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Abstract

Targeted protein degradation by proteolytic targeting chimera (protac), which consists of protein tar-
geting ligands linked to E3 ubiquitin ligase ligands, has become a powerful therapeutic modality to de-
grade pathogenic proteins through proteasome-mediated degradation. At present, the research on
protac is in full swing, but there are still great limitations in the application of protac, such as the drug
resistance of tumor cells. Drug combination is the most widely used way to avoid drug resistance, but
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it has brought new problems. In contrast, dual-target drugs have great prospects. Dual target drugs
fight against viral infection by simultaneously inhibiting multiple target proteins and producing syner-
gistic antiviral effects. The drug resistance mutation of tumor is targeted at the E3 ligase. If protacs with
dual target E3 ligase ligands can be designed and synthesized, even if the E3 ligase at one end is inacti-
vated, the corresponding E3 ligase at the other end can still play a role.
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1. E3 Z & &S0
1.1. ZEKRSG

2R - HAMARG(UPS)) AL T HAZE T, HIFREME 1], TR E AL 0™ 1% s
7, ZAGHB Tz Rl ZRE A MR 2L, "aR—- Bz fhnid, ExB3h
ZRMNRRERT, WuE— RSN EL. E2. E3 Mz %M, HZE Az RUIEREMRE2].

1.2. B3 ZRIEHMEMRPIZ5%H

UPS 5 ABHACGE IS BRI N [3]. 55— El BEHAE ATP 8 IFIGZ R, B85 B2 S
JERL B2 2 RE A, B5 B3 M-Sz Rl B2 2 HirE . KT RURFLL El. E2, E3
i, WFRCLHAT 7L HE4], BILRI T HEE T 600 i B3 i R, (HE KB40 FiAK B2 2
RESATA 2 F Bl 2 RBOSEES]. Bmis 0., B3 BREES TAPE. B3 2 RIEERMNZFEMEmEE
HTE R RVEEIR R, Ha2 E3 2 3G I BCAA T R EG WA, X F 22 h E3 2 3 F I I A
ANEBFEIEN oy FaEEAL s, Rk RE WA B3 2 RS BMEAS RN, XA BRE T
I ) 9 2

1.3. B E3 TR EEEA &

BAREATCE K 1T 600 F E3 72 RIEHN, {H:2 A4 CRBN (Cereblon), MDM2 (Mouse Dou-
bleminute 2 homolog). VHL (Von-Hippel-Lindau). DCAF (DDB1 and CUL4 Associated Factor)5j%. IAP
(Inhibitor of Apoptosis Proteins)% 15 £ 78 73 W L[ 6]

(1) CRBN Pt ik

FEREFEVD R FE R B LB R R b, B AR IO BE AR Ry — P G2 5 R i 25 ) (IMID) T 40
Ak, 2011 47, Tto [7)58 NBIBFFEAUER VDR B i Ho 8/ — 28 CRBN LR, BEJS Zhu [8]55 AUER] 1
TE b JR R B2 fri th 2 i [a] CRBN (1o VD7) B2 fie Hh 408 248 — R Ik IV Jbe 1 1 — IR R PR AN 350 23 2 R, AT AR
Vit BA AU 254

BE& 455 WL 5RO RN ARBTR N, BFFE N AN 2 T CRBN BCAA IR 4544 J5) BTV D) B Jie
Y. B ESCRR A, HIEYS CRBN 56 W2 VbR AT A T B B R [, B oI e i
BRI 2R — WS i 38 73 FE A 2 B R AN RS2 M, 7R ARl b, Hwang [9158 R VDR BERZ AR 2K —
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FR O SV 35 0 U N R R 2RI F =, PR T BT CRBN ik, Xt IKZF1 5 IKZF3 MR R
A, R

(2) DCAF Ft ik

PUBE - PUETE PUREEAPURSEMIER, BEEEATAY— B R AL B35 72 8] 567F, Nijhawan [10]
2 NR B Indisulam (—FPEEFZATA40) LK E7820 Al CQS AEW51E N DCAF15 ik . FIFERE DACF KK
DCAF16, Zhang [111%5 NfER B RBIER B3 12 RGN, iR R AE R B
MG B I A R I B AR O . 20— R A SRERIE B IX SR S5 #E 7] DCAF16 X Fhiik = B 7 i) A%
SENL B3 12 RIEH

EAAERERE, RILAX LA DCAF16 FLfk 5 CRBN FCARTE N B HARRCAAA ], &l A
M THREE, MAEERSSFRERTI. IAMEE T E3 2 RIEEMK 2N, MIR% 7 E3 Z 5%
FERGRCAR )T K BB o Cravatt [ 12155 NSRRI TF R BB, %55E 7 —F DCAF11 L.

(3) VHL Ptk

VHL [FIRE = — Rl 78 F0 00 B3 12 RS0, A HIAZ FhIOMLAR . Buckley [13]%5 N % 5E I 26 )5
A =57 28 VHL FCRmIgsie, & 2R fige BRIk . Zoppi [14]% NFE & 7 —Ff
e SPER VHL BiiRSs MR Jr m, AR B VHL Bk f BRI EAMY BEd =t VHL 45 58877,
WRETR m @ EYE . AT R R, AR T VHL Bik.

ZJ&, TEXT VHL BCARE i, Lucas [15]% NEEST VHL #EAT 17— TR T 1 B IRE, R T =A
ZHTNAR BRI G55 0N PR B IR NGO IR, = AN BOEl R A 2 AT AR BN &5 A 0 5. X
T 78 B RS 8B 1R LS 22 7R 3 08 e 105 (DSF)FE A ) v 3 B AR M0 B8 5 v DA R A S A S R B R
(NMR)TE P 1 15 R AE B 515 X IR ER S A 5 A 45 G A — P i 300 B S 24 ) 08 s (T G A ) B i

1%
2. PROTAC (BHKEE @& F)
2.1. PROTAC HE & EE

PROTAC RIEE /K ARAE Al ik A4, & —Phae i 85 A B A s h i B 2 5K . PROTACs & — 2857
Ren T, St AR E A (PODELE. EH:T(linker). E3 12 ZIEHMAL/A[16]. PROTACs ] LA
IR PE SRR AR B 5 B3 12 2GR, TERURE M =0 ZaW(A 1), (Edkitr s a7z R4
B ARAEAR B [ 17].

