDC4 can cause chro-
mosomal instability. Nature 2004; 428(6978): 77-81.

Maser RS, Choudhury B, Campbell PJ, Feng B, Wong KK, Pro-
topopov A, et al. Chromosomally unstable mouse tumours have
genomic alterations similar to diverse human cancers. Nature
2007; 447(7147): 966-71.

Tetzlaff MT, Yu W, Li M, Zhang P, Finegold M, Mahon K, ef al.
Defective cardiovascular development and elevated cyclin E and
Notch proteins in mice lacking the Fbw7 F-box protein. Proc
Natl Acad Sci USA 2004; 101(10): 3338-45.

Wang Z, Inuzuka H, Fukushima H, Wan L, Gao D, Shaik S, et al.
Emerging roles of the FBW7 tumour suppressor in stem cell dif-
ferentiation. EMBO Rep 2012; 13(1): 36-43.

Hu J, Zacharek S, He YJ, Lee H, Shumway S, Duronio RJ, et
al. WD40 protein FBW5 promotes ubiquitination of tumor sup-
pressor TSC2 by DDB1-CUL4-ROCI1 ligase. Genes Dev 2008;
22(7): 866-71.

Vashisht AA, Zumbrennen KB, Huang X, Powers DN, Durazo
A, Sun D, et al. Control of iron homeostasis by an iron-regulated
ubiquitin ligase. Science 2009; 326(5953): 718-21.

Salahudeen AA, Thompson JW, Ruiz JC, Ma HW, Kinch LN, Li
Q, et al. An E3 ligase possessing an iron-responsive hemeryth-
rin domain is a regulator of iron homeostasis. Science 2009;
326(5953): 722-6.

Godinho SI, Maywood ES, Shaw L, Tucci V, Barnard AR, Busino
L, et al. The after-hours mutant reveals a role for FbxI3 in deter-
mining mammalian circadian period. Science 2007; 316(5826):
897-900.

D'Angiolella V, Donato V, Vijayakumar S, Saraf A, Florens L,
Washburn MP, et al. SCF(Cyclin F) controls centrosome homeo-
stasis and mitotic fidelity through CP110 degradation. Nature
2010; 466(7302): 138-42.

He J, Kallin EM, Tsukada Y, Zhang Y. The H3K36 demethy-
lase Jhdm1b/Kdm2b regulates cell proliferation and senescence
through p15(Ink4b). Nat Struct Mol Biol 2008; 15(11): 1169-75.
Michel JJ, Xiong Y. Human CUL-1, but not other cullin family
members, selectively interacts with SKP1 to form a complex
with SKP2 and cyclin A. Cell Growth Differ 1998; 9(6): 435-49.
Pause A, Lee S, Worrell RA, Chen DY, Burgess WH, Linehan
WM, et al. The von Hippel-Lindau tumor-suppressor gene prod-
uct forms a stable complex with human CUL-2, a member of the
Cdc53 family of proteins. Proc Natl Acad Sci USA 1997; 94(6):
2156-61.

Lonergan KM, Iliopoulos O, Ohh M, Kamura T, Conaway RC,
Conaway JW, et al. Regulation of hypoxia-inducible mRNAs by
the von Hippel-Lindau tumor suppressor protein requires binding
to complexes containing elongins B/C and Cul2. Mol Cell Biol
1998; 18(2): 732-41.

Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux EC,
Cockman ME, et al. The tumour suppressor protein VHL targets
hypoxia-inducible factors for oxygen-dependent proteolysis. Na-
ture 1999; 399(6733): 271-5.

Kaelin WG Jr. The von Hippel-Lindau tumour suppressor pro-
tein: O, sensing and cancer. Nat Rev Cancer 2008; 8(11): 865-73.



166

AL -

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

Kapitsinou PP, Haase VH. The VHL tumor suppressor and HIF:
Insights from genetic studies in mice. Cell death and differentia-
tion 2008; 15(4): 650-9.

Mehta R, Steinkraus KA, Sutphin GL, Ramos FJ, Shamieh LS,
Huh A, et al. Proteasomal regulation of the hypoxic response
modulates aging in C. elegans. Science 2009; 324(5931): 1196-8.
Brower CS, Sato S, Tomomori-Sato C, Kamura T, Pause A,
Stearman R, et al. Mammalian mediator subunit mMEDS is an
Elongin BC-interacting protein that can assemble with Cul2 and
Rbx1 to reconstitute a ubiquitin ligase. Proc Natl Acad Sci USA
2002; 99(16): 10353-8.

