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Figure 1 (Color online) The process of protein neddylation modification.
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Figure 2 (Color online) Abnormal activation of neddylation pathway in lung adenocarcinoma. (A) The level of neddylation is significantly higher in
lung adenocarcinoma tissues compared to adjacent normal tissues. (B) Heatmap of expression correlations among neddylation-related genes in lung
adenocarcinoma, showing a highly consistent expression pattern among neddylation genes, deneddylation genes, and cullin substrate genes, with a
predominantly positive correlation. (C) A positive correlation is observed between neddylation and deneddylation activities in lung adenocarcinoma
tissues. (D) Relationship between the expression of neddylation-related genes and clinical prognosis in lung adenocarcinoma patients. Higher
expression of most genes is associated with poorer patient outcomes.
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Figure 3 (Color online) TCGA data analysis reveals the association of lung cancer progression and neddylation activation. (A) Neddylation pathway
activity significantly differs across lung adenocarcinoma stages, with higher activity observed in later stages. (B) Relationship between overall
neddylation activity and patient prognosis. Samples were stratified based on the median neddylation activity, showing that patients with higher
neddylation activity have poorer prognosis. (C) Pathway enrichment analysis of differentially expressed genes (DEGs) between samples with high and
low neddylation activity. Bar length represents the significance of pathway enrichment (p-value), while bar color indicates pathway activation status in
high-neddylation samples (red: activated, blue: suppressed). The line chart represents the proportion of DEGs within each pathway. (D) Volcano plot
illustrating the differential expression of immune-related genes between high- and low-neddylation samples. Inflammation-related genes tend to be
suppressed in samples with high neddylation activity.
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Figure 4 (Color online) Screening methods for the discovery of neddylation inhibitors.
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Sy FAEEL. E2FICRL1 E3Z S54RIk i
RETE i SRR (Di-Ub) M E 2 Rz Z K4, H4E
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i AT, FH 050 B 1) V2 FAR IR/ 3 ), SRR
BT — R FIE R CRLA M) /N> T30 7). A8 28 e i
AARANCULS R B, FfF] H AlphaScreeni K,
5 T RSNCULS~NEDDSS [k /5 245, itk —
AL, A IER FE R IR R, 22 {E 1]1X0.87,
CV/NT5%, @ik 70f%. BT XAFEG, AR
SR PO 15 S it 7 2000007k A IR 1 o i
fiiik, KT —RIIE2. E3MI/N AL FHISHT
ROBAEHEHE .

B2, &40 I B0 A A7 E — Se B A= PR .
T2, TR T AR ) T B R R R R T TR, R
INHEREEAE, RIFEFY RN EAED, B
BREMATISLL, KRERE. SiEE. TEL,
A = R N, IR S S R
A8, Hk, w FIRE R FR RSN, A
EZANEE. 2007, FIATSE 2 HER AT
REEF A A RO 5EAMEER. Filar-
Ve FAMPAT . R, TR BRI A 15
IOUESES, A Rt m B HER B R L &P . FEIRAFAE
SR SRR S, R, KRR ERT . AT
Ay, BeJa, il g ) o A R, AR
W SE RN 2 AL G . FLR, BRSNS, 43 AL
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3.2 VSR BY 4 HE 10 97 2

IR AV HARN CH AR, BFEA R
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HAl, S8f KENRMBHICE 1S5 PR
PRI ARAT i), S X 2 A R TRIN, 45 4 e P97
HEREA, AT DA RICHb TG V8 TE (1 /N 237 1) 751,

AR A% 4 1 A AL T UBA3 FUBE2F 1
E AL F(PDB ID:3FN1), Tl 7 3/MEAE ) ki 2h 1
88, JRET B OASET TR IE, B T 2R
[ F) 7] DA BE BT UB A3-UBE2FAH HAE FH 71N 731 41 i)
Al HA-11410] 455 IF 1 901 = ACE 1 46 1 JE
UBA3™. TIHA-910413# 1 45 £ UBE2F, -5 BHL b7
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AT LR, KRG T S S MNAER LG
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P B R R AL 2 P e R I L, A DS FL AR A T
SRS, MEMEBIXEH N T AT G, Bk
¥ it — ARG M R SRR (K 4b).
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F. ABATE S5 B S DCNTATUBE2M & & W 1) 45 #4 1
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(SMURF 1-antagonizing repressor of tumor 1), 215115
WAL = AN KRB R (1) A 454 SMURF1 HECT
LR K Smurf1-LAE G #E R LA, (2) I SR st 1

