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Abstract: Targeted protein degradation (TPD) technology facilitates specific and efficient degradation of disease-related
proteins through hijacking the two major protein degradation systems in mammalian cells: ubiquitin-proteasome system and
lysosome pathway. Compared with traditional small molecule-inhibitors, TPD-based drugs exhibit the characteristics of a
broader target spectrum. Compared with techniques interfere with protein expression on the gene and mRNA level, TPD-based
drugs are target-specific, efficaciously rapid, and not constrained by post-translational modification of proteins. In the past
20 years, various TPD-based technologies have been developed. Most excitingly, two TPD-based therapeutic drugs have been
approved by FDA for phase I clinical trials in 2019. Despite of the early stage characteristics and various obstructions of the
TPD technology, it could serve as a powerful tool for the development of novel drugs. This review summarizes the advances of
different degradation systems based on TPD technologies and their applications in disease therapy. Moreover, the advantages
and challenges of various technologies were discussed systematically, with the aim to provide theoretical guidance for further
application of TPD technologies in scientific research and drug development.
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XoF S0 B 0 A B T P 28 Ok H AT A
RBIBRT IR TT Hems 2 — M AL 58 (/N7 30 il 391
Ht g4 BéndE [ (Protein of interest, POI) )15
PEAL RS2 W B & B AP IRE . T s 2]
BITRCR, B4 C NI T 55 Z R i
I RIATT R SR, 18/ N T2 RImE k3
B oRE R BRE X S A A AN LS S HAES
T8 D RE™ 7 s B8 1 ANl . il aE AE, (EX
FIC25PE” (Undruggable) AYHE S 1 Qs 5
Bl XBREARTCH A, JEptseiid, HAj
AL N 20% 720 A5 B2 L R] DA Dy 8 A gy
FAN TR R TS P B SR, B
AH DGR 3R 7K P 1Y 45 45t m] LU H: G A 25 X
M MRNA JKF b SEE, DR 4 4R R n

CRISPR (Clustered regularly interspaced short
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palindromic repeats)/Cas (CRISPR-associated) %
Grlbr o 1852 BO R ECE R RNAT F2AR
S H mRNA KF 977 150, 2l szt H
PR AR . RAE CRISPR H AR B 4 HE AR K
I B, %5 —F RNAI 244 Onpattro 3T
2017 4EWE A2y B B R (Food and Drug
Administration, FDA) #tvE T 8% v B R R
R FIVEM AR AL 51 1 22 2 PR 22 58 5 1R
SO (R BN SR A7 AE 3 A0 e AR T A7 A6 Bl
VRSB 1 P RE 58 2R 11 DA R I S A0 8 i S AE
WG 2 R RIETY . S Rl A 25 ik & R 1
W2, W & K (Targeted protein
degradation, TPD) + RNz A, J7E I LL4FE 5k
RO AR I R, AR AT ) B 20
ARz B
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1 BwEEEREA

TPD + AR FH 4l P TSR AEAE 1 B I R 3R
Gr SCBA R A OCEE AR S . AL, I
IRFNERGIETT IR R TN T A )
S H AR YT ARG, 1] 2R AR EOR GRS a0 i
ZBI R AR L F Tz —: 1) fE
R RE S, TPD AR T 5t/ o4 il 57« o
AU T, TSR A SR B =
i HA o 0 251 1 2 1 B o /0 2) A e
PR, TPD i@ # S 7E L8P B/ N PG AFE R H
PR, A ZEH mRNA 5 3EH 4 DNA J5 i
Jrs LRSI s 3) Rk sy, Bom A A
M5 IEH B A RIS A2, TPD Z54w]
DI F IS 25, EAE I IE 5 2 (D) AR I AT
T, RIS G I DRI R AR E T AR
fi#, M CRISPR 2 RNAI A By F 23 5% i 5
T s R i o e

Proteinix 2 w658 A 51T 1999 458 1T

Z AL /N 1A W R R o 2R A & A
HIEM, XAREE TPD HAMS W IR

2008 42T TPD H AR —Fi/N 7 25 I BEE
o 18 W BR 354 3X — B 2% 2 I s THE , B
It TPD FARME I b552 BIRZ A AR . KAIZ A
DL ML B 7 Bk . Arvina, C4 Therapeutics .,

Kymera Therapeutics (KT). Vividion Therapeutics,
Warp Drive Bio 1 Cullgen 254 145 A2\ wEAEMN
KRN TR 2 1 o R 24 T A T s B
AN R ZE v . MG . Atlas, AR BRIDAR
Gy oy AR, E N2 " g R 2
JSCHR 3t B S TR o 1 TR A 12 U Y 5 — A
BAfill . 2019 4FFH TIRYT RIS (ARV-110) #i
FLIRE (ARV-471) () TPD 2414k Bk A KRB
BOSO iz EAR G AR A (B 1) 7R A
KT Nature ZRERIHTHIFE T, 1E# Asher
Mullard JUJTA 72019 4F- 3] 2021 4F-Kf 2 2 (1 #0 1 F
il A5 22 IS (2019 through 2021 will be big
years for this space)”™, P, #EF|ET TPD

First CPPs-based PROTAC
by recruiting VHL E3 without
the need for microinjection

First in vivo PROTAC
inhibits tumor growth
in murine models

DACF16, RNF114 and RNF4 E3
ligase complex were introduced
into PROTACs

[First all-small-molecule

ILYTAC: a new class

First PROTAC induces
MetAP-2 degradation by
recruiting SCFB-TRCP
E3

PROTAC induces AR
degadation by recruiting
MDM2 using Nutlin as
E3 ligand

First small molecule
VHL- or CRBN-
based PROTAC
was reported

Two PROTACs:

ARV-110 and ARV-471
developed by Arvinas were
approved for clinical trial

|of molecule induces
|the degradation of
|membrane and
|extracellular proteins

| I l |

2001 2003 2004 2008 2010 2013 2014 2015 2016 2017 2019 2020 Year
First reported PROTAC ||SNIPER was reported || Arvinas (USA)|| CLIPTAC was reported : AUTAC: the first autophagy-
function in an intact cell | |firstly using bestatin focusing on forming intracellularly by inducing degradation with
inducing AR and ER esters to recriut E3 PROTAC was || biocompatible reactions cargo specificity
degradation ligase cIAP for protein| | launched for facilitating its drug

degradation activity

Trim away was reported based

on tight binding between

the TRIM21 with the Fc domain
~ |of antibodies for degradation

ATTEC was reported inducing
degradation by tethering the
target protein to the
autophagosomes