Starostina NG, Simpliciano JM, McGuirk MA, Kipreos ET.
CRL2(LRR-1) targets a CDK inhibitor for cell cycle control in C.
elegans and actin-based motility regulation in human cells. Dev
Cell 2010; 19(5): 753-64.

Kamura T, Maenaka K, Kotoshiba S, Matsumoto M, Kohda D,
Conaway RC, et al. VHL-box and SOCS-box domains determine
binding specificity for Cul2-Rbx1 and Cul5-Rbx2 modules of
ubiquitin ligases. Genes Dev 2004; 18(24): 3055-65.

Mahrour N, Redwine WB, Florens L, Swanson SK, Martin-
Brown S, Bradford WD, ef al. Characterization of Cullin-box
sequences that direct recruitment of Cul2-Rbx1 and Cul5-Rbx2
modules to Elongin BC-based ubiquitin ligases. J Biol Chem
2008; 283(12): 8005-13.

Muniz JR, Guo K, Kershaw NJ, Ayinampudi V, von Delft F,
Babon JJ, ef al. Molecular architecture of the ankyrin SOCS box
family of Cul5-dependent E3 ubiquitin ligases. J Mol Biol 2013;
425(17): 3166-77.

Yu X, Yu 'Y, Liu B, Luo K, Kong W, Mao P, et al. Induction of
APOBEC3G ubiquitination and degradation by an HIV-1 Vif-
Cul5-SCF complex. Science 2003; 302(5647): 1056-60.
Sasagawa Y, Sato S, Ogura T, Higashitani A. C. elegans RBX-2-
CUL-5- and RBX-1-CUL-2-based complexes are redundant for
oogenesis and activation of the MAP kinase MPK-1. FEBS Lett
2007; 581(1): 145-50.

Ayyub C, Sen A, Gonsalves F, Badrinath K, Bhandari P, Shashid-
hara LS, ef al. Cullin-5 plays multiple roles in cell fate specifica-
tion and synapse formation during Drosophila development. Dev
Dyn 2005; 232(3): 865-75.

Furukawa M, He YJ, Borchers C, Xiong Y. Targeting of protein
ubiquitination by BTB-Cullin 3-Rocl ubiquitin ligases. Nat Cell
Biol 2003; 5(11): 1001-7.

Stogios PJ, Downs GS, Jauhal JJ, Nandra SK, Prive GG. Se-
quence and structural analysis of BTB domain proteins. Genome
Biology 2005; 6(10): R82.

Zhuang M, Calabrese MF, Liu J, Waddell MB, Nourse A, Ham-
mel M, et al. Structures of SPOP-substrate complexes: Insights
into molecular architectures of BTB-Cul3 ubiquitin ligases. Mol
Cell 2009; 36(1): 39-50.

Sumara I, Quadroni M, Frei C, Olma MH, Sumara G, Ricci R,
et al. A Cul3-based E3 ligase removes Aurora B from mitotic
chromosomes, regulating mitotic progression and completion of
cytokinesis in human cells. Dev Cell 2007; 12(6): 887-900.
Mathew R, Seiler MP, Scanlon ST, Mao AP, Constantinides MG,
Bertozzi-Villa C, et al. BTB-ZF factors recruit the E3 ligase
cullin 3 to regulate lymphoid effector programs. Nature 2012;
491(7425): 618-21.

Jin L, Pahuja KB, Wickliffe KE, Gorur A, Baumgirtel C, Schek-

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

man R, ef al. Ubiquitin-dependent regulation of COPII coat size
and function. Nature 2012; 482(7386): 495-500.

Chen Y, Yang Z, Meng M, Zhao Y, Dong N, Yan H, et al. Cullin
mediates degradation of RhoA through evolutionarily conserved
BTB adaptors to control actin cytoskeleton structure and cell
movement. Mol Cell 2009; 35(6): 841-55.

Yuan WC, Lee YR, Huang SF, Lin YM, Chen TY, Chung HC,
et al. A Cullin3-KLHL20 Ubiquitin ligase-dependent pathway
targets PML to potentiate HIF-1 signaling and prostate cancer
progression. Cancer Cell 2011; 20(2): 214-28.

