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Proteolysis-targeting chimeras (PROTACs) have emerged as a
promising technology for inducing targeted protein degrada-
tion by leveraging the intrinsic ubiquitin-proteasome system
(UPS). While the potential druggability of PROTACs toward
undruggable proteins has accelerated their rapid development
and the wide-range of applications across diverse disease
contexts, off-tissue effects and side-effects of PROTACs have
recently received attentions to improve their efficacy. To

1. Introduction

Proteostasis, the maintenance of protein homeostasis, is a vital
process for preserving the integrity of the cellular proteome
through protein regulation” Given the essential role of the
proteome in cell function and survival, a number of pathways
are involved in maintaining proteostasis.”” For instance, the
unfolded protein response (UPR) is activated to lower the level
of unfolded proteins under cellular stress conditions to maintain
proteostasis in the endoplasmic reticulum by facilitating
chaperonin proteins.” Furthermore, cells control the lifetime
of proteins through the ubiquitin-proteasome pathway and the
autophagy-lysosomal pathway.*” Disruption of proteostasis
results in the accumulation of aberrant proteins, contributing to

various diseases such as cancer,®' neurodegenerative
diseases,">" immune-related diseases™ and infectious
diseases.>"”

Recently, researchers in the field of drug discovery have
turned their attention to protein degradation to eliminate
disease-related proteins, primarily utilizing the ubiquitin-protea-
some system (UPS)."® In the cellular UPS, E3 ubiquitin ligases
facilitate the ubiquitination of target proteins, leading to their
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address these issues, spatial or temporal target protein
degradation by PROTACs has been spotlighted. In this review,
we explore chemical strategies for modulating protein degrada-
tion in a cell type-specific (spatio—) and time-specific (tempo-
ral—) manner, thereby offering insights for expanding PROTAC
applications to overcome the current limitations of target
protein degradation strategy.

subsequent proteasomal degradation. To achieve selective
target protein degradation by harnessing the endogenous UPS,
researchers have developed a novel chemical tool known as
proteolysis-targeting chimeras (PROTACs)."” PROTACs are com-
posed of heterobifunctional molecules containing two moieties
responsible for recruiting E3 ubiquitin ligase and the protein of
interest (POI), respectively, conjugated with diverse chemical
linkers.”™ PROTACs promote the formation of a ternary complex
involving E3 ubiquitin ligase, PROTAC, and POI, thereby
triggering the ubiquitination of POI followed by UPS-mediated
degradation.

In comparison to conventional drug discovery strategies,
such as small molecule inhibitors or monoclonal antibodies
(mAbs),2" PROTACs offer an exquisite feature from a perspec-
tive of druggability. In conventional drug discovery, drug
molecules are required to bind active sites and control the
function of the POI,”? which make proteins lacking these sites
as “undruggable proteins””® For this reason, the number of
druggable proteins is restricted to a small part of the entire
proteome and most proteins still remain undruggble. However,
PROTAC can effectively target any type of protein regardless of
presence of active sites. By conjugation of E3 ligase binders and
POI binders, induced the proximity of E3 ligase and POI offer
the POl degradation for disease treatment. Considering the
advantages of PROTACs, a number of PROTACs have been
reported using well-known E3 ligase ligands (von Hippel-Lindau
(VHL) ligands and Cereblon (CRBN) ligands).***' Recently,
PROTACs have been developed for targeting disease-related
proteins, including STAT3,%? tau,”” androgen receptor (AR),*®
and estrogen receptor (ER)®. Currently, over 20 PROTACs were
in clinical trials by the end of 2022,

Despite recent great interest in PROTAC development,
several limitations of PROTACs have been reported such as
poor pharmacokinetic properties resulting from not satisfying
Lipinski’s “rule of five” (RO5).% Another major limitation of
PROTAC is the undesired on-target off-tumor protein degrada-
tion, resulting in off-target effects and unexpected toxicity.?*>"
In response to these challenges, various strategies have been
developed to overcome these limitations by controlling spatial
and temporal target protein degradation (Figure 1). Herein, we
review recent strategies for conditional protein degradation
and provide a future perspective for overcoming current
limitations of PROTACs.
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2. Spatial PROTAC

One of the limitations of PROTACs is the undesired normal cell
toxicity resulting from their off-site protein degradation.®*>*' In
efforts to mitigate the on-target off-tumor toxicity of PROTACs,
spatially controllable PROTACs (Spatial PROTAC) have been
developed. The spatial PROTACs leverage cell-specific features,
such as membrane receptors and cellular environments—
particularly tumor microenvironments—or utilize bioorthogonal
chemical reactions for spatial protein degradation (Figure 2,
Table 1).