CMA was used for protein
degradation in vitro and
in vivo

1 TPDHEAZRIEPHRRMEEH (2001-2020)
Fig. 1 Milestones in the development of TPD technology (From 2001 to 2020).
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BRI ITEA R E L HATR I R 5
%, IF HAEE BSR4 R AR OGO 58 R 7 48, Sorh
WX TPD BARAA G & IR R G AEBEIRIRIT
(ATE S BAR LA S AR BRI S 7 ] A T 2R b B iR
240 I PR 10 2 1B AL T AN BT 4 S R O A
h, wEAL-EABEA RS (Ubiquitin-proteasome
system, UPS) 15 ¥ B AR i ik 42 2 FUAZ 4 A 171
SRR AR RN 7. UPS 2 B iR
Pr&MZHE F R, RN RIREITF 20
S MO R R, TS B R R TR
R TFREMMINE . N, TPD £ A 45
T3 RN R AR AR R SRR R .

2 AT UPSHEBREORMBZA

0 UPS BRI S —Fh — R (2 ¢ S 1oy
(E1-E2-E3)181, 54ke, LF ATP ALY, 2%
WOEEE EL 2550 BOEZ R, BiEE, EL S
Pz R R RANHCME E2 b 2 RiEHEM E3
WA DA 25 R R LA S R 12 Z 1 B2,
¥z K B2 #R B E R A Rk -,

— RGN ) Z 5 RN ST I 2
%—dz?%i%u 2, WHZRZ REENE KD
E3 & A WREik , Y9k 26S B 11 B4R 1) B A
FET UPS 1 1] 25 1 R 2R e b il 2o B4
JEL PN 04 TE R I8 AT 02 2R Ak R AR Ok B AR H bR 2R
(% 2)

2.1 PROTACs AR

TEHET UPS (REME Ty idirhr, B KM 30 o
41K (Proteolysis targeting chimeras, PROTACS)
T N A R 4. PROTAC 2 —FXUE BE
W+, BFEHE TG EREANE A (POI
ligand) FIEENSHASE E3 B S YIMIECIR (ES ligand),
PLRC 5 A& W %4+ . PROTAC i i # 1
HEREM ISR RLT POL 5 E3 (R ES, MR
7 E3 X POI f3Z Z AL MM, 24 PROTACS i
AR E, HANRER 43515 POI. E3 455K
W=JCE AW, B E3 MARRZERM E3 EA Y5
& B E Mz 24k, FEF PROTAC 78, %,
LR RABHER POI 4 85 1 BRI,
MMM 25 PROTAC HEAF —/NFEMIEIR (] 2)o

PROTACs Trim away Polyubiquitination
) Linker Antibody POI POI POI
—@) ot ligand ¥ .
POI —— Ny "
POI ligand Ovalicin, IxBu. SARM, ARTA, JQL... e ; :
I . : POI, Antibody and Trim21
;‘ 3 lige A . M c ‘ degradation
E3 complex SCE, MDM2, cIAP1. VHL, CRBN, DAF16, RNF114, RNF4... | Auxin-inducible degron
- NAA B iquitinati
Cell hembrans —(_, I 2 Polyubiquitination
v OO0 O OND Por) —— POl —— { POL —
SCF™! (& - g
0 680688 88, ' ; POI and mAID
Cytosol 0+ ATP AMP degradation
Crossing the plasma IMiD- I'eSp[(zll'l[Slee degmn Siliubigubithation
by Acuvatlon 1 ‘B
membrane : SPROTAC g S POl i POl — { POI N
. hijacking CRLCF™N (& :
E3 ligase Conjugation | K ZE 5 POI and IKZF3
/*\ i En- | & B degradation
E3 (& @rol) '@“-— Small molecule-assisted shutoff (SMASh)
PROTA(_\ : ] % 4 -
2 — LEZ E2 | NS3 cleavage sites A POI
recycled P : b Ub C Dcmchmcm POI i
. | ' 1 O . e, —— g "' POI safe
= B F Proteasomal i \34 & -4
¥ Ub'“'b Degradation '. Simeprevir Polyubiquitination “ "
POLLAY" — — S c . ) 2
Ub . +{_POL-Eoqges L1 PO L
v e w POl dnd SMASh
Proteasome g e degradation

2 PROTACs fnH s & F UPS &9 TPD ¥ AR/ER#&I

Fig. 2 Schematic overview of mechanisms of PROTACSs and other UPS-based TPD technologies.
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2.1.1 ZHIEX PROTACS

(1) PROTAC #:& w1 A%

2001 4EHB &2 1 Crews [ BAFI N 3 Tk
2~ Deshaies HIB\F X #iE T~ PROTAC # AR
(8 1), flufi1i%itry PROTAC-1 FFH 1kBo B2 ik
#H5% Skpl-Cullin-F boxP ™" (SCFFTRP) E3 iz %
T Ok 5 5 WO 2 Ik & K i -2 (Methionine
aminopeptidase-2, METAP-2) (&, izt
FEH, HLa) METAP-2 Ay 1M & A seam il 57 Ovalicin
5 IkBa B IKILANS5EGIE R PROTAC-1 GBS
TEMAPE | METAP-2 Y B % % . {H1E U0 Crews
FIrifi () “PROTAC-1 i FRAS E—Fp2dy, Haes
— WA 2R . TEMAN LR BOE A SUS , XA
FFOIE TAE 4k Sl e, 2003 4 Sakamoto 452%
XX} PROTACSs 7 41 il /K V- )8 Rt E 47 56 0E
WE 2 521K (Estrogen receptor, ER) S &%
& (Androgen receptor, AR) 7t FL IR JE FIHG 51 fif
iR R R R R B DGR E DRk A
iR 7 v R 2 AR (AR
X T H RNk Arvinas 2wl HEA G R ) PROTAC
I EEAR AR IZ I 5T |, Crews [T BA A Deshaies
H B+ PROTAC-1 #1115 METAP-2 [ Ovalicin 4341
HI LSS ER MUMETEE (Estradiol, E2) 5454
AR ) 32527 (Dihydroxytestosterone, DHT). fif
HhEE IR 7R PROTACS B A 341755 AR A1 ER 1Y
B, 3100 BF S e 7 B B 60 2 1 44 R AT S
PROTACS X A~ /] 26 1 2 11 4 e A 1o o 4 A i
f 2 T8 o A S PROTACSs 35 6k Fl& 4 (0,
PEE N AR (AR-GFP) 1 HEK- 293T 4fijiti &
I, Crews 25 % ¥ PROTACS e 75 4H i 4 & FER%
fift AR-GFP IZCR, X2 5¢T PROTACS g
A R R T R ARGE