922

BICCRBNAC A& 5 B2 i, (3) A HIBIT ey 1 £ i ik
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KPS, X AP T DNAZR D 77 s 4 DEL i e L T
g miERIRIE A B ERSE, mimEsEs. o
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fE, GELN N T e AT BE AL 2 A/ CRLUAN I 551 )
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Figure S (Color online) Classification of neddylation inhibitors.
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MLN4924M LSRR, SARBFFTIESE, A EHEEH]
FEFLIA Asp 100 AR R AL AT s 45 45 55 AN 7 (1) S IR 3K
MTTEA I R B, LZ3xHE a0 A K B A sER,
I1CsofH7E12~29 pmol/LZ [A]. MCF74H e Jit S 46 3 B,
A PILZ3 FENAE AN F 157

20214F, J8 I v S L4 B REPOL IR e AN 5 i AL, A
PR RS T A INAEM B, AN
HA-1141 (%1, 9). HA-11415EB8IE P45 S NAEF-HD
HlCullin I Z L. BEAh, HA-11418 0] 15 K PR
W (ER) BT PKRAT 3 (1) R it 8245 R Bi(ISR), -
WG ATF4, TiAE f5 BRI 8 B 5 & 5 X mTORC g
P, A S AW, HA-114 1040 D% B R i
AL it 96 A5 25 P A R A7 175 2R 0 M o A R o v
VE R — 2[R I LA 038 fh 388 1 30 i FIER B2 315 5 W
HEIGTER T, HA-11410 7 & BAG ML B0
ZiWITRE T OBNIR AR
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423 R

20114, Matf gl il 7 B NMEFINAER K
SR H)——6,6'-biapigenin (%1, 10). TEMEE/RIKE T,
5 16,6'-biapigeninE 8 A1 20 i 7T (¥ I3 347 4
N E ONAESNHITE M. 5MLN4924 I 45 &R
A, L&476,6'-biapigeninifiil 5 APPBP1FINEDDSJE
R SR AM BRI, I 45 M R ORIk, 2012
4, LeungWt 7L IR K T — R 48 45 KON AED
w7, Bk a2 R, 20154, Zi
PR P R B IR (Kava) 5 968 58 IR0 28 1 PG
ZAAFAEORER, 5 SR 7t R B Kavat U Flavokawain
A (FKA, £1, 13)BeM% 175 5 15 e A ET 51 e 40 f
P ML FCR A, FKA G4 TNAEF ATPS; & 11
4%, PHW TNEDDS8 5 UBE2MAICUL-11I45 4, Mifi5]
RSKP2[)Z AR, B4 FEEE & Hp27HI
2, f R AN R T

424 EREERY

I T E 2% ih, MafiLiang 418\ 437
FE20124FF120174F %558 P2 (LIDEC A4 [Rh-
(ppy)2(dppz)]” (#1, 14)!"**"HI[Rh(phq),(MOPIP)]"
(#1, 15" HF[Rh(ppy),(dppz)] ¥ UBE2M-
NEDDS i/ F S 3L H A =R, 15 FCaco-2
YA P p27HIAL &, Ti[Rh(phq),(MOPIP)] 7E4K N &R
S HT R IE L.

4.2.5 FDANIEMZSH

20144F, Leungf 4t 28"l id £ & ke 1097506 2% 30,
A R B- W ERIE S 4E R Piperacilin (R1, 16)11EA
ATP &G P AMH 5 T p2 7 B, 3B S FDAVGE K]
25 EAE PR AT R L, RIS — R 25 Mitoxan-
trone! "L —FIATP 3% 4+ PENAEHIHI (1, 17), Wik
SpSIMIFR R, AT firh & 45 B e 4H M R T

4.2.6 At HIF]

20164, Ouyangflf %t 20" ** i b 45 #) ey 3 B2 pi 0
i 08 AT BN R I T — PR 3 N A B A 1 7 ——
M22 (351, 18). M22BERE 5 S ASA9AM B T2, JRAERE S
B (Y AGS B S PR AR R 3L 155 e A K 1)
FHIAEF, (5  ZEBR AC FR S P A . i I B R 0

i e AR J5 S5 A0 AL, 201748, 3657 Y B R0k e
(R ZM223 B A N ABHI IR 1, 19), HECsH
JEFEIN0.1~1.22 pmol/L, #2547 NAEHIHIFIH
SERIZFENE.

