#j5%4  Acta Pharmaceutica Sinica 2025, 60(11): 3263-3282 + 3263 -

o FI IR AL .
I 350n &2 2 PROTAC BB FBhEEAS 5877

LEF, BREE, KR, RE
(FERIMIERF=N S 555+ TR, L 200241)

FE: B A MR AR A 1K (proteolysis-targeting chimeras, PROTAC) & A 5“2 - UR h 745 1, BE 0% 80 7] 4% G5 /1
I3 PN FITCIE K2 I 5, TR R 58 T A4 K 2SR . Bhak, PROTAC i ik 58 4= P i #2513 1 AR A A i)
hEe, B RGTIR T AN TAEI I RO 2508 19 8. SR T, PROTAC (35 84 AL 15 P 7T BE S BUBBEFEVE . R vix — 1]
A, il Eom B PROTAC RIE i A2 . PROTAC R 24 H 0% 38 3 ' « i sl 1k 420 258 P 051 ke A 05 ek 8k, 6 ol ol A 35
HR R S PR O B PROTAC, MM 98/ PROTAC ) Jie 1 25 M I R R FUER A I PR AR AR . AL R G gh T
I B PROTAC 45Utk Py 55 ke, 018 T AU A /2 5 BhR, JF R EE T ARSI R J& U7 1], DAHES e RS HE 18 o7
HIRE

SRR IR): O B AR A AR 1] R A B AR R RS HEVR T

hE 43S R41 HAFRIRAD: A XEHS: 0513-4870(2025)11-3263-20

Stimuli-activatable PROTAC for precise cancer therapy
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Abstract: Proteolysis-targeting chimeras (PROTACs) leverage their "event-driven" mechanism to target
traditionally undruggable proteins inaccessible to conventional small molecule inhibitors, thereby significantly
expanding the therapeutic landscape of drug discovery. Furthermore, PROTACs overcome the resistance associated
with small molecule inhibitors by achieving complete degradation of target proteins rather than transient functional
inhibition. However, their sustained catalytic activity may induce off-target effects and systemic toxicity. To
mitigate these limitations, stimuli-responsive PROTAC prodrug systems have emerged as a promising strategy to
spatiotemporally control PROTAC activation within tumor microenvironments. PROTAC prodrug systems
demonstrate tumor microenvironment-responsive activation through endogenous/exogenous stimuli (e. g., light,
enzymes, reactive oxygen species), enabling spatiotemporal control of PROTAC liberation. This precision
engineering strategy significantly reduces off-target toxicity while maintaining potent on-target protein degradation
efficacy. This review provides a systematic overview of cutting-edge advances in stimuli-activatable PROTAC
platforms, critically examines current limitations and challenges in the field, and proposes strategic directions for
future development to accelerate the evolution of precision cancer therapeutics.
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Figure 1 Upon receiving a specific stimulus, stimuli-activatable PROTAC is reduced to activated PROTAC, which subsequently mediate
protein degradation via UPS pathway. The heterobifunctional PROTAC binds to both the POI and E3 ligase, forming a stable ternary
complex. Ubiquitin is then transferred from the E2 enzyme to the POI through the E3 ligase, resulting in the ubiquitination of the POI. The
ubiquitin-tagged POI is recognized by the proteasome and ultimately degraded into small fragments. The PROTAC can then enter a new
cycle, binding to other POIs in a catalytic manner. POI: Protein of interest; Ub: Ubiquitin; PROTAC: Proteolysis targeting chimera; ROS:

Reactive oxygen species; TCO: Trans-cyclooctene; Tz: Tetrazine; GSH: Glutathione

Table 1 Key features and advantages of stimuli-responsive strategies in PROTAC. NTR: Nitroreductase

Strategy Key feature Advantage
Photo UV light activation, reversible switches Non-invasive spatiotemporal, rapid on/off kinetics
X-ray Activated by clinical X-ray irradiation, ROS Deep tissue penetration, synergy with radiotherapy, non-invasive
generation spatiotemporal, self-amplifying in high-ROS tumor microenvironment
Hypoxia Activated by NTR overexpression in hypoxia Tumor selective activation, minimizes on-target/off tumor toxicity