(2) FEF 4l ZE kY PROTACS

20 e AR P B BT e PR A M R AE T 2 IR
£ E3 Ml fk 253 PROTACs 4> Tk, ok
F R e AR, 22 A% B P 06 IE SE 6 A g
i WA T, XS PROTACSs 2541
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N RATIr 40 I 40 B ZF BERK (Cell-
penetrating peptides, CPPs) 4~k 1254
A2 R AR 9 B 2 4R A T o P 22— T,
Schneekloth 25478 PROTAC AY&E# TAban &
22 T a4 IR 28 I R 7 HL 4 il a1, e 4
K EBUE T %4 FRERS [ Sk A 20 B P9 5 R i
FpREAP, (EAEENE, E%Rh B3 B
Pk 1 AR 4A A S I T 1o (Hypoxia-inducible
factor 1o, HIF-1a) HAI#E E3 U510 i kb IR B
EReARSE R B3 MR &1 VBC-Cul2
von Hippel-Lindau (VHL) 1, VHL BH 5 4k
PROTAC il AEIH E3 H oz —F,
[FEE,  HARE A BCAART H/NF AP21998 #4
A, B ] )R A 2R LA R R A R 1) FK506
454 % 1 (FK506 binding protein 12 kDa,
FKBP12) fiy F36V Z8748{k (FKBP127%Y) #y, {H
HZ 2013 4, Hines S7E /N BRI fhjiE 5238 T2
JE UK 1) PhosphoPROTACS 43 RE % 8 1 #1 [v7] [ £
T TG R R LS -3 3 (Phosphatidylinositol 3
Kinase, PI3K) M1 il il i Jes 40 i i A= 1, X i
J95TF PROTACS 1R INYATT AR 11 M P2,
R CPPs 7E— & f2 1 b nl IfE#E £ ik PROTACS
AMEHEAE, 1B CPPs (K ZA Bt 1E 8 244K
22 I, PR ST AL CPP R GH o £
Ik PROTACs & BB YIS Z —.
212 /MrFIEK PROTACS

REZ K PROTACs AWMz R . A3
PEAR, BN 2tk s m m BEORIE s, (HETmih
AN P 2 . AR M 55 LA R AT G 5
O RS S 1A Bl P 2 e AR s — 2R 51
IR Z #F BRI %5 Z Ik PROTACS 1} 3 G Y7 254
WS, MHELZ T, /N PROTACs H 455
NI, HA A BT R 2. sk,
53-8 RS 40 T LA 2 4R HE B I IR /N o3+
YFEY, XAEAR KRR s T B A I A E
RIA, g, FREEH/ N FIER N E3
FiC 1A i PROTACS 45U Ak 3 1 g s sk 1241
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(1) HER/NrTIEAR PROTAC

/N AA (Mouse double minute, MDM)
E3 4R KGRI KA . Kb B S AR
I, JUHOETE pb3 B UIRE IR 1y i 5 LM A,
T K ARG A2 80 Nutlins FEMSH 5 MDM2 75 3%
1. BEMEAEIR MDM2-p53 Z [0 256 A%, W
R THRAE 1916 IR YT, 2008 48, Smith 254
YV Nutlins 5416 AR B9/N5>T Selective
androgen receptor modular (SARM) #ZES K T B
M4/ NV FIER R PROTAC (1 1)PY, H4
WACEIE SRR A A AR . 2k, F
2R TR A PROTACs £ R B REEIE
PR B Z5Y) . {H)E, SARM-Nutlins )45 245
AREE E, RAAZERIGNA %A S B s
EAPO, HI, THEREN mAGHSE M E3 B4
Y /IN FECAR R 2 J5 PROTAC K & J@ I
B

(2) 3T 1APs E3 H A WIHRSLH/ VY T- PROTACS

1E 5B SR E A lE (Methylbestatin, MeBS)
BEME 45 A T T- I 2 1 (Inhibitor of apoptosis
proteins, 1APs) E3 Kk 4 - &H 1
(Cellular inhibitor of apoptosis protein 1, clAP1)
ZJa, Itoh S5 2010 45 1 15 M55 cIAP-1 E3
MR PROTAC, HF HiAin #4 4 SNIPER (Specific
and non-genetic inhibitor-of- apoptosis proteins-
dependent protein eraser)?”, SNIPER i@ 4 5
4eHR (All-trans retinoic acid, ARTA) # [i] 21 Jifd 47
B AL B R 45 4 % 1 (Cellular retinoic acid
binding proteins-1 /11, CRABP-1/11)¥", jxut7k
P 7E 20 R IR 1 10 A A 28 B 4t M g vh oA
SR TEREE RS e, SNIPER REfS 5
S 2 RN AN IMR-32 9 CRABP-1 /11 /Y
Pk A, 1 H SNIPER 4bHiid ) IMR-32 Hiif
Fouk FE B AR08 . B, MeBS MAITAEY) MV,
LCL161 AH4k TR |1AP E3 BYBCIA, I H R
RIF I SRS 24, SNIPER AR E#
T 2o 5 PR A S B IR AR, ERPOT
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ARPY ymzk i1 4 8 11 (Bromodomain-containing
protein, BRD)?L & TACC3 (Transforming acidic
coiled-coil-3)P", SkTih T2TF IAP ) PROTAC
2 HRETE U U RIS, T BTS2 HbRiE
P AR [ P 255 [ AP A B A, BRIt I
Z5DIRIT AT REAATERCR NS, H TR AR A5
A E/ KSR,