2.1. Ligand Modification

Certain type of tumor cells can be characterized by a high
abundance of membrane proteins, including anchoring pro-
teins, receptors, and transporter proteins,*® which can be the
targets of various modalities such as mAbs,®” aptamers,®® and
receptor binding small molecules.®***” The combination of the

cancer-targeting moieties with PROTAC technology enables
tumor type-selective PROTAC delivery and subsequent protein
degradation.

[41]
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2.1.1. Degrader-Antibody Conjugates (DACs)

Antibody-drug conjugates (ADCs) consist of tumor-targeting
mAbs, which are conjugated to cytotoxic payloads via chemical
linkers."? Each component plays a crucial role in the efficacy
and safety profile of ADCs. The mAb part of ADCs contributes
to cancer cell selectivity, stability, and pharmacokinetic proper-
ties, while the payloads of ADCs exert anti-tumor effects by
inducing cytotoxicity such as DNA damage or microtubule
inhibition. For the chemical linker in ADCs, both cleavable and
non-cleavable chemical structures have been utilized. Cleavable
linkers enable controlled release of the cytotoxic payload
intracellularly or within the tumor microenvironment. The
cleavable ADC linkers can be categorized into three types:
protease-sensitive linkers utilizing protease cleavable peptide
sequences like cathepsin B sensitive valine-citrulline (VC)
dipeptide, pH-sensitive linkers attached to acid-labile groups
such as hydrazone, and glutathione-sensitive linkers containing
disulfide bonds. Whereas, non-cleavable linkers, including
thioether or maleimidocaproyl (MC) groups, exhibit enhanced
plasma stability, and potentially improving the therapeutic
index. They can offer a larger therapeutic window and reduce
off-target toxicity compared to cleavable linkers due to greater
stability and tolerance.*”™*¥ The extensive ADC research and its
notable efficacy have resulted in the FDA approval for 12 ADCs,
with over 260 undergoing clinical trials as of 2022."*' However,
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Figure 1. Conditional PROTACs. Overview of recent strategies for modulating targeted protein degradation. Conditional PROTACs are categorized into three
parts. Spatial PROTACs utilize cellular abundant components or cell-specific membrane receptors to induce cell type-specific target protein degradation.
Temporal PROTACs facilitate click chemistry to activate or quench the TPD at time-specific manner. Spatiotemporal PROTACs is based on optical or
sonodynamic control for precise degradation of target protein both spatial and temporal manners.

limitations of ADCs have arisen from their uniform payloads,
which are driving ADC research towards payload diversification
and prompting the development of degrader-antibody con-
jugates (DACs).“

Despite the promising potential of PROTACs, their develop-
ment remains challenging due to their metabolism and
pharmacokinetics (DMPK).*” To overcome these limitations,
DACs have been developed by harnessing mAb-mediated
PROTAC delivery. Given the pivotal role of BET family proteins

ChemMedChem 2024, 19, 202400326 (4 of 32)

in various cancers,***® bromodomain-containing protein 4

(BRD4) targeting DACs have been developed.?*" VHL-based
BRD4 degraders, such as GNE-987 and MZ1, conjugated to
antibodies have shown the promising results in acute myeloid
leukemia (AML) treatment using anti-CLL1 antibody, as well as
in prostate and breast cancer treatment using anti-STEAP1 and
anti-HER2 antibodies (trastuzumab or Herceptin® (1-3),
respectively.®>** Among them, STEAP1-targeting DACs demon-
strated significantly higher efficacy, with DCs, values ranging

© 2024 The Author(s). ChemMedChem published by Wiley-VCH GmbH
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Figure 2. Spatial PROTACs. Overview of the mechanism of action for Spatial PROTACs and their applications. These applications include the modification of
ligands by conjugating them with small molecules, monoclonal antibodies (mABs), and aptamers that target cancer-associated membrane proteins. Spatial
PROTACs can form nano-spherical assemblies via specific assembly motifs, such as lipids or peptides conjugated to either the ligand for the POI or the E3
ligase ligand of the PROTAC. Tumor-targeting motifs, such as folate, facilitate cell-specific target degradation. Furthermore, various caging groups can be
incorporated to conditionally activate the PROTACs in cells exhibiting elevated levels of reactive oxygen species (ROS) or glutathione (GSH), as well as in
hypoxic states. Finally, tumor-selective click reactions can be utilized, taking advantage of either elevated copper (Cu) levels or the overexpression of integrin

within tumor tissues.