E3
Ligand

Figure 1. Schematic diagram of ternary composite
1. ZnEAYREE

DOI: 10.12677/hjmce.2026.141006 55 2tk


https://doi.org/10.12677/hjmce.2026.141006

R AHZE

PROTAC H 2T LMEH TAEGM & “AnTzy” MEE . A4S & R ROKERE B
N CATRLZST [, {HEESE PROTAC BEFALIHERE, A 2R “Anlmzy” Mg Boe. [FR, KA
ZEAEGYWPA N AR, PO A — AN AN R e M 2 S DR, T [E
BHET 0 AR 2 B0 BRI SR R A . (HIX X T PROTAC R 5E A2 il fil——— B A
— MG EAERIT ALY PROTACs B4, MEZANEEWMAKHZ £, NIASERARZEASS
¥[18].

2.2. PROTAC BYZEH45E

HISCEHE S, PROTAC 7rFH = RAMM 5. $EbREE ARAR . BT B3 2 BBk, XM
B S5 R 27 BT R OKER] . PROTAC #3258 T HABLHAL R Bert, T ARG R0 = AN R 73 ik
ITHEBIH S, XS PROTAC 73T TH 1 RIG R K$E T, dlid 54 PROTACs [3E—> “ZH4:7 , T
AAREIERIARFIR, X BRI ERGE Ty, A EREREENE .. AR EESE— /2404
. £ PROTAC I “414+” , PROTAC M7 LA s U7 1), EPEEFRER FICAR S E3 V2 304
LA R TT %

2.3. PROTAC BIFFSTIR

H M PROTAC HIMEE AR ELLE 2001 [AHE[19]LAK, XF PROTAC HIRTFEAWIRN . M) i) E 24T
ST 2R AR IR T[20], BN IR KR ) Arvinas Therapeutics 1% ] NCT04072952 1 NCT03888612 .

% —MM PROTAC HT-H=/Np¥ E3 Z 3B ACAE, REZILT RIKEF[19], (HIX AL
FI PROTACs AR ZEAMUEE M, XACKHR S T IR H[21]. 25, JUFNS T B3 SRR
PE A4 F 1) H 25028 73X — 159, 4 ] MDM2 (Mouse Doubleminute 2 homolog)ft /& Nutlin-3 #J#f] PROTACs
[22]h5&% PROTAC #EN “/Ny17 IR, f#H] CRBN (Cereblon) Bt 4 b F1) i iz K HLATT A= 15k A6 e A
b RE ik i) PROTACs #8858 = Va1 38— AR AR, CRBN —BREC M FH ) 1) E3 12 3%
LG
£ PROTAC FIN I, % W& CRBN 55 VHL (Von-Hippel-Lindau)#Ff E3 12 2% B8 1 BC 14,
At A A — 265 T CRBN LA ¥ PROTACs A —F%: T VHL A& PROTACs #EAIGIRFT B . F 2
JE DRI X A E3 V2 30BN E NAR T T2 o0 A0, BT ERR. 28, T2 RENERE, FREM
E3 17 R IER B AR R AT L EE Y o Crews [23]%F NTE 2015 SE5: TV R B RAT A IT A T 38 ) 1R
SERIS R [ 4 (BRD4) PROTACS (14 2(A)) - K54 [5] BRD4 [ JQ1 570 B e fi7 A= WAl k1) 45 (1) dBET,
TV TR I SR A R SV B 2 (MR (AML) R B R AT 97 3%, 25— A HEIRIR M Be i PROTACsS,
23T CRBN ffj PROTAC 0%, 2 HA PROTAC Bt i, BREMRWE NN T
PROTACs (/4 2(B))ll & 2T MDM2 [22], ZBCAARTE 240 2 S50 . 1 J5 Sheng [24]% N ZEF [FFE ) MDM2
BifA& Nutlin-3 #4974 7 HAlh LA PROTACs, HA7 S & 0HlE 1% . 2T VHL 1) PROTAC 52&Fk 7 CRBN
HME—ZE NI RBY BL¥ PROTAC, &0 5T [FIFE 5835 . 4 Buckley [13]55 AAE 4% E 2 F VHL R ik
rh 3 058 B 4G I PR ORI 9% b 2 B I G AR 4H 256 PROTAC, FisH T RIFHIPE ARG I . Wang [25]28 A\1E
ZJE WA TS A T2 R 2 14 B IR ICAR AR T PROTAC (14 2(C)), &) PROTACs fERLHE
VCaP. LNCaP. 22Rv1 %% WAT IR A R =42 T 0 B N IIZ5538 . Wang [26]%8 NTEE— B (15
W, SR T 95456 1 VHL FCARH 2% T 5 Hofh 3 45 4 1 VHL B & PROTACs AH HL B A =97 24 PROTACS
(& 2(D)), XL FUIEBA T — L5545 511 B3 12 RIEFERGEC AR 3411 PROTACSs R85 175 5 bR 85 TR AL
—ILEEM.
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Figure 2. Some representative PROTAC structures
E 2. —£HAHHRIER PROTAC 4514

3. MEX PROTAC HIfZ514E
3.1. FETHZ14EXT PROTAC ;8T RIS M

R N, BCrOIRRE f N ZRAE BT A ) B B AR . — o B AT R 22 A RS e 8 - P %
TRZ IR 254 o AESE IR 2 M AT SR A i R (R ME R Z — (2710 B 4 2 TR AR 3148 (K1 Th R LA B 24
WIRIRIT[28], TIX RS AR FZAER . EYIIIITRE T, W2 M=, &7
FELE, M ZGVETT RIS R R 2 2, RA™E T IAYnaIT .