PAM22 43R, FEi it & B 0 25 Ak 2 8t —Fb
XL 4 #] FILP0040T-201 84F 4R (21, 20)1"*.
LPOO4OBE fE Iz AL SR HIN R b, £ 5 R AN
P FIRN B oK S B 0L T, 6 &4ILP0040
XTAGS ¥ A0 A AR K TR P R E . JE i
“IHZG B e, L i E20204E R £ T &Y
CDC (31, 21). fENATPE 4+ 077, CDCREWS HIH
UBE2M-NEDDSIJE L. A& HCDCKT e 41 g A4 K
FAEVE B SIS R RBE RGN, A T M22RKFE
B, (H A IIMLN4924,

4.3 E244H151)
4.3.1 UBE2M-DCN1#i4i%1

TE LM, AP NE28L R ARG
UBE2M (1#AJUBC12)" " HIUBE2F™", ‘&A@ i {1k
FETR G SN NEDD8 MNAER: 4 2 [ & 121 B & 1R
TEPEAL AT . DCN1 (7EBRIE % BEH R A defective cullin
neddylation-1) ] 7] B 5 CRLs ATUBE2M 1) & it 45 &,
FYEE, 15 FNEDDSH 2 2 Cullink A 148 =R L,
M AR 30 A F2 L0 DONRE 5 A R 7
(DCNLI1-5) 571 A F Cullin® A L =1k, #F 7T
KW, DCNLI{EZ FiedE il £iE, A arsl
B Sk K B B AR, XS I — AN TE BT
e 4 FEDCNLER AR R, B 2502 B B
PONY H T4+ CullinZg [, TTDCNL1-5 ¥ % i 25 #4) U]
FXTRERR, SRt e R, DCNL1Z—Fh S 42 A4
FACESERBGILAR, 5 2Em) RS MR RN, Rt
MK SE2 LR OB B R IRk A —ile, oA
DCNL18{DCNL3 sk . BEi & ih & M E2 4
Uiy 5 MK AT LA N E2 B 5 4 PR D 77, PHUTE2 5
DCNL2/3Z [alfAH BAE A, M5 ECullinl F1Cullin3
(RIH8L A AB K T AR, 1% 98 I DCNL K 1
FLZ AN 77 BT R AR T 8 1 S s

20174F, il miBE kMM, Guyifs
AR T ANUBE2M-DCN IR, Hdr 4 h
NAcM-COV (1, 22). DCN1EHE D48 E Rk s g
B 5 UBE2M & i E AL 1 R R IR &5 & 4 e R AEAE
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ZR A AR 5 AR ADL R I B e 0 AT A 2 4 17 - i

H, XXTFHEZHMAHEEHZXREE. NAcM-
COVZx LN T7 20 408 1 L R - TR I I e Bk (41, AT
THFNR AR, NACM-COV A — A AT [ DCN1
a7, HICfE 28 nmol/L. #ENAcM-COV #4514
AR, —S AWt B RGP ER A IE i
IR, HNACM-COVE B M IRIE . 20184,
Guy i R T SR B I AR, i R
% B MBS INACM-HIT, 7] DUE A B 2
P AR 48, DL FPLDCN VK Ul = ALk s, I
ICs,fH N4~7 mmol/L. fEMLIERE b, JE &b as il
I RTT, B A e A TG PE B3R T T 100
5, IR ARNEIE T HA FTocE. ALE RS
FAE23 (1), FICs{E N60 nmol/L, {HAEYIFIH
FEATS AN, HAE /N SRR A A AR AR U B 1) it 6