ROS Activated by ROS, combined with oxidative stress-
inducing therapy

Tumor selective activation, synergy therapy

Enzyme Enzyme substrate specificity, modular design, tumor Precision targeting, enhanced tissue penetration

microenvironment adaptation, prodrug stability
Multi-stimulation Logic-gated activation, modular stimuli-responsive ~ Enhanced tumor selectivity, improved safety profile, adaptability to tumor

unit, region-confined targeting heterogeneity, synergistic activation mechanisms
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Figure 2 Photo-activated PROTACSs for spatiotemporal control POI degradation under light. A: Opto-dBET1 can be uncaged by UV
irradiation (365 nm); B: UV irradiation activates opto-dBET1 to promote the degradation of BRDs. Adapted from Ref. 39 with permission.
Copyright © 2020 American Association for the Advancement of Science; C: PROTAC 2 can be uncaged by UV irradiation; D: UV
irradiation activates PROTAC 2 to promote the degradation of ERRa. Adapted from Ref. 29 with permission. Copyright © 2020 American
Chemical Society; E: pc-PROTACI can be uncaged by UV irradiation; F: UV irradiation activates pc-PROTACI to promote the degradation
of BRD4. Adapted from Ref. 42 with permission. Copyright © 2019 American Chemical Society; G: Switching of PHOTAC-I-3 between the
trans isomer (left) and the cis isomer (right); H: Wavelength dependence of BRD2/4 degradation promoted by PHOTAC-I-3. Adapted from
Ref. 43 with permission. Copyright © 2020 American Association for the Advancement of Science; I: Switching of B3 between the trans
isomer (left) and the cis isomer (right); J: HPLC chromatograms of B3 under the stated irradiation conditions. Adapted from Ref. 47 with
permission. Copyright © 2024 Wiley-VCH GmbH. NVOC: Nitroveratryloxycarbonyl; DEACM: 7-Diethylaminocoumarin-4-ylmethyl;
DMSO: Dimethyl sulfoxide
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PROTAC. Adapted from Ref. 50 with permission. Copyright © 2023 American Chemical Society; B: Chemical structure of the hypoxia-

responsive PROTAC. Adapted from Ref. 60 with permission. Copyright © 2022 American Chemical Society; C: The reaction mechanism of

H,0,-activatable PROTAC; D: The anti-tumor mechanism of H,O,-activatable PROTAC-integrated nanosensitizer for potentiating radiation

therapy of cancer. Adapted from Ref. 65 with permission. Copyright © 2024 Wiley-VCH GmbH; E: Chemical structure of ROS-responsive

PROTAC. Adapted from Ref. 66 with permission. Copyright © 2023 American Chemical Society. i.v. injection: Intravenous injection;

NOX4: Nicotinamide adenine dinucleotide phosphate oxidase 4; VHL: Von Hippel-Lindau; BRD4: Bromodomain-containing protein 4;
DNA: Deoxyribonucleic acid; RT: Radiation therapy; NRP-1: Neuropilin-1
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M JLF %A R, BHKF S Z S8 05 % V1A
81 Qi A0 57 Tl e bk s 6k N'TR Wi o2 45 1 1) )3 %,
I Y L K e B T 5 PROTAC 45 &, TF R T = &
N PROTAC (K 3B). i F Ik M 5 76 ] 4 NTR - 5],
ISR TR, B fE KA T HEHFEE X, A
1M ¥#E PROTAC, = % 1 3. & PROTAC 7E IE 5 41 21
R R BRI PR G, I LGV 5 R (R, (2
16 Z SR 41 20 3B NTR R IA W0B0E, 7 1k
5 S R 40 21 b EGFR & (A 1 B R . BRItk 22 45,
Cheng %51°"V I b 4 i 56 1ok e 6 A1 R = S 05 B8 &
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AR B Je I 4-NH A7 T, FF R T = 080 (1 PROTAC
(ha-PROTACQ), &7 T 75 MRF = S fll 48 358 o 0GR ik
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HUEE GO B Sl NSRS A @ ), X — RS TOVE E
Be B T IF R R R A B R E A B = A0S
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B = S 4h, ROS 7K T 1) Fh w5 72 Ji 788 4 5 11
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38 L AL R i AL A (H,0,) . 5 1E H 4H B A
bl Tiiyee 4 A 22 300 HE SR A8 v 1) H,0, KT, W BT IR
100 pmol- L™, [l 1, I FH iy R 355 H s ROS 7KF
TF R ROS Wi (11 245 5 25 405 1% R 4, AT 52 e i 1
FEUHEIRIT o Zhang V& 1F 7 —Fh H,0, Bi% I BRD4
[ fi# 77 BT 245 (BPA771, ¥13C). BPA771 L 7E VHL it
A ¥ 5 4- (% ) R R S B, AN TSI B X6
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RGD-PEG-b-PLGA 14 F AU 14 871 HEO, 94 K FkL,
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RE % U 1o 22 0 7 1fn 8 3% 7RI HNSCC 8 40 ff i -
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KFTRL AT BPATT1 T 24 (1) 183 o S 1 366 12 0 % FEE fieh 98
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b XS 4 B S 3 9 0T 15 5 Y DNA B3, [R5 5
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JIe 98 240 P XS TS I 9T R R