from 1 to 1000 nM. These DACs were three to ten times more
effective than CLL1 or Her2 targeting DACs. Additionally, DACs
utilizing a GSH-responsive linker demonstrated significant BRD4
degradation compared to those employing protease-responsive
or non-cleavable linkers. Similarly, estrogen receptor (ER)
degraders conjugated to anti-HER2, anti-B7-H4, and CD22
antibodies through protease-responsive linker (4) exhibited
enhanced in vivo stability.”® These examples demonstrate that
DACs can improve pharmacokinetic properties of PROTACs.
Moreover, proper linker design is critical for the efficacy of
DAGs.

Recently, Antibody neoDegrader Conjugates (AnDC™) have
been reported to deliver neodegraders specifically to cancer
cells toward clinical applications. For instance, ORM-5029,
designed to target HER2-expressing advanced solid tumors via
pertuzumab, is in phase | clinical trials.”’~® This trial serves as a
pioneering example of DACs in clinical settings.

ChemMedChem 2024, 19, 202400326 (5 of 32)

2.1.2. Aptamer-PROTAC Conjugates (APCs)

Aptamers, which are single-stranded nucleic acids with intricate
three-dimensional structures, exhibit high specificity and affinity
for their target proteins through various physiochemical
interactions, including shape complementarity, hydrogen bond-
ing, hydrophobic, electrostatic, van der Waals interactions and
base stacking.”®*" With their binding properties toward target
proteins, aptamers are often referred to as “chemical anti-
bodies” and offer distinct advantages over antibodies, such as
their small size, synthetic accessibility, and tunability to enhance
water solubility.®? Notably, aptamers demonstrate excellent
tissue penetration, superb invivo stability, and lack of
immunogenicity.®**¥ Given these advantages, aptamers have
been widely used in targeted cancer therapy.*®

For instance, AS1411, a guanosine-rich oligonucleotide
aptamer, specifically recognizes and binds to nucleolin, which is
highly expressed on the membranes of tumor cells.*** Due to
its potent inhibitory effect on nucleolin-overexpressing tumors,
AS1411 is currently in phase Il clinical trial.””*® Furthermore,
AS1411 has been employed in aptamer-drug conjugates for the
tumor-specific delivery of drugs. Capitalizing on aptamers’

© 2024 The Author(s). ChemMedChem published by Wiley-VCH GmbH
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potential as tumor-selective binding agents, He et al. developed
the first aptamer-PROTAC conjugate (APC), named as APR (5) by
conjugating AS1411 with MZ1 via a disulfide cleavable linker."*”
The APR selectively internalized into nucleolin-overexpressing
breast cancer cells, where it was cleaved by endogenous
glutathione (GSH), releasing the BRD4 degrader MZ1 and
inducing subsequent BRD4 degradation. The APR demonstrated
el tumor-targeting ability and potent antitumor efficacy without
adverse effects on normal tissues in a mouse xenograft model.
Similarly, Liu etal. developed PS-ApTCs (6), which is
phosphorothioate-modified AS1411 (PS-AS1411) with CRBN via
a non-cleavable linker for UPS-mediated nucleolin
degradation.”” The phosphorothioate modification enhanced
PS-ApTCs’ stability against nuclease-mediated degradation. PS-
ApTCs preferentially degraded nucleolin in targeted tumor cells
and exhibited enhanced antiproliferative potency compared to
PS—A1411. Furthermore, PS-ApTCs were combined with GSH-
responsive AS1411-paclitaxel conjugates (ApDCs). The mecha-
nism of action of ApDCs is similar to the first APC, wherein
ApDCs internalize into nucleolin-positive cells via AS1411 and
undergo disulfide cleavage by GSH, releasing the cytotoxic
microtubule-targeting drug. Combination therapy with PS-
ApTCs and ApDCs demonstrated enhanced synergistic effects
on tumor inhibition in a mouse xenograft model. Consequently,
the APC strategy presents a promising approach to address the
limitations of traditional PROTACs by enhancing their tumor-
targeting capability, antitumor efficacy, and water solubility.