PROTAC HURF LR AS & 7E X LR AR B O ik . AR08 BObR AR (1 SO 2R T e 50 i 7= A Fr)
VI N R S b, MR 2 E Y] PROTAC A DA— & FE b 3R B Ra i 26 P T 42 . 49140 Zhang
(2915 NTF R —Fp T2 JE 1) PROTAC 7] LA K3 JE /N1 B il (NSCLC) R 82ia 97 I F 7
A AR RS AR, U] PROTAC 677 i A2 Hp fid & e i 24 4 5920 A S5 L LU ML 25 /MR 2

AR, BEBETTRANAN, FFRAN R AT PROTAC 77 e ik AL i 245 PR S48 i KUy, ¥697
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R 2B G842 MDR (Multiple Drug Resistant, 25 i 250F),  RIEL$E I8 40 45 P RO A vt 22
FUANRI SR AL B 2500 7= R 245 7E[30] . 45140 Zhang [31]55 NAERFSERFE/E VHL ) PROTACs 5 CRBN 1
PROTACs A GPEE il R4 R OVCARS HH2HE] T i 25 5efE. VHL ) PROTACs 5 CRBN [f]
PROTACs X 1% 4 24 v B 1) 1Cso 3G 0 1 I 40 fi%.

3.2. PROTAC ;&77 & chift 2514 7= 4 By R T8

RO BRI R (T 241, LA T AR PROTAC 697 IR it 25 M7= AL i IR H . E A W FCIER, 724
PROTAC i 24 5 ¥ Jiev 28 4 Mt mfv (1) SE A 2 11 R0 /KT R SER B (IR (F 7 R I IR /2 #E 1a) BET Y5 F48k )
BET-PROTAC), XFARALIE TN LLAE T 0] DAHERR FERCR 7= AR i 25V I DR IR mT e [32]. B IS &
B, AR =52 —MEF M S ERIGIT G~ E T CRBN RAE[33]-[35]. BESRTA L FERLSE iMID RF4E
1BIT 451 CRBN RAZ, KA iMID fEA CRBN A& ) PROTAC [FIFE£: 5] CRBN 8748 i ifii {15 i
AR P AE T 250 . Zhang [31125 AN KL, 7E%7 CRBN FC/Kf PROTAC =AM 24 P4 o i s 4 i b A7 AE
CRBN 2k, Zhang 5 AEWF 70 & BRI CUL2 8k CRBN {# LNCaP 40/~ A= 2651, X £ WXt F
VHL 5 CRBN ¥] PROTAC i 24 1t 7= 25 & T AR B3 2 RIEHR IR S . BRIttt PROTAC 7=4E
M 2V R A P, B AEA 512 R RGAIRFHEME[31]. 40 Zhang S ANHIBEFL, CAHERRHET
CRBN #l VHL ] PROTAC Z [] {1 25 1% )5 3 A A F 1. % 3ET CRBN [ BET-PROTAC [1ifiy 24 14 52 t
LR AR T8 CRBN £ K £ GEEH, iX5]K T CRBN X — E3 Iz ZIEHM A S, X & VHL
() BET-PROTAC i 2414 & tH CUL2 2[R 44 1) 2 A JE R 2H 20 5 810 CUL2 £ 2R 512, CUL2 /& VHL
) —ANEELEAE, VHL R K Z /AL g A

T CRBN 1 VHL ) PROTAC 2 8] 250 R BN [E], X A] B A& i T R 2i i xd AR B3 2 R
HERRE AR AN E] o il VHL BARRENE A 30 ZE D AR F (361, AR T-Fh 4 i 28 o &1 % 30 Fxt i
Jo 0 AR B BE R 0 T TRI[37 ] T CRBN SR 2% e 1 2B KBS BE A TG 520, Mayor-Ruiz [38]55 A B 7 C
UESE CRBN R bR A2 %5 A\ 4 40 B 4 78 40 i KBM-7 P2 AEASFIRE I o X 15 B 1 N R ) B3 2 284
Tty P A4 75 B2 AN [] RO 2 1 TR A R B8 IR %

3.3. PROTAC ;&7 P HUB T 2580 75 5%

TE IR B [ 2503897 R R BRI 25 M 1 VR IR 2, RSN RS DU mT LAY N R AT 24
R WG 2 R ZHE R 295 [39]. FFAHT RN 25 BURZ5) i EGFR #H7 A SE— AR & 3R 8
BRI =R EAE ), Harth CEERENUREY . RIMRETFR THIIZY), WelREIH 297"
AT 25, EGE 25 T RS H BET IO T 2 ML . SR DL EGFR HIFI24], SE—AR R R R I
T790M ffif 24 5 A2 s HLAE L) 50% 1 8 v 22K [40], T 55 = AR B84 B Jé AR LT 58 2 e iR 1 T790M fif 24
RAF, HRAZREFFET C797S THZGFAR[41]. HIZEmx H k%, 3 BIF R B AL 27T
K, ARV R —Fh @ik BCE 202 H i) iz 8 O RUeE T 244 7 X, SN T 2 Fhis
s [42]. KT iR BT 24 1 2 R A TR T AN R A BT RN [43]. 9140 MET A1 PD-L1 B4 FHIT
A AR ot i e (R0 6 T T BUR [44 ER B A 2t s SR 1 il /L, an 25048 FLA FH(DDI) AN A 10 1)
HIREN F1A(PK) . AN B 4 200 8 E I A 2225 s DA — A R Rk 7 BE S 25 1 8UR . £
B S 2 R S AR T R R 2 M 7 545 [46]. S FHRUERER 2 22 B2 RS 4R T R BT 24
P TEIRE ZBURMLE] S WD RIE S [47]-[49]. BHCKRE, ZHRSZYINIER RS N, HiZ7E6E
1R 5 PROTAC 454[50]-[52] .

EE PROTAC A Wb R HKA . — 44X PROTAC 5 =1 PROTAC [53]. Hi# & PROTAC fI45H
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T =ANr, JE# 48 PROTAC — i3 AN FEARER FIRC AR “Y 7 BU4E# . XUHE PROTAC el i E9 K
PROTAC [N VG, NIGITH KILZPRMI2EAL[53]. Chen [541Z AT R T —Frfeus AR F4f# CDK2 5
CDKO9 ] X PROTAC - Xiao [55]5F NFF K T —Fh e [F] i) [£f# HDAC3 5 HDACS [ i X{ PROTAC.
Zhou [56]% NIFR T —Fh L% [H] I P& AR BCL-2 5 BCL-xL ] — /"X PROTAC. VL EJURBFTT, LAKEZ
AR A A X PROTAC, iR R AR B O, 3 L R a1 45 & PRl 22 A bs 2 1 SR SE I 22 #0
MRE) . =M EEZ 40 3 PROTAC e b n] DU B4 (1) FEMF SR [57] [58], Zheng [51]55 AfE 2021 4F
USRS, {3 EGFR #0777 318 JE F1 PARP I 771 BL B A JE & B T —F = X PROTAC, K
T “Y” BPNEST . =M PROTAC FRILH B LFHIT R, Afil#4 i 8 PROTAC JEN T HiIE /1. itk
4b, Chen [59]%5 AR FH AL S B A - BRI IN(CuAAC)H Wi fl PROTAC S 1B —ild, =
BT “Y” RS, ARG T BABCRE R “X” BUPUH W PROTAC, JF H i FHRH T A dib 2 m
Jiid, AT LAMEEHL b L UE B 2 X PROTAC .