BE 5, Z BB 23 3E4T T 4k, 155
THAYINACM-OPT (#1, 24)™. NAcM-OPTkF 1
#\DCN1-UBE2M, JHR: R PEEEXIDCNIAIDCN2, fig
BT R e ROR. TEBRRAH R HCCOS A i & H,
NAcM-OPTH; 53 PEIH] 1 Cullinl FCullin3 48, & AL
i, SEGRp27FMINRF2H) R, 1 Xt HAthCullinZg A
Fe H R A G . NAcM-OPTIR B T 1 5402310
AL S I R AR TE T, LR IR R A 3G T A Ak
Fasetk, $2m T DR R R

20174F, Wangif 2> i it 45 44 51 B it 755
T MR TR EE IR R 146 A PID1-591 (581, 25). DI-
591/EHFDCN1F 48K AE N 12.4 nmol/L), JEIL
H R R S I R AE B HIE R, HEAT R4
ZFIEMERKEM(EPH 2.0 5.7.4 F K120 mmol/L).
bEJG, 1% B DI-59 1 HEHT T )5 4R g5 i,
T2018FE KK T AYIDI-404 (K1, 26). DI-404fEH]
T RUFIIDCNISERE (K fHN6.7 nmol/L). 41 #h%
HesIG X B, DI-591FIDI-4044F F ¥ [AIDCN1, 34
FEYTHE 926 7R, DI-591F1DI-404BHf% T DCN1 5
UBE2M [A] (A LA . — 3 Bk BPE A Cullin3 1
WE B, SENRF2E AKFH S/

20214F, [Al— i@ 2H " DI-591 14 74 475 Mo e 35 [
HHAT T8, 1538 T LA YIDI-1859 (%1, 27). DI-1859
X Cullin3 [ F0L 2 B R It = ALk 6 0, 51
AEE T OGR4 = T 2~3 N B g, IR sEae R,
DI-1859881% 5] #2/IN R IE WNRF228E H (1) R, AT
LR BE 5 52 5 B B My B 4. X ORIk 0 3R
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LI B A R R IR R A, WIRZEROS
51 S AN B T 2

20194, Liuifmizh "7 ot e i 5 0 e 0 45 M 1R
1k, SR T —Fh =Mk g KDCN LI, Har A
WS-383 (1, 28). WS-383% AL MIDCN1, HAx4h
IC5,fE A11 nmol/L. 7E B 41l RMGC-803H, WS-
3834 %AW 7 Cullinl MCullin3 il £ AL &M, 3%
NRF2. p21Hp27 8 HI . SR80, WS-38311 25343
JIEEE R 2, RN R ERRIA B P Aok s w1 ik
Rt WS-3831K1 75 PR RC AR 45 4 Rk 1% Ak S T
Ao B AN P, (H SEI0 SR B WS-3835% £ Fhifil
((IBTK. CDKSsFIEGFR) K4l 3 P 5 55

20214F, Zhaolf R4 i it mil Bk . S5 AR
1 BA X SARWEFT, il 7 —Fp 28 45/ ) DCN1-
UBE2MIII7): SK-464 (1, 29), Zib&YILER A FI
PRAN A RE A RLANHI Cullin3 L R LB, 4> 3245
IR, SK-464XDCN1 I BRG], FEReFr 7k
#EHDCN1FIDCN2. W7 RN, SK-464HE5 3N B I
4K YSE70RIH2170/ 7% 7 512 2%, (HFRIkE 92524
WHZ 2500 2 R e, 7 B — 2B DA T L
PERE.

20214, FE T e 3 bt P i £ 2 Guy i g2 )
RIE T — P fIDCN1-UBE2MAHIF, S5kn T4
Y130 (R1). ZAb& il it BHETDCN 1 5 UBE2M I AH H.
YER, MmN R ERE, ATREZEDCN I RIA 1 3E
B B A I SR A B AR B AR . 2GR B 7y 2
TARFR W, 4% &6 50 mg/kgi & 440 T Bk
MReh Zaw), FBUH AR O RAEF B, i/ R
S B EREAEIC, LA Fik24 he 20214F, LiufAI A
AT =R, AT — R5N2-503-5-F LB NEAT
I, 31), HANHIUBE2M-DCN2AH HAE I HIICS,
2N9.55 + 0.98 nmol/L.