Lee YR, Yuan WC, Ho HC, Chen CH, Shih HM, Chen RH. The
Cullin 3 substrate adaptor KLHL20 mediates DAPK ubiquitina-
tion to control interferon responses. EMBO J 2010; 29(10): 1748-
61.

Osaka F, Kawasaki H, Aida N, Saeki M, Chiba T, Kawashima S,
et al. A new NEDDS8-ligating system for cullin-4A. Genes Dev
1998; 12(15): 2263-8.

Angers S, Li T, Yi X, MacCoss MJ, Moon RT, Zheng N. Mo-
lecular architecture and assembly of the DDB1-CUL4A ubiquitin
ligase machinery. Nature 2006; 443(7111): 590-3.

Jin JP, Arias EE, Chen J, Harper JW, Walter JC. A family of di-
verse Cul4-Ddbl-interacting proteins includes Cdt2, which is re-
quired for S phase destruction of the replication factor Cdtl. Mol
Cell 2006; 23(5): 709-21.

Wang H, Zhai L, Xu J, Joo HY, Jackson S, Erdjument-Bromage
H, et al. Histone H3 and H4 ubiquitylation by the CUL4-DDB-
ROCI1 ubiquitin ligase facilitates cellular response to DNA dam-
age. Mol Cell 2006; 22(3): 383-94.

Sugasawa K, Okuda Y, Saijo M, Nishi R, Matsuda N, Chu G, et
al. UV-induced ubiquitylation of XPC protein mediated by UV-
DDB-ubiquitin ligase complex. Cell 2005; 121(3): 387-400.
Kapetanaki MG, Guerrero-Santoro J, Bisi DC, Hsieh CL, Rapi¢-
Otrin V, Levine AS. The DDB1-CUL4A(DDB?2) ubiquitin ligase
is deficient in xeroderma pigmentosum group E and targets his-
tone H2A at UV-damaged DNA sites. Proc Natl Acad Sci USA
2006; 103(8): 2588-93.

Jason LJ, Moore SC, Lewis JD, Lindsey G, Ausio J. Histone
ubiquitination: A tagging tail unfolds? Bioessays 2002; 24(2):
166-74.

Osley MA. H2B ubiquitylation: the end is in sight. Biochim Bio-
phys Acta 2004; 1677(1/2/3): 74-8.

Higa LA, Wu M, Ye T, Kobayashi R, Sun H, Zhang H. CUL4-
DDBI1 ubiquitin ligase interacts with multiple WD40-repeat
proteins and regulates histone methylation. Nat Cell Biol 2006;
8(11): 1277-83.

Horn P J, Bastie JN, Peterson CL. A RiklI-associated, cullin-
dependent E3 ubiquitin ligase is essential for heterochromatin
formation. Gene Dev 2005; 19(14): 1705-14.

Jia ST, Kobayashi R, Grewal SI. Ubiquitin ligase component
Cul4 associates with Clr4 histone methyltransferase to assemble
heterochromatin. Nat Cell Biol 2005; 7(10): 1007-13.

Groisman R, Kuraoka I, Chevallier O, Gaye N, Magnaldo T,
Tanaka K, et al. CSA-dependent degradation of CSB by the
ubiquitin-proteasome pathway establishes a link between com-
plementation factors of the Cockayne syndrome. Gene Dev 2006;
20(11): 1429-34.

Higa LA, Zhang H. Stealing the spotlight: CUL4-DDB1 ubiq-
uitin ligase docks WD40-repeat proteins to destroy. Cell division



XAICEF: CRL E372 IR & R0 5Tk i

167

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

2007;2: 5.

Groisman R, Polanowska J, Kuraoka I, Sawada J, Saijo M, Drap-
kin R, et al. The ubiquitin ligase activity in the DDB2 and CSA
complexes is differentially regulated by the COP9 signalosome
in response to DNA damage. Cell 2003; 113(3): 357-67.

Wang QE, Zhu QZ, Wani G, Chen JM, Wani AA. UV radiation-
induced XPC translocation within chromatin is mediated by
damaged-DNA binding protein, DDB2. Carcinogenesis 2004;
25(6): 1033-43.

Fousteri M, Vermeulen W, van Zeeland AA, Mullenders LHF.
Cockayne syndrome A and B proteins differentially regulate re-
cruitment of chromatin remodeling and repair factors to stalled
RNA polymerase II in vivo. Mol Cell 2006; 23(4): 471-82.