3.4, WEE E3 FEIEEALIERIE X

R ZHE PROTAC K2 3R H B A P 24 S50 o Agps P, A e Fe R i 243 13X — T A AR B
BRI BT ESCHT AR, RN PROTAC (i 24 1 SRl E3 12 REHM 45 1 R A1,
1M H AT 2 48 PROTAC JERUIL B3 {2 FRERMRCRIZ —im, (90 B3 12 5 M IR e PE R AT B ik

o
E3 Ligase Ligand 3
POI Warhead$ 3 $

E3 Ligase

R
S
x

o

A

Figure 3. Schematic diagram of the process of tumor drug resistance

3. Em MR IEREE

D S ?
) 4
> S
B C

W 3(A) TR, BB A 251 R4 5, E3 2 RIEEMICILIEF i PROTAC 70 75545, M
S5 PROTAC K ZAEH . M2 4L PROTAC R W BEA & A T BR800 — HLJMeg 40 i = 2E i
SGVERAR, B3 W2 KRR AL, A PROTAC 2 TR IHEERIEE (1 3(B)). Xui H AT 240
PROTAC ¥t 7t B pUULE 1 SE AR B IO AR — I AR R I o T A SR BR 8 et —FPXEE B3 2 FRIEHAR LA 1
PROTAC, AT AT UL i % A K B AR KT I Ra i 24 5848 (P AUk %« Zhang [3115% ARIWFFE R : X} CRBN
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f) PROTACs 7= A fiff 25 1 i R 40 fe % T VHL ) PROTACs {5 B & BURME, K2 IRR . X2 T s i
i} 25 A0 T ANE 1) E3 V2 204 M R AN, R0 b — ) B3 B4R TS, T — it B E3 iR
B AT e RAEAE (] 3(C))e N TIRBIBAR M ZE R, RATFR E— MRS LSS PRl E3 2 RN H A GE [F I
EA IR B3 12 ZOEEE IO E3 12 RIERERC K. SCH A AN PROTAC A R #E AR 8 (A e i 2
I R AR AR, RS S RS R 45 G PR AR 2 1 IR AR B AR . X T R ]
A AL, sy F AN, EREE 0 B———MIE LN R s A S AR B 45 A
BRI AR R (1, AT KB E IR A 5. H AT TR RO, B R
PFRVE BT LK, XA 75— P U TC A P e A A LS A

AT & =40 PROTAC “Y” BIGER 3T B A A B . a2, BRI RHs
4> =MW PROTAC IE&HTHA TR K, 58St 54 R80 % M RAR DA, X2
H A7 BRI =4 X PROTAC B 15 R R ZE [60] ANIEFRATAT ELA I, M Zheng [51]158 N TR — Y ”
I PROTAC, % Chen [59]4 A¥ it “X” #X PROTAC, #ZEFMERE TR “Y” B “X”
RWEESS T TR K. N TRRIEAE, RATRERAZ ARG M %, A I
Wt G AN, ORI AR AR 1) T R HAER MR 61] [62]. JF HEEBHIZ, BEEXT E3
2 RIEBIRIAR T AR, BRtRAT T2 B3 2 REEMEAN S 66 JEERE T 5 £ HiE
WHAA, WAEVFZ 0 FEB/NMY E3 2 0GR A T L RA LR, X AR —FIgiM%iE. T8/
WAL E3 2 FRIEFERRRCAAST R 7 HREEAl

4. BESRE

X} PROTAC B FEANBTHERE , AEORE T A58 b Je 4 it AR i 24 AT B0 5 B . TR F I FH 24 5k i
Wk T2 M. R, SERZNEA B KA 5. B2, HiliSAMarsigymitrAEH T
PROTAC M, B2 N A 25 MR AN R AN . # # PROTAC it 5 B3 G MR =t E &
K5 T ATiE H bR H(PODIZ F o T MR I 24 1 S ASET X (1) 1E /& E3 SRR e AR IX — 55, @i R
A RIELHMN I) E3 SRR, FEPROTAC R, HHTHIBRE PR 2 N FEFR 8 1 I AEE PROTAC /RET]
REFA AP B AAE 1, (B — BB 40 i A A T 25 PR 583, BEAR I XUEE PROTAC tHox R ZEH . PRI ER
17 BT & RS E3 IEEEFRC 1A ) PROTAC,

SE K

[1] Nandi, D., Tahiliani, P., Kumar, A. and Chandu, D. (2006) The Ubiquitin-Proteasome System. Journal of Biosciences,
31, 137-155. https://doi.org/10.1007/bf02705243

[2] Bond, M.J. and Crews, C.M. (2021) Proteolysis Targeting Chimeras (PROTACs) Come of Age: Entering the Third
Decade of Targeted Protein Degradation. RSC Chemical Biology, 2, 725-742. https://doi.org/10.1039/d1cb00011j

[3] Hershko, A., Heller, H., Elias, S. and Ciechanover, A. (1983) Components of Ubiquitin-Protein Ligase System. Resolu-
tion, Affinity Purification, and Role in Protein Breakdown. Journal of Biological Chemistry, 258, 8206-8214.
https://doi.org/10.1016/s0021-9258(20)82050-x

[4] Wertz, LE. and Wang, X. (2019) From Discovery to Bedside: Targeting the Ubiquitin System. Cell Chemical Biology,
26, 156-177. https://doi.org/10.1016/j.chembiol.2018.10.022

[5] Michaelides, I.N. and Collie, G.W. (2023) E3 Ligases Meet Their Match: Fragment-Based Approaches to Discover New
E3 Ligands and to Unravel E3 Biology. Journal of Medicinal Chemistry, 66, 3173-3194.
https://doi.org/10.1021/acs.jmedchem.2c01882