[111]
[116]

Control moiety Ref

E3 ligase ligand

CRBN
VHL

Protein ligand

BRD4
ERa

2.1.3. Folate-Conjugated PROTAC

(go Folate, the natural form of vitamin B9, is essential for eukaryotic
o cell proliferation and differentiation.”" Folate is internalized into
the cells upon its binding to folate receptors (FRs).”? Among
the four isoforms of FRs, folate receptor o (FOLR1) is notably
overexpressed in cancer compared to normal tissues.”>’¥ The
site-selective expression and high-affinity folate binding prop-
erty of FOLRT have led to its applications in targeted drug
delivery.”>7®
Liu etal. developed three folate-conjugated PROTACs
© capable of selectively degrading BRDs, MEKs, and ALKs in
z i cancer cells.”” VHL-based PROTACs targeting BRD4 (ARV-771),
5 MEK1/2 (MS432), and ALK (MS99) were conjugated with folate
via a triazole embedded cleavable linker. The folate-conjugated
PROTACs were internalized into cancer cells via FOLR1 binding.
Upon entry into the cells, the folate group was cleaved by
endogenous hydrolases, releasing the active PROTAC to
degrade the POI. Among them, BRD4 targeting folate-conju-
gated PROTAC (7) showed high FOLR1 selective targeting
ability, FOLR1 positive cancer cell specific protein degradation
and excellent potency. Similarly, Chen et al. devised a CRBN-
based folate-conjugated PROTAC by linking pomalidomide-ALK
PROTAC (MS4048) with folate via a cleavable disulfide bond
(FA-S2-MS4048, 8)."¥ Specifically, the folate group was incorpo-
rated onto the glutarimide moiety of pomalidomide to restrain
protein degradation by MS4048. Following folate-mediated
internalization, the disulfide bond of FA—S2-MS4048 underwent

H

o
N

1
S

N o

\0/\[( \/\o/\/

Structure
J252(PROTACQ)
GSH-ER-P1

Class
Hypoxia
PROTAC
GSH
PROTAC

Table 1. continued

No.
3
3
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cleavage by endogenous glutathione (GSH) and subsequent
intramolecular cyclization, leading to the release of active
MS4048 for the degradation of ALK.

Despite the pronounced tumor selectivity demonstrated by
folate-conjugated PROTACs, the conjugation of the folate
moiety increased the molecular weight of PROTACs by over
1,000 Da, potentially compromising their oral bioavailability and
pharmacokinetics. Thus, further invivo validation is highly
required to confirm the stability and cancer-selective delivery of
folate-conjugated PROTACs.

2.2. Split & Mix PROTAC

As PROTACs form a ternary complex with E3 ligase and the POI,
the linker structure of PROTACs is critical. Therefore, meticulous
design and optimization of the linker structure of PROTACs are
necessary, which can be tedious and labor-intensive.’ To
address these time-consuming challenges, Yang etal. intro-
duced a novel nanoplatform based PROTAC approach, termed
split-and-mix PROTAC (SM-PROTAC).E” Instead of utilizing a
chemical linker, peptides were attached to each E3 ligand
recruiter and POI binder to induce self-assembly. The diphenyl-
glycine (Phg-Phg; 88) motif, known for its stability and ease of
modification, was employed to facilitate self-assembly into
nanoparticles.®" Initial testing with 83-conjugated fluorophores,
including fluorescein (FAM) and rhodamine B (Rho), successfully
resulted in the formation of fluorescent spherical nanoparticles.
However, due to their negative surface potential, these nano-
particles were unable to penetrate the cellular membrane. To
enhance membrane penetration and shift the surface zeta
potential, the 83 motif was elongated with two positively
charged arginine residues (RR). The resulting 66RR-based nano-
spherical assemblies exhibited improved cell permeability.
Nano-spherical assemblies based on 86RR, incorporating E3
ligase recruiters such as VHL and CRBN, and POl binders
including ER (9), AR (10), BRD4 (11), cyclin-dependent kinases 4
and 6 (CDK 4/6, 12), mitogen-activated protein kinases 1 and 2
(MEK1/2, 13), BCL-ABL (14), and epidermal growth factor
receptor (EGFR, 15), successfully induced the degradation of
their target proteins. Notably, regardless of the mixing ratio of
E3 ligase recruiters and POl binders, nanoparticles with a
consistent 1:3 ratio of E3 ligase recruiters and POI binders were
observed, indicating that linker optimization is not necessary.