(3) T VHL E3 #5117V PROTACS

5T VHL E3 i PROTAC FYWF5E TAE F 84
A HIF-lo 2 KR B AE /MR
Yr, XA TAETF 2012 4EEUE T EZDERE, Crews
FITBAFR Ciulli A BAKE T A= W05 B 22 0 J i e 3 1
SE—FPRENSFI VHL E3 245G W/ NV TR, i H.
H Z AR AT BEIL T HIF-10Y . ZE LR A
LA 8 — R 240 (Ko) 2970 185 nmol/L 11y
INGYFIEARCYN R %NS T lEAR, 2015 4F
Bondeson SHH 1A 0 T AN 5EF VHL E3 #i%5%
/N7 PROTACs, SEEZERFRH, HAEGNEE/R
Y P BV AT R AR LT A 1 BARER T (>90%),
/N EUANSE R 278, PROTAC-ERRa fEfS S
2 40% £ A7 MfE i 2 M OC 2 & o (Oestrogen-
related receptor-a, ERRa) MHIFEMHE, 4, 3T
VHL E3 ] PROTAC #{ ] T Z i AH DGR 1 R HE
] B, 40 BCR-ABLE™ | i A8 1 ik I 937 35 i
(Anaplastic lymphoma kinase, ALK)P®L) % 225 5
W (Focal adhesion kinase, FAK)BE94;

(4) 557 CREN E3 &5 WHHZEMY/ N3 PROTACS

#+%F Cereblon (CRBN) E3 & & W10 5% [alE
TE 2010 AEHUAS T EHBLAAE , 98N B3 FEF 9% g
P (Immunomodulatory drugs, IMiIDs) V041
Jfie (Thalidomide) #Li A b &8, HFLHbR
9 Culin-RING iZ &R %+ (Culin-RING ubiqutin
ligase, CRL) & &4+ 19 CRBN 41430, Bifi 5 14
W T 7= BR VD FI B e A1, oAt A 48238 = HH 1t S0 e
(Phthalimides) 547, WH5 A% (Pomalidomide)
FHREE B (Lenalidomide) 4, ¥jJ/2i@ 1t 5 CRBN
454 TR A A [ 9 H AR 2R 1 40 Ikaros R R4S
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1 1 1 3 (IKAROS family zinc finger 1 and 3.
IKZF1 and 3) 255347 R

2015 4E7F %€ N PROTACS 45ilal & J& i it v
BAF L —4E (B 1). BT VHL-E3 /Ny
PROTAC M7/, 7 IMiDs BEfS 454 CREN
FEPEM R R T, Lu FEFREME T ENET
CRL E3 & AW £ 1 /Ny T PROTACH? % 3
RPN 1 BRDA S 15 455 44 1l R 2R ity 45 1) 35
(Bromodomain and extraterminal domain, BET) &
TR, PR B A IR Y 22 i gt i 2 R () A 7K
A 2 i 6 Y7 I B SR AR (1, 1 H A4
K#EB4r PROTACS A A 7% L #F £F XF L 25 11 .
Crews %55 i K BRD4 /T4l 7] OTX015
5 pomalidomide #Hi% £ il ARV-825, SE545 R i
7, F 4 B8 JR MR B2 1) ARV-825 Kb Burkitt Ik B
A 2 h At s, B R 50% BRDA &4
FEff, 2 2] LIk F] BRD4 9 58 2R 15K
R E SRR, A T TR Y OTX015, ARV-825
BE % 5 g A7 A0 0 0 g 4 i 5 %1 L [T
Fih—Ff pan-BET ##il5 JQ1 L+ PROTAC
fRFgE | Bai Z24% JQ1 5 phthalimides #Hi% 4
B dBET 43, Ffidad KM 11 B2 2 1 5 ik
WESE dBETL W8 s H AR F-PE b5 [ 2 BRDA 7E N
WA BRD FKIGH MREAR, 1 Hizad FAUAE
2 h PRIAT 58 8, [ B /0 BRUAAS PR 2 300 s 1A S g i
JEANHIROCR, LT M SER . R, R
CRBN E3 it {& 58k ry BET /IN>F il 4
B BETd-2461 . QCA570MS1H1 BETd-2601"4%
WA Ak B I RE VR YT . HISEAE 2015 4EFS AT,
Zengerle ZE0¥ JQ1 5 VHL E3 fiikgs ST
PROTAC 43F MZ1, Xt 21 K¥ PROTACs H
T BET KR M FEA% . (HIE, X T ARV-825
DL dBET1 %f BET WM iz, MZ1 XF
BRD4 JEBLH 8 5 i e X ikt 1
PROTAC H A [ Fy e A4 14 2 52 Wil JES ) e S 2k
A, Lai ZFLIJES BCR-ABL i HAR, X
VHL E3 5 CRBN R4 FIAHZE S 747 3, fib
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1A 5 VHL E3 #HH:, CRBN E3 fR& e )7 =
PR R E, RAE 25 Wik O I RT RE LT
#1149 Hi, 3F CRBN # PROTACs T T
STAT3EY . MDM2BY | P300/CBP #H 3 A 7 /38 Hi
il & H 5 (P300/CBP-associated factor/general
control nonderepressible 5, PCAF/GCN5)P24: £ f
FOBR R R

(5) HTFILMEEH E3 R AW =\ PROTACS

RERS LN EE S B3 M AW/ N TIHA
P T Z AU E3 G257 DCAF16 ., Ring
finger protein 114 (RNF114) LI} RNF4 5| A F|
PROTACs 1 Fi . 2019 4F, Spradlin Z7EF 58/
AFZ5 Y ENE N TS (Nimbolide) i AL H 3k
&, Nimbolide fE#%iH 2 5 RNF114 E3 i#
R AW N AR 0 1 2 b 24 R 5 55 T8 L LA 45
A TR RNFLL4 X6 RS0 an fifrgeg 41 il 57 p21
I p57 BIR AN K, RBRAITRCRP. %A
Fifi BIKs Nimbolide 5 JQ1 454 & B H A 52 Al LIK
Wak4 RNF114, 550 BET LM . 5 IR,
Zhang S5 F#E ) 22 e 208 1 /N T, 0 3
WH| T RERS A CRLAL E3 &8 AW h 414y
DCAF16 454 19 /N3rF KB02PY | L K 7] RNF4 E3
AN G L /NS T TRH 1-235° 44 T4
il E3 RHmRmAEIL M 25 & s, E3 HLik
Z (B JE AN 0] 355 () 25 A AR B 1% BT oA
F, A EA TR A AR T SR R RN A
22 V) (R B s g BV AT i F AR AR A Rl 7
2.1.3 %% PROTACs

TEARWI YK PROTACS YA I #E 5 25 AU A E3
R EET, BF5E A R £ X PROTACS 8411
ARy A A T T — R, X5
FALG M Z K N FIE X PROTACS, FATH I
JH2& A #7 PROTACS.