Chen H, Shen Y, Tang X, Yu L, Wang J, Guo L, et al. Arabidopsis
CULLIN4 forms an E3 ubiquitin ligase with RBX1 and the CDD
complex in mediating light control of development. Plant Cell
2006; 18(8): 1991-2004.

Dornan D, Wertz I, Shimizu H, Arnott D, Frantz GD, Dowd P, et
al. The ubiquitin ligase COPI is a critical negative regulator of
p53. Nature 2004; 429(6987): 86-92.

Vitari AC, Leong KG, Newton K, Yee C, O'Rourke K, Liu J, et
al. COP1 is a tumour suppressor that causes degradation of ETS
transcription factors. Nature 2011; 474(7351): 403-6.

Bianchi E, Denti S, Catena R, Rossetti G, Polo S, Gasparian S, et
al. Characterization of human constitutive photomorphogenesis
protein 1, a RING finger ubiquitin ligase that interacts with Jun
transcription factors and modulates their transcriptional activity.
J Biol Chem 2003; 278(22): 19682-90.

Li XH, Zhao QP, Liao R, Sun PQ, Wu XH. The SCFSkp2 ubiq-
uitin ligase complex interacts with the human replication licens-
ing factor Cdtl and regulates Cdtl degradation. J Biol Chem
2003; 278(33): 30854-8.

Nishitani H, Sugimoto N, Roukos V, Nakanishi Y, Saijo M,
Obuse C, et al. Two E3 ubiquitin ligases, SCF-Skp2 and DDB1-
Cul4, target human Cdtl for proteolysis. EMBO J 2006; 25(5):
1126-36.

Arias EE, Walter JC. Replication-dependent destruction of Cdtl
limits DNA replication to a single round per cell cycle in Xeno-
pus egg extracts. Gene Dev 2005; 19(1): 114-26.

Zhong WW, Feng H, Santiago FE, Kipreos ET. CUL-4 ubiquitin
ligase maintains genome stability by restraining DNA-replication
licensing. Nature 2003; 423(6942): 885-9.

Higa LA, Mihaylov IS, Banks DP, Zheng JY, Zhang H. Radia-
tion-mediated proteolysis of CDT1 by CUL4-ROCI and CSN
complexes constitutes a new checkpoint. Nat Cell Biol 2003;
5(11): 1008-15.

Hu J, McCall CM, Ohta T, Xiong Y. Targeted ubiquitination of
CDT1 by the DDB1-CUL4A-ROCI ligase in response to DNA
damage. Nat Cell Biol 2004; 6(10): 1003.

Takeda DY, Parvin JD, Dutta A. Degradation of Cdtl during S
phase is Skp2-independent and is required for efficient progres-
sion of mammalian cells through S phase. J Biol Chem 2005;
280(24): 23416-23.

Senga T, Sivaprasad U, Zhu W, Park JH, Arias EE, Walter JC, et
al. PCNA is a cofactor for Cdtl degradation by CUL4/DDBI-
mediated N-terminal ubiquitination. J Biol Chem 2006; 281(10):
6246-52.

Arias EE, Walter JC. PCNA functions as a molecular platform to

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

trigger Cdtl destruction and prevent re-replication. Nat Cell Biol
2006; 8(1): 84-90.

Higa LA, Banks D, Wu M, Kobayashi R, Sun H, Zhang H.
L2DTL/CDT?2 interacts with the CUL4/DDB1 complex and
PCNA and regulates CDT1 proteolysis in response to DNA dam-
age. Cell Cycle 2006; 5(15): 1675-80.

Sansam CL, Shepard JL, Lai K, lanari A, Danielian PS, Amster-
dam A, et al. DTL/CDT?2 is essential for both CDT1 regulation
and the early G,/M checkpoint. Gene Dev 2006; 20(22): 3117-29.
Ralph E, Boye E, Kearsey SE. DNA damage induces Cdtl1 prote-
olysis in fission yeast through a pathway dependent on Cdt2 and
Ddbl. Embo Rep 2006; 7(11): 1134-9.

Lee JM, Lee JS, Kim H, Kim K, Park H, Kim JY, et al. EZH2
generates a methyl degron that is recognized by the DCAF1/
DDB1/CUL4 E3 ubiquitin ligase complex. Mol Cell 2012; 48(4):
572-86.