[6] Jiang, H., Xiong, H., Gu, S. and Wang, M. (2023) E3 Ligase Ligand Optimization of Clinical PROTACsS. Frontiers in
Chemistry, 11, Article ID: 1098331. https://doi.org/10.3389/fchem.2023.1098331

[7] Tto, T., Ando, H., Suzuki, T., Ogura, T., Hotta, K., Imamura, Y., et al. (2010) Identification of a Primary Target of
Thalidomide Teratogenicity. Science, 327, 1345-1350. https://doi.org/10.1126/science.1177319

DOI: 10.12677/hjmce.2026.141006 60 251k


https://doi.org/10.12677/hjmce.2026.141006
https://doi.org/10.1007/bf02705243
https://doi.org/10.1039/d1cb00011j
https://doi.org/10.1016/s0021-9258(20)82050-x
https://doi.org/10.1016/j.chembiol.2018.10.022
https://doi.org/10.1021/acs.jmedchem.2c01882
https://doi.org/10.3389/fchem.2023.1098331
https://doi.org/10.1126/science.1177319

W AHZE

[13]

[14]

[22]

[23]

[24]

[25]

[26]

[27]

Zhu, Y .X., Braggio, E., Shi, C., Bruins, L.A., Schmidt, J.E., Van Wier, S., ef al. (2011) Cereblon Expression Is Required
for the Antimyeloma Activity of Lenalidomide and Pomalidomide. Blood, 118, 4771-4779.
https://doi.org/10.1182/blood-2011-05-356063

Takwale, A.D., Jo, S., Jeon, Y.U., Kim, H.S., Shin, C.H., Lee, H.K., ef al. (2020) Design and Characterization of Cere-
blon-Mediated Androgen Receptor Proteolysis-Targeting Chimeras. European Journal of Medicinal Chemistry, 208,
Article 112769. https://doi.org/10.1016/j.ejmech.2020.112769

Han, T., Goralski, M., Gaskill, N., Capota, E., Kim, J., Ting, T.C., et al. (2017) Anticancer Sulfonamides Target Splicing
by Inducing RBM39 Degradation via Recruitment to Dcafl5. Science, 356, eaal3755.
https://doi.org/10.1126/science.aal3755

Zhang, X., Crowley, V.M., Wucherpfennig, T.G., Dix, M.M. and Cravatt, B.F. (2019) Electrophilic PROTACs that
Degrade Nuclear Proteins by Engaging Dcaf16. Nature Chemical Biology, 15, 737-746.
https://doi.org/10.1038/s41589-019-0279-5

Zhang, X., Luukkonen, L.M., Eissler, C.L., Crowley, V.M., Yamashita, Y., Schafroth, M.A., et al. (2021) DCAF11
Supports Targeted Protein Degradation by Electrophilic Proteolysis-Targeting Chimeras. Journal of the American Chem-
ical Society, 143, 5141-5149. https://doi.org/10.1021/jacs.1c00990

Buckley, D.L., Gustafson, J.L., Van Molle, 1., Roth, A.G., Tae, H.S., Gareiss, P.C., et al. (2012) Small-Molecule Inhib-
itors of the Interaction between the E3 Ligase VHL and HIF 1a. Angewandte Chemie International Edition, 51, 11463-
11467. https://doi.org/10.1002/anie.201206231

Zoppi, V., Hughes, S.J., Maniaci, C., Testa, A., Gmaschitz, T., Wieshofer, C., et al. (2019) Iterative Design and Optimi-
zation of Initially Inactive Proteolysis Targeting Chimeras (PROTACS) Identify VZ185 as a Potent, Fast, and Selective
Von Hippel-Lindau (VHL) Based Dual Degrader Probe of BRD9 and Brd7. Journal of Medicinal Chemistry, 62, 699-
726. https://doi.org/10.1021/acs.jmedchem.8b01413

Lucas, X., Van Molle, I. and Ciulli, A. (2018) Surface Probing by Fragment-Based Screening and Computational Meth-
ods Identifies Ligandable Pockets on the Von Hippel-Lindau (VHL) E3 Ubiquitin Ligase. Journal of Medicinal Chem-
istry, 61, 7387-7393. https://doi.org/10.1021/acs.jmedchem.8b00842

Burslem, G.M. and Crews, C.M. (2020) Proteolysis-Targeting Chimeras as Therapeutics and Tools for Biological Dis-
covery. Cell, 181, 102-114. https://doi.org/10.1016/j.cell.2019.11.031

Nowak, R.P., DeAngelo, S.L., Buckley, D., He, Z., Donovan, K.A., An, J., et al. (2018) Plasticity in Binding Confers
Selectivity in Ligand-Induced Protein Degradation. Nature Chemical Biology, 14, 706-714.
https://doi.org/10.1038/s41589-018-0055-y

Bondeson, D.P., Smith, B.E., Burslem, G.M., Buhimschi, A.D., Hines, J., Jaime-Figueroa, S., et al. (2018) Lessons in
PROTAC Design from Selective Degradation with a Promiscuous Warhead. Cell Chemical Biology, 25, 78-87.e5.
https://doi.org/10.1016/j.chembiol.2017.09.010

Sakamoto, K.M., Kim, K.B., Kumagai, A., Mercurio, F., Crews, C.M. and Deshaies, R.J. (2001) PROTACSs: Chimeric
Molecules That Target Proteins to the Skp1-Cullin-F Box Complex for Ubiquitination and Degradation. Proceedings of
the National Academy of Sciences, 98, 8554-8559. https://doi.org/10.1073/pnas.141230798

Flanagan, J.J. and Neklesa, T.K. (2019) Targeting Nuclear Receptors with PROTAC Degraders. Molecular and Cellular
Endocrinology, 493, Article 110452. https://doi.org/10.1016/j.mce.2019.110452

Sakamoto, K.M., Kim, K.B., Verma, R., Ransick, A., Stein, B., Crews, C.M., et al. (2003) Development of PROTACs
to Target Cancer-Promoting Proteins for Ubiquitination and Degradation. Molecular & Cellular Proteomics, 2, 1350-
1358. https://doi.org/10.1074/mcp.t300009-mcp200