B T M8 AR B P A T ROS AP, AN I A R
) ROS B 7] F FIF RIS B AT 25 . Wang S48 7
— Fh 44 2Kk PROTAC (nanoformulated PROTAC, NAP)
(B 3E), 1T 76 i 29 & o rh oz 72 77 3% 1 2 A B
NAP @ i 57 7 A H 2% i, H + PROTAC 5 % 8
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HEEEER . BT S EL, PROTAC 1R (1 B RS

PETEVIUE I B U ER . fE & B 252455, NAP @I EPR
BN R SRETE i gg H 23, AT (2 i3 PROTAC 7E Jif g o
M E S, BHJG, 81 7 e 0 A St i 21 40 6 B, 3
T ERRAE R0, IX AN AT LI o 2 A e B 5% 2
FE T PROTAC, 14 v filh & 6 31 7797 ¥ (photodynamic
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HEE3 R ERMEITEAREM. 2RI T
BET % 4 BRD4 1 4 PROTAC I #8Fx, (5 v BRD4 ()
HIHIE AN RE % 10 %% 40 f 6 PDT M B, 38 vl 42 =
TEIT AR . IX B S BE AOE B PROTAC #2431 18 1
Bk, 5] k0, TR R I #% PROTAC & A
Boe i i e, TR R R AR L' O T R ) O M )
PAR IR ZE I B RE ST
5 BEgHUEE!PROTAC

Ji9RE o VR 2 Tk 3R R, X e ) o B SRR N
Jo R v 9T SR T R B S AT 3 R T I Y
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5 PROTAC v By i i iF A= W b 354 mT 22 10 I o
A R, BARH A © B RS0 A YA 25 R AT
VR B 2R 1 A N7 2 W o 1 2 SRR AN
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TE 22 Fljess 20 Hf poid i 0k R R A E AL SR A
it B (cathepsin B, Cat B) 7] Z¢fi# ) Ik Bt'™'.  SPN_ fE
Y% )E, WE RATE/DNR IR . ISR
SR, AR RO, LAY B R 4 A, R B0 R AH S Bt SR
(tumor-associated antigen, TAA) F11% 5 e 2 5L 14 41 i
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BSR40 M (dendritic cells, DC) Ji 24 £ 33E T 40 i 34
T, AT 3G SR e AR T 40 B G088 I B o (RIS, Jifgg v ik
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MR MR, T % e e 4t . DRk, SPN, A S 17T
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— R 8 ) SR S A (cyclooxygenase 1/2, COX-1/2)
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Cat B 1] 4 fi# ik 8% K COX-1/2 # 5] PROTAC = &k 41
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(B 4A). FrlkIESH G, SPN ., BT EPR 2N & 5T
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Jik#E, Bt COX-1/2 481 PROTAC ik (CPP) (K1 4B). %
v MR PR 38 o M5| e 3€ 9 (indomethacin, IND) 45 ¥ 35 ¥ []
COX-1/2, [Fl I f% B VHL B 4 } Bt (GSGSALAPYIP)
S B3 2 RIEHN, 55 COX-1/2 FEf# (E14C), AT
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A I ) ANAS O AR A D S T e 38 e e B AR, T
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S P 30 326 P B RO, A O SR e A 7L e A S AR
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— M iR -PROTAC 51k 73+, | it 2 5 FOLR1 1)
BRI AR, LAy TEREANLKE
FOLR1 i %A 1 Mg 4H i (¥ 5D). sk NS, LA
7K AR A A T 2 S AT P D7 22, R B i 1% PROTAC 43
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Frid, B4 2 268 B H MR R AR E R . SR, iR
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IR AL o DR b, o e 36 ok 45 A R Ak ST A e
50 FlREZ MG, SN G FIE S . Ak,
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Figure 4 TME-reprogramming CatB-responsive PROTAC peptide for photo-metabolic cancer immunotherapy. A: Structure of CatB-

responsive SPN B: CatB-responsive SPN_,, for persistent COX-1/2 degradation, PGE, depletion, and immunosuppressive TME repro-

(()X’

gramming; C: Confocal fluorescence images of COX-1/2 expression of 4T1 cells after incubation with different nanoparticles for 12 h; D:
The activation of antitumor immune responses via inducing ICD, promoting TAAs release, triggering DC maturation, and stimulating effector

Teff activation by SPN_, -mediated immunogenic phototherapy; E: Activated-SPN_,, suppressed tumor growth in 4T1-tumor-bearing mice.