4.3.2 UBE2F#I3|

WAL, S B3 bR
UBE2M 5 RBX 1 4 [l ff 4£.Cullin 1 -4 38l Z 4045 1120,
MUBE2F 5RBX2/SAGIU L [Fl 4k Cullin5 48l = Ak &
W BT EAESE, X PR E2RRIERG A — R ST
et Rk, HSRIERRLER BRI, Kk
HRTERE IR IT I AR . RO BE MR R £, il
FrUBE2F & CRLS IS, MM S8 MR R T EA
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NOXAH S, 7 SN -1, Sohatr Bl e %
W, FBRUBEF I8 % 88 40 L0 3 A 2
Bk, MCL LI gl sk, s
UBE2F ] LU{fE Sy — o 2 AT B4 S
TAVBCH A FLR B, fEKrasG12D-175 T 1 J R Ja 15
R, TR Ube2F UM T e i R A R,

20224F, AR RRLA O i R 097 1 Ak 2 2 AR
th, KRBT —FhRr R UBE2FHIHI5, iy 4 AHA-9104
(£1, 32). HA-9104Re8 A Rl CullinS L Z= AL 12
i, FEINOXAM R, il fimam T, £
ANTRI4H L R T BIIC s [ Y5 L D 1~5 pmol/L. th4b, FrAT]
RILHA-9104 7] 5 SFDNAS I RIB,  39 0 i 40 i xf
T BUBE. SR, BT HA-9104 % il 4 2 H 2
TR, HAR A B R B AN AR, AT H AT IE
TEX H AR FAT 224, DASE LR IR, S K5
H, IR T BRI I S0 S, DU R I e ok
Sk TUBE2F #1771

4.4 E3-SAGHIHIF]

TEM RGP B, B3R 1 51K NEDDS M
E2FeR2 BRI A L, Wi Se dth Z AL iz 1.

4.4.1 SAGHIHIFH)

KL MEIE RS A RING B, HARBX1/
ROCI1HIRBX2/ROC2/SAGHE AN A& B BT,
I E AT FR AT O B T I A 2 Ao K A,
RBX1fISAGH /& Cullin-RING i # i (CRLs) # [1]
RINGZAL /™), CRLs 12 HE3E BN 5 ik
FRIER R, 7 55 2920% ) P9 2K 1 e,

19994, AP 5ike TSAGE A, IR
SAG/2SCF E37Z ZEHMFRING A 53 128 AN A,
HE—RHVAEEABRESEPRESEZEMERH. F
KrasG12D 5 f it /N R A b, i bk Sag e B S 410
IR B R A R, EK T N R AR
SAGHIN AR — MBETEMPUR LS. 8 miEE Y
e, AU T 20204 K I T —Fh AATHF o EX
HIRIRF=Y): Gossypol (K1, 33). ZiLEW A LAE
{EHFSAG-CUL5ERBX1-CUL1 E &%), #1#|Cullinl
ACullinS AU AABME. HH OV SLER K B, Gossypol
RE 0% S 25 P 22 B i Rg 41 B & cullin 2z (TR AL

&th, Fik M7 S Cullinl FCullin I JE 2 MCL1 Al
NOXAM ZF. Gossypol 5MCL 14l 71/ Bk F ] LAl
FEAIL A KT, XIS AMIE R T Gossypol (R
P&, 9T MM HYEE, FHOVE3 &R
I I B KB T LAl

4.42 Smurfl[&fFEFH|

SMADZ ZAL TR A F1 (Smurfl)/& —FHECTHY
E3v2 RN, 0B R vz 2R 1 B A A 1 %
RGBS MR E A, U2 AR s K
MRER, GFRET. 22, ARANEE. &%
RN AR E S, BEFUREH, Smurfl2—F R I F
NIz FACRIILZ AR W B3 R, el it i iz R E2
(SRR 3 Smurfl H S LR AR, ARz
K,

20244F, Zhangif 20 25 1 K AR 1 R A
&(PROTAC)HIA, #% 15T CRBNHI/N3 ¥ Smurfl
BT, fm 4 NSMARTI (%1, 34), SMART1#EA 2% H.
PR P A Smurfl & 1, (HABE R MR LA SRR L,
35 B A = B RIVE A A Smurf2. 164N, Zhang ] BA & B
PDK1/&Smurfl f—F#r fl A0 KA, il % fg
Smurfl, SMART &2 #0111 ik & F A T FIPDK ¥
#A. HAFSMARTI A A RN HIKRAS R AL 45 B
BRI T E S E A M I 24E K, 1C 5o 9 10~50 nmol/L,
HAES0 mg/kg 145 2578~ il & Z | 5 T RAS AR
PRITHCT 1162 i I S ol RS A A e B AR 9 AR, 238
—ANRIE A RO R T PR RV 408 25 1 ) Smurf 1 B#

figEr.