Vassilev, L.T., Vu, B.T., Graves, B., Carvajal, D., Podlaski, F., Filipovic, Z., et al. (2004) In Vivo Activation of the P53
Pathway by Small-Molecule Antagonists of Mdm?2. Science, 303, 844-848. https://doi.org/10.1126/science.1092472

Lu, J., Qian, Y., Altieri, M., Dong, H., Wang, J., Raina, K., ef al. (2015) Hijacking the E3 Ubiquitin Ligase Cereblon to
Efficiently Target BRD4. Chemistry & Biology, 22, 755-763. https://doi.org/10.1016/j.chembiol.2015.05.009

He, S., Ma, J., Fang, Y., Liu, Y., Wu, S., Dong, G., et al. (2021) Homo-PROTAC Mediated Suicide of MDM2 to Treat
Non-Small Cell Lung Cancer. Acta Pharmaceutica Sinica B, 11, 1617-1628. https://doi.org/10.1016/j.apsb.2020.11.022

Han, X., Wang, C., Qin, C., Xiang, W., Fernandez-Salas, E., Yang, C., et al. (2019) Discovery of ARD-69 as a Highly
Potent Proteolysis Targeting Chimera (PROTAC) Degrader of Androgen Receptor (AR) for the Treatment of Prostate
Cancer. Journal of Medicinal Chemistry, 62, 941-964. https://doi.org/10.1021/acs.jmedchem.8b01631

Han, X., Zhao, L., Xiang, W., Qin, C., Miao, B., Xu, T., et al. (2019) Discovery of Highly Potent and Efficient PROTAC
Degraders of Androgen Receptor (AR) by Employing Weak Binding Affinity VHL E3 Ligase Ligands. Journal of Me-
dicinal Chemistry, 62, 11218-11231. https://doi.org/10.1021/acs.jmedchem.9b01393

Burke, M.R., Smith, A.R. and Zheng, G. (2022) Overcoming Cancer Drug Resistance Utilizing PROTAC Technology.
Frontiers in Cell and Developmental Biology, 10, Article ID: 872729. https://doi.org/10.3389/fcell.2022.872729

DOI: 10.12677/hjmce.2026.141006 61 251k


https://doi.org/10.12677/hjmce.2026.141006
https://doi.org/10.1182/blood-2011-05-356063
https://doi.org/10.1016/j.ejmech.2020.112769
https://doi.org/10.1126/science.aal3755
https://doi.org/10.1038/s41589-019-0279-5
https://doi.org/10.1021/jacs.1c00990
https://doi.org/10.1002/anie.201206231
https://doi.org/10.1021/acs.jmedchem.8b01413
https://doi.org/10.1021/acs.jmedchem.8b00842
https://doi.org/10.1016/j.cell.2019.11.031
https://doi.org/10.1038/s41589-018-0055-y
https://doi.org/10.1016/j.chembiol.2017.09.010
https://doi.org/10.1073/pnas.141230798
https://doi.org/10.1016/j.mce.2019.110452
https://doi.org/10.1074/mcp.t300009-mcp200
https://doi.org/10.1126/science.1092472
https://doi.org/10.1016/j.chembiol.2015.05.009
https://doi.org/10.1016/j.apsb.2020.11.022
https://doi.org/10.1021/acs.jmedchem.8b01631
https://doi.org/10.1021/acs.jmedchem.9b01393
https://doi.org/10.3389/fcell.2022.872729

R AHZE

[28]

[29]

[45]

[46]

[47]

Ward, R.A., Fawell, S., Floc’h, N., Flemington, V., McKerrecher, D. and Smith, P.D. (2021) Challenges and Opportu-
nities in Cancer Drug Resistance. Chemical Reviews, 121, 3297-3351. https://doi.org/10.1021/acs.chemrev.0c00383

Zhang, W., Li, P, Sun, S., Jia, C., Yang, N., Zhuang, X., et al. (2022) Discovery of Highly Potent and Selective CRBN-
Recruiting EGFRL858R/T790M Degraders in Vivo. European Journal of Medicinal Chemistry, 238, Article 114509.
https://doi.org/10.1016/j.ejmech.2022.114509

Wolf, G., Craigon, C., Teoh, S.T., Essletzbichler, P., Onstein, S., Cassidy, D., et al. (2025) The Efflux Pump ABCC1/MRP1
Constitutively Restricts PROTAC Sensitivity in Cancer Cells. Cell Chemical Biology, 32, 291-306.¢6.
https://doi.org/10.1016/j.chembiol.2024.11.009

Zhang, L., Riley-Gillis, B., Vijay, P. and Shen, Y. (2019) Acquired Resistance to Bet-PROTACs (Proteolysis-Targeting
Chimeras) Caused by Genomic Alterations in Core Components of E3 Ligase Complexes. Molecular Cancer Therapeu-
tics, 18, 1302-1311. https://doi.org/10.1158/1535-7163.mct-18-1129

Delmore, J.E., Issa, G.C., Lemieux, M.E., Rahl, P.B., Shi, J., Jacobs, H.M., et al. (2011) BET Bromodomain Inhibition
as a Therapeutic Strategy to Target C-Myc. Cell, 146, 904-917. https://doi.org/10.1016/j.cell.2011.08.017

Kortiim, K.M., Mai, E.K., Hanafiah, N.H., Shi, C., Zhu, Y., Bruins, L., e al. (2016) Targeted Sequencing of Refractory
Myeloma Reveals a High Incidence of Mutations in CRBN and Ras Pathway Genes. Blood, 128, 1226-1233.
https://doi.org/10.1182/blood-2016-02-698092

Barrio, S., Munawar, U., Zhu, Y.X., Giesen, N., Shi, C., Via, M.D., et al. (2020) IKZF1/3 and CRL4°® E3 Ubiquitin
Ligase Mutations and Resistance to Immunomodulatory Drugs in Multiple Myeloma. Haematologica, 105, €237-e241.
https://doi.org/10.3324/haematol.2019.217943

Gooding, S., Ansari-Pour, N., Towfic, F., Ortiz Estévez, M., Chamberlain, P.P., Tsai, K., et a/. (2021) Multiple Cereblon
Genetic Changes Are Associated with Acquired Resistance to Lenalidomide or Pomalidomide in Multiple Myeloma.
Blood, 137, 232-237. https://doi.org/10.1182/blood.202000708 1