(1) $EEdnifiEETE: CLIPTACS

B IE BN T2 RN HI N FE 500 Da LU
T Sk PROTAC 5 W5 /N3 TR A AR N 5 43
TH# ik 1 000 Da #£ZEHE K, HL/hsTF

<. cjb@im.ac.cn
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PROTACS {/5 SR A7 A 20 o i3 55 Pk 22 1) o) i, e H:
JEAE U O A M BB A OO o B X b ) A,
Astex il 258 w1 JF & T 2T /N> T TR A Y

CLIPTACs (In-cell click-formed proteolysis targeting
chimeras, CLIPTACS)® &%, i RS /Ny T

R B 5> FHE /N, GnPUiE (Tetrazine, Tz) #ric
B VORI EE R AT AR (29 572 Da) Al s ER M
(Trans-cyclo-octene, TCO) #ric ) CRBN E3 fi {4
(% 609 Da). LhEMiFh/NoFRiikde/s AM)E,
BT Tz F TCO Z[0] By B 5 vy 78 4t M N IE 1o
#11% PROTAC 7, SE&5R R, CLIPTACs
AEME7E HelLa, A375 LIK HCT116 45 3 Fh4ijie &
%215 S BRDA 5 ERK1/2 HyFEf# . AL T4
4i (%) PROTACSs 43 ¥, CLIPTACs A{YUAE4H 5 &
PE LR DA AR T, ORI M
froudt, XA B AR R H A S i
PRER A BIRT, SR G Jr (8

(2) #EmmE: JLiEEE PROTACS

7E PROTACs i Ao, M fi L m]
P R A e e 1 S G = B P )
R FEAE T, WA 280 T L [ P - R AT V8 E 75
PEo SR TCEIME . RO DL T (4 B 23 R i
G, O IR O AR AR Y B A SR
FIFR, 2019 4 Xue Sy T —FOGTE SR
PROTACS, FrZ Mt S8R PROTACS (Photo-caged
PROTACs, pc-PROTACS)®®. W5y i i 7 & 14
dBET1 2> 5 850 0E % 40 ML 9 JL-F- B A3 1 BET S5 Ak
RS SRR, AR RN, X —
e BRI T AR MR N B E— 2B T, Xue 4538
7€ dBET1 9 JQ1 5| A DMNB (4,5-dimethoxy-
2-nitrobenzyl) %M1, MK pc-PROTAC 5 BET
254 RE SRR 100 f5L . 7 UVA iER)5,
DMNB 1] )\ pc-PROTAC F#i#815:, H1E 4 h (N5E
AFEffdE BRD4, %R 5 dBETL #H2 . 2020 4,
W o = 27 56 0 PG 2% 1L B 2% e F 9 AT A DU 2o 7
E3 Fcfk Pomalidomide F¥)oCHEEE 5] A—F
ke B LA Nitroveratryloxycarbonyl (NOVC)

http://journals.im.ac.cn/cjbcn

FHIBFH 5/ CRBN 254, MMifE UVA #EF,
opto-PROTAC Hi 15 E Pomalidomide REYK & 5%
CRBN 138 Naro Z:[RIRE R T 164 E3 L
REyJr=, BIFE VHL 3 CRBN E3 FL{A (1) 5 ¥
H 5] A DEACM JEHISCELE T UVA By Difgi
#2181 Reynders £ L B AE E3 Bk AU T AL
RARERFF R, WG R T 5 F /Nt
JF& PROTAC, I Haw4 & PHOTAC, %4 F
1) A Sh BE AT LA BII7E 390 nm A 525 nm A K 4%
PR RATIF S0, B T A 5 A
b, Pfaff 24PN D BERL IR Z Al T E5 A
WA AR-FA-HAZE (Ortho-F4-azobenzene), 7EH%A
M2 34 4TI E LT, ThRE Fe A 2 [8) 4 BE 2 4
T3 PROTACs Lk 5 HirdE 1 X E3 4545, TTE
UVA Hill3# Tl AR i s 202 )5, D Re R A BE 25
A3l , TR & A 25438 1P, Jin 2531
Az0-PROTAC tFIH] T 2UIEE i 70 B
BHT UVA &XF LR 20 DNA i@ iR, AR5
BRI ARG , 5 850 H At H B TETE W R ik
9 MRS RRIR T TR, SR A S A
UGS A AR T G T T

(3) e RGN : BT A FRZ PROTACS

PROTACs [ ] 4545 AE AR R AR E F ik
TRe R RS & BinE A/ e+ (ZIK) K
A, SRTE X BT HEAR 2R 119 PROTAC MBIk
o L E T TR B O A R A, kM EE BRI T
PROTACs 7EMFFE I R G . L, JEF G An
251 PROTACs AWl & ik . 2015 4, Crews
5% Promega 2 w) WF & ¥ HaloTag (HT) AR5 A
#l| PROTACs [ifF5EH, @57 T HaloPROTAC %
Ge8 HT B—Fh TR AN B R, T LS4
ft %2 (Chloroalkane) 2 [\ J& j 3t 52 Bk .
HaloPROTAC 1E&4 E3 /My FliR S & bess &
T HT BiAEANRR. B, 28 2MERm
JEF VHL E3 B iR LL & clAP 4 /i) HaloPROTAC
B T AR RS HT (4 E bR 2R 1 0 R 65671
5 HaloTag TAEJEFEEML, dTAG REH FKBP12
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B TARE AR R (FKBP12P®Y) VERah &35, %
GRAFR S TETR 7= A B AR RS HLAS 28 507

AT IE AV 0 B A Bl R S IR 1] . Bradner 55844
IMID 5 FKBP127®V/\r T e AN AP1867 #Hi%
WINES T FKBPL27OY AR&s il & & M, T
H i 51l O P TR B FKBP12 R 7= AT 5
m®l, AL, BT REAHR2E M PROTACS i
XPEAEASIAMGEN, HILHZRGEELZ Z