Furthermore, a liposome-based self-assembly SM-PROTAC
system (LipoSM-PROTAC, 16) was developed, incorporating
folate onto FA-V-Tam-L to enhance tumor-targeting ability.®”
LipoSM-PROTAC exhibited selective uptake into FOLR1-positive
cancer cells and induced successful POI degradation.

In summary, nano-spherical self-assembly-based PROTAC
offers promising potential for cell-selective PROTACs without
time-consuming linker optimization.
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2.3. Caged PROTAC

The caging techniques originates from photolabile protecting
groups (PPGs) which can be cleaved from a bioactive molecule
upon photo-irradiation.®® PPGs offer spatiotemporal control of
the activity of various bioactive molecules.®™ However, their
light-induced toxicity and limited tissue penetration depth of
the light have prompted the exploration of alternative
approaches,™ ¥ including the development of x-ray-responsive
caging groups.”™ Subsequently, a series of caging groups
responsive to physical, chemical, and biological stimuli have
been developed.®**? Researchers have conjugated stimuli-
responsive groups to PROTACs and demonstrated their precise

control for desired protein degradation.**~*¥

2.3.1. ROS PROTAC

Reactive oxygen species (ROS) are chemically reactive molecules
containing oxygen atoms and unpaired electrons, including
hydrogen peroxide (H,0,), superoxide radicals (02°7), hydroxyl
radicals (eOH), and singlet oxygen ('0,). It is widely observed
that ROS levels are elevated within tumor environments.”>* To
exploit this characteristic, boronic acid moieties have been
employed for the conditional activation of PROTACs in the
presence of ROS.” This approach facilitates targeted PROTAC
activation specifically within ROS-rich tumor microenviron-
ments.

Boronic acid is renowned for its significant biological
applications, owing to its facile interconversion between sp?
and sp® forms, robust interaction with diol-containing com-
pounds, and notable Lewis acidity.”® When exposed to specific
ROS, particularly hydrogen peroxide (H,0,), aryl boronic acid
undergoes conversion into a phenol-derived intermediate,
followed by detachment via 1,6-benzyl elimination.”®'*" Re-
cently, Liu et al. introduced ROS-responsive pre-PROTAC 7 (17),
efficiently degrading the target protein BRD3, utilizing aryl
boronic acid as a caging group. Upon exposure to H,0,, the aryl
boronic acid is cleaved, activating the PROTAC."®" Similarly, The
Sun group has devised an H,O,-responsive PROTAC (18-19),
targeting BRD4 and ER, employing aryl boronic acid as a caging
group, and has extended this approach to design a PROTAC
targeting the estrogen receptor.'™

Pinacol phenylboronate has also been employed in ROS-
responsive PROTACs,®*'® functioning via cleavage under H,0,
conditions, triggering 1,6-benzyl elimination and hydrolysis.””
The Wang group utilized this mechanism in their development
of ROS-PROTACs (20-21), yielding two distinct variants capable
of regulating intracellular BRD4 protein levels and selectively
modulating the degradation of a fluorescent reporter protein,
HaloGFP."* Similarly, Jia et al. demonstrated that ROS-respon-
sive PROTACs could selectively target histone deacetylase (Na-
PRO, 22) for degradation in response to H,0,."% Furthermore,
the Zhang group synthesized a series of stimuli-responsive
PROTACs (sr-PROTACs), caging thalidomide with pinacol phe-
nylboronate (C-srPp, 23). These sr-PROTACs, known as ddBETT,
exhibit responsiveness to various stimuli, including H,0,"
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underscoring the potential of ROS-activated PROTACs for condi-
tionally targeted protein degradation.

2.3.2. Hypoxia PROTAC

Hypoxia, a prevalent characteristic of most of solid tumors,®
fosters an environment where Nitroreductase (NTR) activity is
notably augmented. However, NTR, an enzyme capable of
converting nitro groups into amino groups using NAD(P)H as
an electron donor, is barely expressed in normal cells and
tissues. Considering the high expression level of NTR in tumors,
a hypoxia PROTAC has been designed by using a hypoxia-
activated leaving group (HALG).'” The HALG, featuring nitro-
imidazole and nitrobenzene groups, can be cleaved by NTR in
the presence of NAD(P)H, leading to the reduction of its nitro
groups to amino groups. This cleavage of HALG releases the
PROTAC molecule, enabling its therapeutic action specifically
under hypoxic conditions.