Latif, F., Tory, K., Gnarra, J., Yao, M., Duh, F., Orcutt, M.L., et al. (1993) Identification of the Von Hippel-Lindau Disease
Tumor Suppressor Gene. Science, 260, 1317-1320. https://doi.org/10.1126/science.8493574

Hanzl, A., Casement, R., Imrichova, H., Hughes, S.J., Barone, E., Testa, A., ef al. (2023) Functional E3 Ligase Hotspots
and Resistance Mechanisms to Small-Molecule Degraders. Nature Chemical Biology, 19, 323-333.
https://doi.org/10.1038/s41589-022-01177-2

Mayor-Ruiz, C., Jaeger, M.G., Bauer, S., Brand, M., Sin, C., Hanzl, A., ef al. (2019) Plasticity of the Cullin-Ring Ligase
Repertoire Shapes Sensitivity to Ligand-Induced Protein Degradation. Molecular Cell, 75, 849-858.¢8.
https://doi.org/10.1016/j.molcel.2019.07.013

Aldea, M., Andre, F., Marabelle, A., Dogan, S., Barlesi, F. and Soria, J. (2021) Overcoming Resistance to Tumor-Tar-
geted and Immune-Targeted Therapies. Cancer Discovery, 11, 874-899. https://doi.org/10.1158/2159-8290.¢d-20-1638

Kobayashi, S., Boggon, T.J., Dayaram, T., Janne, P.A., Kocher, O., Meyerson, M., et al. (2005) EGFR Mutation and
Resistance of Non-Small-Cell Lung Cancer to Gefitinib. New England Journal of Medicine, 352, 786-792.
https://doi.org/10.1056/nejmoa044238

Nagpure, N.R. and Patel, H.M. (2025) Overcoming Triple Mutant EGFR-Tyrosine Kinase Barriers in the Therapeutics
of Non-Small Cell Lung Cancer: A Patent Review on Fourth-Generation Inhibitors (2017-2024). Expert Opinion on
Therapeutic Patents, 35, 963-982. https://doi.org/10.1080/13543776.2025.2536006

Huang, X., Zhang, G., Tang, T., Gao, X. and Liang, T. (2022) One Shoot, Three Birds: Targeting NEK2 Orchestrates
Chemoradiotherapy, Targeted Therapy, and Immunotherapy in Cancer Treatment. Biochimica et Biophysica Acta (BBA)-
Reviews on Cancer, 1877, Article 188696. https://doi.org/10.1016/j.bbcan.2022.188696

Huang, Q., Li, Y., Huang, Y., Wu, J., Bao, W., Xue, C,, et al. (2025) Advances in Molecular Pathology and Therapy of
Non-Small Cell Lung Cancer. Signal Transduction and Targeted Therapy, 10, Article No. 186.
https://doi.org/10.1038/s41392-025-02243-6

Li, E., Huang, X., Zhang, G. and Liang, T. (2021) Combinational Blockade of MET and PD-L1 Improves Pancreatic
Cancer Immunotherapeutic Efficacy. Journal of Experimental & Clinical Cancer Research, 40, Article No. 279.
https://doi.org/10.1186/s13046-021-02055-w

Wang, X., Lu, Y., Chen, S., Zhu, Z., Fu, Y., Zhang, J., et al. (2024) Discovery of a Prominent Dual-Target DDR1/EGFR
Inhibitor Aimed DDR1/EGFR-Positive NSCLC. Bioorganic Chemistry, 149, Article 107500.
https://doi.org/10.1016/j.bioorg.2024.107500

He, J. and Tam, K.Y. (2024) Dual-Target Inhibitors of Cholinesterase and Gsk-3 to Modulate Alzheimer’s Disease.
Drug Discovery Today, 29, Article 103914. https://doi.org/10.1016/j.drudis.2024.103914

Ramsay, R.R., Popovic-Nikolic, M.R., Nikolic, K., Uliassi, E. and Bolognesi, M.L. (2018) A Perspective on Multi-Target
Drug Discovery and Design for Complex Diseases. Clinical and Translational Medicine, 7, €3.
https://doi.org/10.1186/s40169-017-0181-2

DOI: 10.12677/hjmce.2026.141006 62 251k


https://doi.org/10.12677/hjmce.2026.141006
https://doi.org/10.1021/acs.chemrev.0c00383
https://doi.org/10.1016/j.ejmech.2022.114509
https://doi.org/10.1016/j.chembiol.2024.11.009
https://doi.org/10.1158/1535-7163.mct-18-1129
https://doi.org/10.1016/j.cell.2011.08.017
https://doi.org/10.1182/blood-2016-02-698092
https://doi.org/10.3324/haematol.2019.217943
https://doi.org/10.1182/blood.2020007081
https://doi.org/10.1126/science.8493574
https://doi.org/10.1038/s41589-022-01177-2
https://doi.org/10.1016/j.molcel.2019.07.013
https://doi.org/10.1158/2159-8290.cd-20-1638
https://doi.org/10.1056/nejmoa044238
https://doi.org/10.1080/13543776.2025.2536006
https://doi.org/10.1016/j.bbcan.2022.188696
https://doi.org/10.1038/s41392-025-02243-6
https://doi.org/10.1186/s13046-021-02055-w
https://doi.org/10.1016/j.bioorg.2024.107500
https://doi.org/10.1016/j.drudis.2024.103914
https://doi.org/10.1186/s40169-017-0181-2

W AHZE

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Santos, R., Ursu, O., Gaulton, A., Bento, A.P., Donadi, R.S., Bologa, C.G., et al. (2016) A Comprehensive Map of
Molecular Drug Targets. Nature Reviews Drug Discovery, 16, 19-34. https://doi.org/10.1038/nrd.2016.230

Zigba, A., Stepnicki, P., Matosiuk, D. and Kaczor, A.A. (2022) What Are the Challenges with Multi-Targeted Drug
Design for Complex Diseases? Expert Opinion on Drug Discovery, 17, 673-683.
https://doi.org/10.1080/17460441.2022.2072827

Xin, L., Wang, C., Cheng, Y., Wang, H., Guo, X., Deng, X., et al. (2024) Discovery of Novel Era and Aromatase Dual-
Targeting PROTAC Degraders to Overcome Endocrine-Resistant Breast Cancer. Journal of Medicinal Chemistry, 67,
8913-8931. https://doi.org/10.1021/acs.jmedchem.4c00196