5 HEERE

H 200941 MNAE# ] FIMLN4924 38 LK, X
B2 RAAEHHIFEN T IR R, —14£2009
AEARIE IMLN4924 (Pevoedistat) ™, BCAHE A1 251k
B TR 2 T R 1 BELRR . S — AN 2 TAS4464™.
FH T MLN4924F1TAS4464 %8 ANAE E 1 EHN 771, #01
HIRE SR AIE S, B2 IR R, FTCL, ASAT ik
M2 7 A s A B EI AR . DRIk, A S e 1 Mg o
FEAR 31 F 4002 bl 2% R Ui I B2 FIE3 2 12 s X i
Jod 4 )3 B M IR BRI G IE W AR A EIE T, B
B AR 7R SCRIG PR B FH AT 5.
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Figure 6 (Color online) Summary and future perspectives for neddylation-targeted therapy of lung cancer.

F20174E AR, 5 HZEDCN1-UBE2M M 7 )
T8, HEZ A 2B E Y, B R0 I R AT R 7S
BB, $EFUBE2FFIE3 B/ T H0dI AT Fi i 2>, H
AT HHA-9104F1Gossypol 53 A #E 1] UBE2F MISAG,
XAk A P 3 R R I R RS 5 TR TS A7 AE 1) R, 3
BRI T e AR VR T P .

SRR, R T I A0 ER A I B A o R AT A 1%
HF 2 4503 T Il 1) B BB . A 45 F 2R W S T T
fENTE2. E3M)SRiRZE /I FIIL 251, UREL-E2. E2-E3

FNE3-JR W) 8] U AH ELVE P ST 78 ) 58, A B
TI R SR KB INAE NEE2. E3%T
RURN AN, CE 2R P2 2 T, 20 KL L )
A HOL 3R 1 38 265 2 ] 7 I TR oA 35 RS B TR 4 A
[ 2 TR P G P2 A i DA R e 0] 4 2 440 T T e P 18T 2
R S JIRE 1 R AR R R RN G N . B X R AL AR
VIBLEI RN T iR, AR SN LA Bh 2 vt HoR 11
KIE(E6), FRATTAEAS 0L ZR Ah a5 400 i 550 1 I o a ik
BN—AHB .
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Abstract: Protein neddylation is one type of post-translational modifications in which NEDDS is attached covalently to

a lysine residue of a substrate. Neddylation is catalyzed by E1 activation enzyme (NAE), E2 conjugating enzymes, and

E3 ligases. Cullin family members are the physiological substrates of neddylation, and cullin neddylation activates

cullin-RING ligases (CRLs), which then promote ubiquitylation and proteasome degradation of many key signal

proteins, thus regulating many important biological process. Accumulated data showed that neddylation pathway is

highly activated in human lung cancer with positive correlation to poor survival of lung cancer patients. Activated

neddylation pathway promotes the proliferation and survival of lung cancer cells, and accelerates lung tumorigenesis.

Thus, targeting neddylation has become an attractive approach for the discovery and development of anti-lung cancer

therapy. In this review, we first introduce neddylation process, its biochemical properties, and its alterations via

bioinformatics analysis, and its known tumor promoting functions in lung cancer. We then list few advanced

methodologies/techniques for the discovery of small molecule inhibitors of neddylation enzymes, followed by a

comprehensive summary of all known inhibitors of neddylation enzymes. We end the review with brief summary and

proposed future perspectives. The goal is to provide a most updated and comprehensive information to the readers of

interest, and to draw more scientists to join the effort in the discovery of neddylation inhibitors for anti-cancer therapy.

Keywords: neddylation, CRL E3 ligase, lung cancer, immune microenvironment, targeted therapy, inhibitors
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