cox
Adapted from Ref. 70 with permission. Copyright © 2021 Wiley-VCH GmbH. TME: Tumor microenvironment; CatB: Cathepsin B; ICD:
Immunogenic cell death; TAAs: Tumor-associated antigens; DC: Dendritic cell; Teff: Effector T cell; PEG: Polyethylene glycol; PEG,: Pros-
taglandin E»>; COX: Cyclooxygenase; MDSCs: Myeloid-derived suppressor cells; Tregs: Regulatory T cells; M2 Macs: M2 macrophages
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Figure 5 Enzyme-responsive PROTAC for targeted protein degradation. A: Structure of caspase 3-responsive NPRO; B: Caspase 3-respon-

sive NPRO for activatable cancer photo-immunotherapy. Adapted from Ref. 74 with permission. Copyright © 2022 Wiley-VCH GmbH; C:
Chemical structure of GSH-responsive PROTAC. Adapted from Ref. 80 with permission. Copyright © 2021 Wiley-VCH GmbH; D: Chemi-

cal structure of Folate-ARV771. Adapted from Ref. 84 with permission.

Copyright © 2021 American Chemical Society. SHP2: Src homol-

ogy 2 domain-containing protein tyrosine phosphatase-2; PTP: Protein tyrosine phosphatase; UBR: Ubiquitin protein ligase E3 component

N-recognin; PpIX: Protoporphyrin IX; CD47: Cluster of differentiation 47; SIRPa: Signal regulatory protein a; Teff cells: Effector T cells;

PD-1: Programmed cell death protein 1; PD-L1: Programmed death-ligand 1
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Figure 6 Multiple stimuli-activatable PROTAC for precise protein degradation. A: Responsive mechanism of C-srP .; B: C-srP,.,
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examinations of HeLa cancer cells under hypoxia and normoxia condition. Adapted from Ref. 86 with permission. Copyright © 2022 Ameri-

can Association for the Advancement of Science
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Figure 7 POLY PROTAC for targeted protein degradation and precise cancer therapy. A: Composition of multiple stimuli-activatable
POLY PROTAC and restoration process of PROTAC; B: MMP-2-responsive PGDA7 nanoparticles (POLY-PROTAC) displayed increased
penetration into MDA-MB-231 MCSs in vitro compared with their MMP-2-nonresponsive PDA7 counterpart; C: The anti-tumor mechanism
of multiple stimuli-activatable POLY-PROTAC; D: HPLC-determined intratumoural ARV771 distribution; E: Multiple stimuli-activatable
POLY PROTAC suppressed tumor growth in MDA-MB-231 tumor-bearing mice. Adapted from Ref. 90 with permission. Copyright © 2022
Nature Publishing Group. POLY PROTAC: Polymeric PROTAC; DBCO: Dibenzocyclooctyne; MMP-2: Matrix metalloproteinase-2; PDT:
Photodynamic therapy; PPa: Pyropheophorbide-a
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Figure 8 Region-confined PROTAC nanoplatform for spatiotemporally tunable protein degradation and combinatory cancer therapy.

A: Composition of region-confined PROTAC nanoplatform; B: The anti-tumor mechanism of region-confined PROTAC nanoplatform;

C: Distribution of ROS/NTR-activated CY on tumor sections to simulate the distribution of ARV771. Adapted from Ref. 99 with permission.
Copyright © 2024 Nature Publishing Group. CDK4: Cyclin-dependent kinase 4; CDK6: Cyclin-dependent kinase 6; CY: Hemicyanine
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Figure 9 SOP MN platform for in situ protein degradation and potentiated therapy of GBM. A: A schematic of SOP MN; B: SOP MN is
surgically implanted into the tumor site and antitumor application of PPT7 and BM nanoparticles via SOP MN; C: Representative confocal
images of double-layered SOP MN (scale bar = 100 um); D: Tumor imaging revealed differential release of PPT7 NPs (PPa staining) and
BM NPs (5-AF staining) at 5 min and 6 h after the MN application (scale bar = 20 um); E: Exposure to light following the co-incubation of
PPT7 and BM nanoparticles resulted in a significantly higher release of ARV771. Adapted from Ref. 107 with permission. Copyright ©
2025 Wiley-VCH GmbH. SOP MN: Self-oxygenating PROTAC microneedle; DiO: 3, 3’-Dioctadecyloxacarbocyanine perchlorate; Dil:
1,1'-Dioctadecyl-3,3,3’,3"-tetramethylindocarbocyanine perchlorate; DAPI: 4',6-Diamidino-2-phenylindole; 5-AF: 5-Aminofluorescein; ISC:
Intersystem crossing; HA: Hyaluronic acid; HAMA: Hyaluronic acid methacrylate
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