Zheng, M., Huo, J., Gu, X., Wang, Y., Wu, C., Zhang, Q., ef al. (2021) Rational Design and Synthesis of Novel Dual
PROTAC: for Simultaneous Degradation of EGFR and PARP. Journal of Medicinal Chemistry, 64, 7839-7852.
https://doi.org/10.1021/acs.jmedchem.1¢00649

Teng, M., Jiang, J., He, Z., Kwiatkowski, N.P., Donovan, K.A., Mills, C.E., et al. (2020) Development of CDK2 and
CDKS5 Dual Degrader Tmx-2172. Angewandte Chemie International Edition, 59, 13865-13870.
https://doi.org/10.1002/anie.202004087

Liu, J., Liu, Y., Tang, J., Gong, Q., Yan, G., Fan, H., et al. (2024) Recent Advances in Dual PROTACs Degrader Strat-
egies for Disease Treatment. European Journal of Medicinal Chemistry, 279, Article 116901.
https://doi.org/10.1016/j.ejmech.2024.116901

Zhou, F., Chen, L., Cao, C., Yu, J., Luo, X., Zhou, P., et al. (2020) Development of Selective Mono or Dual PROTAC Degrader
Probe of CDK Isoforms. European Journal of Medicinal Chemistry, 187, Article 111952.
https://doi.org/10.1016/j.ejmech.2019.111952

Xiao, Y., Hale, S., Awasthee, N., Meng, C., Zhang, X., Liu, Y., ef al. (2023) HDAC3 and HDAC8 PROTAC Dual
Degrader Reveals Roles of Histone Acetylation in Gene Regulation. Cell Chemical Biology, 30, 1421-1435.e12.
https://doi.org/10.1016/j.chembiol.2023.07.010

Lv, D, Pal, P., Liu, X., Jia, Y., Thummuri, D., Zhang, P., ef al. (2021) Development of a BCL-XL and BCL-2 Dual
Degrader with Improved Anti-Leukemic Activity. Nature Communications, 12, Article No. 6896.
https://doi.org/10.1038/s41467-021-27210-x

Huang, Y., Yokoe, H., Kaiho-Soma, A., Takahashi, K., Hirasawa, Y., Morita, H., et al. (2022) Design, Synthesis, and
Evaluation of Trivalent PROTACs Having a Functionalization Site with Controlled Orientation. Bioconjugate Chemistry,
33, 142-151. https://doi.org/10.1021/acs.bioconjchem.1¢00490

Imaide, S., Riching, K.M., Makukhin, N., Vetma, V., Whitworth, C., Hughes, S.J., et al. (2021) Trivalent PROTACs
Enhance Protein Degradation via Combined Avidity and Cooperativity. Nature Chemical Biology, 17, 1157-1167.
https://doi.org/10.1038/s41589-021-00878-4

Chen, Y., Xia, Z., Suwal, U., Rappu, P., Heino, J., De Wever, O., et al. (2024) Dual-Ligand PROTACS Mediate Superior
Target Protein Degradation in Vitro and Therapeutic Efficacy in Vivo. Chemical Science, 15, 17691-17701.
https://doi.org/10.1039/d4sc03555k

Li, J.,, Chen, X., Lu, A. and Liang, C. (2023) Targeted Protein Degradation in Cancers: Orthodox PROTACs and Beyond.
The Innovation, 4, Article 100413. https://doi.org/10.1016/j.xinn.2023.100413

Wang, S., Li, Y., Huang, S., Wu, S., Gao, L., Sun, Q., et al. (2021) Discovery of Potent and Novel Dual PARP/BRD4
Inhibitors for Efficient Treatment of Pancreatic Cancer. Journal of Medicinal Chemistry, 64, 17413-17435.
https://doi.org/10.1021/acs.jmedchem.1¢c01535

Zhang, J., Yang, C., Tang, P., Chen, J., Zhang, D., Li, Y., et al. (2022) Discovery of 4-Hydroxyquinazoline Derivatives
as Small Molecular BET/PARPI Inhibitors That Induce Defective Homologous Recombination and Lead to Synthetic
Lethality for Triple-Negative Breast Cancer Therapy. Journal of Medicinal Chemistry, 65, 6803-6825.
https://doi.org/10.1021/acs.jmedchem.2¢00135

DOI: 10.12677/hjmce.2026.141006 63 251k


https://doi.org/10.12677/hjmce.2026.141006
https://doi.org/10.1038/nrd.2016.230
https://doi.org/10.1080/17460441.2022.2072827
https://doi.org/10.1021/acs.jmedchem.4c00196
https://doi.org/10.1021/acs.jmedchem.1c00649
https://doi.org/10.1002/anie.202004087
https://doi.org/10.1016/j.ejmech.2024.116901
https://doi.org/10.1016/j.ejmech.2019.111952
https://doi.org/10.1016/j.chembiol.2023.07.010
https://doi.org/10.1038/s41467-021-27210-x
https://doi.org/10.1021/acs.bioconjchem.1c00490
https://doi.org/10.1038/s41589-021-00878-4
https://doi.org/10.1039/d4sc03555k
https://doi.org/10.1016/j.xinn.2023.100413
https://doi.org/10.1021/acs.jmedchem.1c01535
https://doi.org/10.1021/acs.jmedchem.2c00135

	双靶E3连接酶配体：克服耐药新出路
	摘  要
	关键词
	Dual Target E3 Ligase Ligands: A New Way to Overcome Drug Resistance
	Abstract
	Keywords
	1. E3泛素连接酶配体
	1.1. 泛素化系统
	1.2. E3泛素连接酶在细胞中广泛分布
	1.3. 常见的E3泛素连接酶配体

	2. PROTAC (蛋白水解靶向嵌合体)
	2.1. PROTAC的基本原理
	2.2. PROTAC的结构特征
	2.3. PROTAC的研究现状

	3. 肿瘤对PROTAC的耐药性
	3.1. 肿瘤耐药性对PROTAC治疗的影响
	3.2. PROTAC治疗肿瘤中耐药性产生的原理
	3.3. PROTAC治疗中规避耐药性的方法
	3.4. 双靶E3连接酶配体的意义

	4. 总结与展望
	参考文献