VR —FsE T HmAERT FEB

k% PROTAC Hi ARk JE, HHEIC A SCF.
MDM2. clAP1, VHL. CRBN L K3t 454 5 =
) DACF16. RNF114 . RNF4 4 8 fl E3 & & Wbk
5] A%] PROTACs 25 it % , ¥ AR 114 50 &
B, RO TRE . MR TR . A Y
YR 45 22 PG AP I o9, AR e
B 2R 1 B AR S gl e 1170

x1 LEEEREBEAERBERPHKREERERREXEKR

Table 1 Representative target proteins and their related diseases treated by TPD technologies

Degradation

Targeted proteins Diseases References
systems
PROTAC
ALK Chromosomal translocation associated with anaplastic large cell lymphoma CRBN [71]
(ALCL); diffuse large B-cell lymphoma (DLBCL); neuroblastoma (NB)
AR Prostate cancer VHL [72]
BCR-ABL Chronic myelogenous lymphoma (CML) VHL/CRBN [49]
BRD4 Prostate cancer; leukemia; lymphoma VHL/CRBN [44]
CRABP-1/1I Neuroblastoma; acute promyelocytic leukemia clAP1 [27]
EGFR and HER2 Breast cancer; cervical cancer; non-small cell lung cancer (NSCLC); VHL [73]
lung cancer
ER Breast cancer VHL [74]
ERRa Breast cancer VHL/CRBN [75]
FAK Breast cancer; prostate cancer; hepatocellular carcinoma (HCC) VHL/CRBN [39]
FKBP12 Acute lymphocytic leukemia (ALL); cardiovascular disease CRBN [44]
METAP-2 Cancers SCF [14]
Mcm 4 Lymphoma SCF [76]
MDM2 Leukemia; acute myelocytic leukemia (AML) CRBN [77]
PI3K Liver cancer CRBN [78]
RIPK2 Autoinflammatory diseases VHL [79]
STAT3 AML; anaplastic large cell lymphoma (ALCL) CRBN [50]
TACC3 Cancers clAP1 [31]
NS3 Hepatitis C virus (HCV) infection CRBN [80]
IRAK4 Autoimmune; inflammatory; oncological diseases VHL [81]
IKZF1/3 Myeloma CRBN [82]
PCAF/GCN5 Inflammatory diseases CRBN [52]
Tau Neurodegenerative diseases CRBN [83]
Lysosome-based TPD
ApoE4 Neurodegenerative disease LYTAC [76]
CD71 Acute T-cell leukemia LYTAC [76]
DAPK1 Cerebral ischemia CMA [84]
EGFR Cervical cancer LYTAC [76]
METAP-2 Cervical cancer AUTAC [85]
Mutant huntingtin ~ HD ATTEC [86]
PSD-95 Neurodegenerative synucleinopathies CMA [84]
PD-L1 Breast cancer LYTAC [76]

s
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22 HMEBETF UPSHEBMERS
221 INFFRENRERRS

(1) ERZFZIFFHFEMIE T (Auxin-inducible
degron, AID)

AR FE (Auxin) WIM5WEZ 2 (Indole-3-acetic
acid, 1AA) F1ZEZ 2 (Naphthylacetic acid, NAA)
&, BERS Y F-box Fiz il N 2 11 1 (Transport
inhibitor response protein 1, TIR1) %54, Ffduf
E3 2 X% 4% SCF-TIRL 5 AID WAHE AR, fi%
K FH AID Z RALFEM (K 2). 2009 4,
Nishimura %5 ¢ S8 7EEERE X AID 3T T 243,
MATE A ToRIEFIIR ST HY AID 5 H bR
A, FEIIA NAA BPEBLT i THRUNEY 6
K 4 £ % 1 4 (Minichromosome maintenance
proteins 4, Mcm 4)fREfE7. 2 )5, %A B AID
TR ZR B F B A AR A REAR, IR AID 1Y
K/NHEZ 7 kDa, $TF T %k R ke, RAg
B HEAEYEREAE SCF, {H TIRL 14 F1 AID
HEEYYA A SR, Kk, FTFEIMNERE
TIRL LUK HFpsE LA RS AID SEHTHE 45 7F AL
TZHEAR 2 W s KRR . W, TIRL 9 5
IR R A 2T R M N AR R P W R A A
Gl

(2) IMiD ESH IKZF3 Fff e T (IMiD-
responsive IKZF3 degron)

HISCHER] IMiDs Wb R EERE, g5 E3 &
EYH I CRBN 43454, X235 CRBN %75+
P 2 AT i) 25 45 IKZFL 1 IKZF3 315 | H
fift o WESE B2 T 2014 44 E T 7E IMiDs f77E T,
CRBN 51 IKZF3 () X I A B 48 2 1) 136-180 i
FAEMRPY, Koduri 45T 2019 4FHHZR B X B ik
— L 4i/N R 144-168 (i Z IR , B 5/ X B IKZF3
[ f# v 5E 7 (Minimal-1KZF3 degron), f &
IMiDs 7€ 14 4 135 i 2115 5 55 minimal-IKZF3
degron 4 4 H A7 BB (& 2), B,
Bifi 5 AT B/ minimal-1KZF3 degron Fric 194

http://journals.im.ac.cn/cjbcn

2R P 50%HE I8 R Sh @ B, i H.,
FAEH SN A CRBN 772751 28 559,
S RECLICHE IMIDs $15, NILh SE7E )
RN, RS — Ak

() /My TiESIF X (Small molecule-assisted
shutoff, SMASh)

RPN R RS, AR TN TR
E3 G WHIHSERE ST, 1M SMASh REENIRA T
IR a4 )20, SMASh i 3 4 A, 1K
YR BRI T DRV T N R 95 HCV # NS3
HEMFE5#3, (NS3 protease domain, NS3 pro)
AR AR B WA i 2 B R . H A 2 1 U3 3ol
A 975 A D)7 S A4S NS3 & A B
T AT LA IR R B F#E6 HCV /N +
N PE kUL (Simeprevir) ZEFrimdl . Rk,
TERAHZYEN T, NS3 pro &7 NS3 E YN
RALKE SMASh 1T -5 35 H A5 28 11 -5 R Ak ]
T NS4 Grs, R a0z ZAn eIt FEfR . Al
H, FEZ5H ] NS3 BELITE LR 254 T, SMASh
PRyoess, B E NS EirE Az R
Wi (18 2)o (Hi% 7 12: [RIRE T 2 RG22 > SMASh
BEYA ek B R H T
2.2.2 Trim-away (¥R R %