Yu C, Zhang YL, Pan WW, Li XM, Wang ZW, Ge ZJ, et al.
CRL4 complex regulates mammalian oocyte survival and re-
programming by activation of TET proteins. Science 2013;
342(6165): 1518-21.

Leupin O, Bontron S, Schaeffer C, Strubin M. Hepatitis B virus
X protein stimulates viral genome replication via a DDB1-de-
pendent pathway distinct from that leading to cell death. J Virol
2005; 79(7): 4238-45.

Leupin O, Bontron S, Strubin M. Hepatitis B virus X protein and
simian virus 5 V protein exhibit, similar UV-DDBI binding prop-
erties to mediate distinct activities. J Virol 2003; 77(11): 6274-83.
Martin-Lluesma S, Schaeffer C, Robert EI, van Breugel PC,
Leupin O, Hantz O, ef al. Hepatitis B virus X protein affects S
phase progression leading to chromosome segregation defects by
binding to damaged DNA binding protein 1. Hepatology 48(5):
1467-76.

Dias DC, Dolios G, Wang R, Pan ZQ. CUL7: A DOC domain-
containing cullin selectively binds Skpl. Fbx29 to form an SCF-
like complex. Proc Natl Acad Sci USA 2002; 99(26): 16601-6.
Kim SJ, DeStefano MA, Oh WJ, Wu CC, Vega-Cotto NM, Finlan
M, et al. mTOR complex 2 regulates proper turnover of insulin
receptor substrate-1 via the ubiquitin ligase subunit Fbw8. Mol
Cell 2012; 48(6): 875-87.

Huber C, Dias-Santagata D, Glaser A, O'Sullivan J, Brauner R,
Wu K, et al. 1dentification of mutations in CUL7 in 3-M syn-
drome. Nat Genetics 2005; 37(10): 1119-24.

Huber C, Delezoide AL, Guimiot F, Baumann C, Malan V, Le
Merrer M, et al. A large-scale mutation search reveals genetic
heterogeneity in 3M syndrome. Eur J Hum Genet 2009; 17(3):
395-400.

Arai T, Kasper JS, Skaar JR, Ali SH, Takahashi C, DeCaprio
JA. Targeted disruption of p185/Cul7 gene results in abnormal
vascular morphogenesis. Proc Natl Acad Sci USA 2003; 100(17):
9855-60.

Pan ZQ, Kentsis A, Dias DC, Yamoah K, Wu K. Nedd8 on cullin:
Building an expressway to protein destruction. Oncogene 2004;
23(11): 1985-97.

Huang DT, Ayrault O, Hunt HW, Taherbhoy AM, Duda DM, Scott
DC, et al. E2-RING expansion of the NEDDS8 cascade confers
specificity to cullin modification. Mol Cell 2009; 33(4): 483-95.
Duda DM, Borg LA, Scott DC, Hunt HW, Hammel M, Schulman
BA. Structural insights into NEDDS activation of cullin-RING li-



168

AL -

121

122

123

gases: Conformational control of conjugation. Cell 2008; 134(6):
995-1006.

Soucy TA, Smith PG, Milhollen MA, Berger AJ, Gavin JM,
Adhikari S, et al. An inhibitor of NEDD8-activating enzyme as a
new approach to treat cancer. Nature 2009; 458(7239): 732-6.
Kurz T, Chou YC, Willems AR, Meyer-Schaller N, Hecht ML,
Tyers M, et al. Denl functions as a scaffold-type E3 ligase for
cullin neddylation. Mol Cell 2008; 29(1): 23-35.

Enchev RI, Scott DC, da Fonseca PC, Schreiber A, Monda JK,
Schulman BA, ef al. Structural basis for a reciprocal regulation
between SCF and CSN. Cell Rep 2012; 2(3): 616-27.

124

125

Pierce NW, Lee JE, Liu X, Sweredoski MJ, Graham RL,
Larimore EA, et al. Candl promotes assembly of new SCF
complexes through dynamic exchange of F box proteins. Cell
2013; 153(1): 206-15.

Duda DM, Scott DC, Calabrese MF, Zimmerman ES, Zheng N,
Schulman BA. Structural regulation of cullin-RING ubiquitin
ligase complexes. Curr Opin Struct Biol 2011; 21(2): 257-64.