Trim-away 7 AR 4% 0 oo & — Pl il 92 [ =
P4 (Medical Research Council, MRC)
DT EWFSE I B Leo James BIF5Y4H & FLAY E3
2 RN Trim21, B RERE TN A 4 M 2 K
HEWPK, 5Pk Fe gl E, mATHE
Trim21 A S 2 h s Ehiis/ Bis &
54— R AR A (] 2). i1 T Trim2l 7E 2 Fp
i) S A e e NS [ A 2t A
Mo N PR H R R BUIR >, BIAT 35 21 R i
PREHHR . HEIUAIEA BAGME &N,
RUER LA B B0 AR A, HX
Sy G A7 O T 4 M Y 45 5 ) TS 2 ok
By, BIERCEY R ARLER RGN TIA
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B N HERE Trim-away R G0N HAE S TB . it

Sb, T Trim21 JeHeiisr12F H AR FH — [l 9

BEff, [N H bR A s ilgui 2 LK,
SO R IR RICR o

3 ATHBARENENETBAIA

UEJUAE, AN 2 11 A 1Y) 55— ol it o 2
R i i 2 —— TR TR (Lysosome) g 44 1% ¥
HEARMEZRATHET , H080 FH F TPD A M
EOL I R N3 R e o R el [ S N )
(Endosome)/ ¥ i {4 F1 I 1 (Autophagy)- ¥+ il {4
Fifpiste, HAET, XPREE S e g T 5w
S IE [ AR BT R Y

31 EFTARAFENEIAMBKEZIAIEAEER
BRERGE

HARELT UPS K EWF S fE R N AN B H R
UF B R AR SO, (AR F e AL TN .
SR, JCER 4 M A/ 2 1) 400 B B 2 1 e 5 i
1 B S BN S 14 A 2 R B B, Rt
TS B 1 ) R 4 G R e e Y T R A LA
2020 4F Banik 555 T N A/ NI A A
I 6 9 [5] I5F 45 5 41 B 5% TE %5 i A B ) A2 44
(Lysosome-targeting receptors, LTRs) Fli R
WA X B BB AAR 53, a7 T L 1] AR AR AR AR B 1
21 B T B T A S AR )i B R R4S (Lysosome-
targeting chimaeras, LYTACS)!®!. FH k4K i
HIHEE 0 6-WEfRZ{A& (Cation-independent mannose-
6-phosphate receptor, CI-M6PR) 2 ELA% A= ¥ 21 il
Wi M HRIE) LTR, ‘ERe A H & 6-B
(Mannose-6-phosphate, M6P) %% 3L 1) N-2R 1 (1) &
H BT N IR 2 RIS B AT R . ezt o,
Banik &4 5L R #E bH-6-0 MR (M6Pn) i 528k
1E AR R PR PR b FEBUAR G B Ar iR
FE, 7EH FACBCAY M6BPn 4454 40 it 3¢ 1 1
CI-M6PR, T £ F i g &E 11 E4
(Apolipoprotein E4) . 2z 4= K H 732Kk (Epidermal

% : 010-64807509

growth factor receptor, EGFR). F&/FPEsET-HE M
fid{4-1 (Programmed death-ligand 1, PD-L1) LI}
CD71 iz ik RIF M AT (K 3).

32 ETHR-FHARENERMEERSE

2 AL 1 R A B A 1 R DG R TR Y R 4R R
I R T A B i 1 BF 32 08 18 R 43 - 0 o R 4 i
art . AWEFEE N 3R E AN, W
FERATTHE P S py e A WE” (5 IR A E), AR AN
H Wit 2R IE B T A WEfR (Autophagosomes) iX
FE BB RS REL285 5 0 e, R S A S A
JES 1) P o A AR B AR D I8 5 /R AR B 1 A FROC
X% 1 70 (Heat shock cognate protein 70, Hsc70)
24 S AW (Chaperone-mediated autophagy,
CMA)CE
321 EFCMAREAMBRE

CMAERZ M E AR5 A KFERQZE
IR TR, Bl CMA BB 5 KEF (CMA-targeting motif,
CTM). #F5E A Bk CPP. CTM 52K 45 4 dak
(Protein binding domain, PBD) 3 FihREZ ikfl &%
ik, XA B ORI Z TN RE AR T
FHICHE 10 1 (Death associated protein kinase 1,
DAPKY) LUK SZAUE SRS EERIX 95 (Postsynaptic
Density Protein-95, PSD-95)® (& 3), {H CMA
A FEAT R T AR 3 16 AR 2 AR TAT,
I, HENATFRCRIAR KRR 32 BR T TAT fyidik
322 ETEWBRRNEORNMEMRS

H bR —Fh 2 L TR M R, RS T A W
(Phagophore) MJIERL. ZJa, WEEAHRERREE 3
(Microtubule-associated protein light chain 3, LC3)
HIAVEAESC (LC3- 1) B hlRiEal (LC3-11),
I 15 [ IS ST A IR (Autophagosome)!®l,
H WA 1 12K LC3 IRBIFEiTR g K63 {i
ZREZFEA EAMAZI] K48 ZRIZFEA)
BT T 2, BWIRSERHAZE 5B
YA W A (Autolysosomes), FHE N 2P

<. cjb@im.ac.cn
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Extr:
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g SO0 ')G')J.)CJL' ST EE ISP EESEIIES LTRSS 'J&M} X000

"r rasocesnsssassosssasssnsscensss (Tt

K63 polyublqmtmatlon v
o— —> 0 i

Phagophore
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B3 HETFREBAIRIZH TPD 3 AIERAH G

Fig. 3 Schematic overview of mechanisms of lysosome degradation pathway-based TPD technologies.

2019 4, Takahashi &Hi4fE A W BT T H T RE#
PR VP B 11 14 [ A ) % 45 1A% (Autophagy-targeting
chimera, AUTAC)®! (/] 3). AUTAC 4 T %
TR - B&ﬁ-’iﬁﬁ%ﬂ?ﬂ*‘*uw (S-S 1¥R)
FHPRE RO, SRR o] LIS BAr
Eﬁmsz%&%%ﬁﬁ WA S5 B W AR

el (HR A s R IR L A R 2., S A
Zadkw 2, HbReEtsE. Rikzsh, s-5
HIRIE 1 K63 iz Rk F Ll . AUTAC 21
S S A0 A K T AR P A 3OS e 4y T A

http://journals.im.ac.cn/cjbcn

WTFIRABS

BT A, Li ZENERBUNT 485K
LC3 X AE—Fp iy iy =, vy T B WA 4%
L&Y 25 (Autophagosome-tethering compound,
ATTEC)®® =415 (Huntington’s disease, HTT
dieases, HD) J&—fistfe Ml BT HEP0%, H

B EABFRRIRBR HTT HEA (mHTT) 2

HD 9 T B 7, &1 mHTT 3 AR AR,
AR /NG 30 0 7 i, Tk B e i (]
255 mHTT Fl LC3 HAS 55 A4 BUAH AR HI Y

(SN=]
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ATTEC 43F. ATTEC 7E454 LC3 JaE i 2 H W
IR mHTT WA A WER N, 2O LR AR, i
55 0 [ s B A RO R Az 52 e (AR R 2
ATTEC ) TAEJE LRI T 4> 7K (Molecule
glue), BIHI—A40F 58 i H AR 1 456 Fl R g
KEAMAERMES, Hik, HREERIR
Kk i) PROTAC. LYTAC L) & AUTAC (K 3).

4 REL5EZE

L5 LRTR, TPD AR B B 25 T &
PEOL TR RIS , OB IR TR AL TR
B, BATC R TR | e b 4
IR TR S Z R BRI TR I (R 1) 78
W2 TPD HiR, WF58EN AR T UPS
) PROTAC 254 , B 5 i3 259 ARV-110 7E 1l K
G R R AR A2 P, I BAERR A i
BT BTSRRI PR TR ES . R

x2 ETHOEOEBRANZSERENALE SHRME

I, PROTAC H AR A7 TE 1 22 0] B ik 01 fif Tk
(3 2). /My TIER I PROTACS 15245 W) W s R
ERBE K EIEGE ES A A YRR
FARARA FE M, Fik, &K E3 EAY)
FIFRSE . FEREALEI A FE 400 9% | 3 o 3 1 vk O
enT PLgE A HAl R E3 AW A A RE 1 A K
RSk /NG AR R R N o B K
PROTACs [ F 2058 J7 10 . Z2 ikE i) PROTAC,
A EE T HA I F /N3 B A ) R ity %, e 1)
SRR . AWM ANE EAATE B, H
T EsEsEL g mRE, FH2 MK
PROTACs XELLAL, T 7E 2 48 H 5 | A 4 i 25 K
BCA BT A R 2 A ML T B SR 4 i 27
KGN TAT . RO %A A fE B (EN Al B P N
N IR CERAR WEHGE, TAT 20505
THIINAHRECERF] 1%°%)) G 3R 40 %
REMEE, [Fe, RE/Nr+ PROTACs 1EA

Table 2 Advantages and limitations of different TPD-based degradation technologies

Degradation

Degradation pathway Advantages Limitations
system
Ubiquitin-proteasome PROTAC In vivo applications; clear High molecular weight;
system mechanisms of action; relatively uncontrollable; limited E3 complex
high selectivity knowledge
AID No off-target effect Need exogenous expression of TIR1
SMASh FDA-approved HCV drug Need modification of SMASh
cassette
IKZF3 Endogenous IKZF3 not targeted; Need exogenous expression of
FDA-approved IMiD IKZF3; CREN variation
Trim-away Only need introduction of antibody  Limitation of Trim 21 level; poor cell
membrane permeability
Lysosomal pathway CMA Only five amino acid modification Poor cellular membrane permeability
LYTAC Target to extracellular and Large molecular weight and weak
transmembrane proteins; cellular membrane permeability;
independent of ubiquitination and possible induction of immune
proteasomal degradation response in vivo
AUTAC Potentially a broad target spectrum; Lack of key information of
proteasome independent; mechanisms; K63 ubiquitination;
demonstrated ability to degrade possible influence on natural
mitochondria autophagy
ATTEC Potentially a broad target spectrum; The LC3-bound chemical moieties

direct machinery;
low molecular weight

need to be solved; low versatility

% : 010-64807509
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MRy e AR KRR, (HHEFERZ R T
BT FR/MLIER T 1 kDa 247, Ry
LA TR A0/ N 308 39 2550 24 1 R TR 6 R G AR
5 PROTAC R 48 X HARC 25 it A o HoAth Ak
T UPS WYREME 51, /Ny 753 i BE s AR AR
T BRI 5 B AR ARG R X 2 R S
YR RBERS ;s T Trim-away 5 2R A S
AR $E AR A Kb PR 5 R R, 520K
PROTACs &M, ki A M 8% RAE MG A
UL E AR B i — 20 0 o

BRIGZ AN, 3 JLARE 2GR 1 5 T MR I AR 1Y
CMA. LYTAC. ATTEC. AUTAC [&fii J5 ik m ok
TERR AR AR o FRATER L T ek iy i, ik
— YT TPD 24 RyHE SR a . A2,
SE T WA IR AR 1 AH DGR 1 AR ML A 58 42 2
YR, A A I AR A A AR 2 A5 S X LA i
BLREA i ANBR AR, R, TR EHAR AR ) TPD
iR B IR B, X TAENLEI T i . 45
g AR A B A Ry LA R Y R SRl P i o (AR
B, HAEDGF TPD AY#E % i s 5520
T A T 55 24 ML PN 7 8 1 A A AR T e ™ B 1 1R
WEEPE, L, 51 AR AT (e e iK),
& TPD 2454 B % 328 125 21 240 B sl AN RE TR 4
21t P A RCKS A TPD 4 AR 45 58 G AR SR F 55 00
FEAH I, R4 TPD HAR M & J& i 4b i 4 By
B, (HASEAE AR 8 BRI N RS v DL R AR
PRI [E]PR S Z2 R 3, Skt g 25 Wy ik e s T
BET 2T
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