In the design of Hypoxia PROTACs, a common strategy
involves conjugating the HALG either to the ligand of the POI
or the E3 ligase ligand (24-37).°471"% Alternatively, the HALG
can be used as a caging group either for an E3 ligase ligand or
the ligand of POIl. Under hypoxic conditions, the HALG is
cleaved and the resulting PROTAC molecules can trigger
targeted protein degradation. Xie et al. incorporated HALG to
ERa-targeting PROTAC (8a-e, 24-28)."%" They used nitroben-
zene (PROTAC 8a-c, 24-26) and nitroimidazole (8d-e, 27-28) as
HALG. In 8a (24), one phenol hydroxyl group of the ER ligand is
caged by the nitrobenzene group. In 8b (25), two phenol
hydroxyl groups of the ER ligand are conjugated to the
nitrobenzene group. In the case of 8c (26), the nitrobenzene
group is attached to the hydroxy group on the VHL ligand. 8d
(27) and 8e (28) are conjugated nitroimidazole to the ER ligands.
Similarly, Cheng etal. also attached nitrobenzene or nitro-
imidazole to EGFR™°-targeting PROTAC (29-32).""'% In this
case, nitroimidazole-conjugated PROTAC showed enhanced ICg,
value in hypoxic conditions compared to nitrobenzene-con-
jugated PROTAC. Furthermore, the conjugation of HALG to the
POI ligand exhibited better efficacy compared to its attachment
to the E3 ligase ligand. An etal. compared PROTACs with
various caging groups including nitrobenzene (33) and found
that HALG-conjugated PROTAC is only responsive to hypoxia
condition, not by other stimuli.®¥ Shi etal. reported HALG
conjugated EGFR-targeting PROTAC (34), which demonstrated
an ICy, value of 4 nM and a DCy, value of 36.51 nM.""” The Xing
group recently reported enzyme-derived clicking PROTACs
(ENCTAGs), tailored for stimulus-responsive self-assembly of
PROTAC in hypoxic conditions (35-37).” ENCTACs are activated
by the reduction of nitrobenzyl chloroformate and tert-butyl
dithiol, mediated by NTR and glutathione, respectively. This
reduction process exposes a cysteine moiety of an E3 ligase
binder (35), enabling its conjugation to 2-cyanobenzothiazole
moiety of a POl binder (36), which generates J252 for BRD4
degradation.""” This strategy enhances the specificity and
efficacy of PROTACs by reducing the molecular size, using an
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environment-sensitive chemical handle, and ensuring activation
only under specific cellular conditions.

2.3.3. GSH PROTAC

GSH is an antioxidant that plays a crucial role in protecting cells
from ROS such as free radicals, and peroxides."" In normal
cells, GSH concentration typically ranges from 0.5 to 10 mM,
while in the tumor microenvironment, it is often more than
1000 times higher than that of normal cells, serving to mitigate
elevated oxidative stress.""*' Capitalizing on this character-
istic of tumor cells, GSH-responsive prodrugs have been
developed for cancer-selective activation."”™ As demonstrated
in ROS and hypoxia PROTACs, the exploitation of GSH-activated
disulfide bonds has also shown promising results for targeted
protein degradation in cancer.*®’®

The Sun group utilized the nitrobenzenesulfonyl group as a
caging group in GSH PROTACs."'*""” They synthesized GSH
PROTAC by introducing nitrobenzenesulfonyl group to the
hydroxyl group of VHL-based PROTAC. The nitrobenzenesulfon-
yl group can be cleaved by the nucleophilic attack of GSH and
VHL-based PROTAC is released for targeted protein degrada-
tion. ER (38) and BRD4 (39) targeting GSH PROTACs showed
effective GSH mediated targeted protein degradation in cancer
cells, while remaining minimally activated in normal cells. GSH
PROTACs can now be suggested as one of the promising
approaches for increasing cancer selectivity and lowering off-
tumor effects of conventional PROTACs, thereby enhancing
their potentials in clinical applications.

2.4. Click Reaction

The concept of click chemistry was originally introduced by K.
Barry Sharpless in 2001.1"® This reaction exhibits distinctive
features, including irreversibility, one-pot synthesis, minimal
generation of by-products, and the production of a singular
product with high yield. Moreover, click chemistry can proceed
without undesired side-reactions with cellular components in
the biological environment, allowing it to be called ‘Bioorthog-
onal Click Chemistry’. Representative examples include Copper-
catalyzed Azide-Alkyne Cycloaddition (CuAAC), Strain-Promoted
Azide-Alkyne Cycloaddition (SPAAC), and the Inverse Electron-
Demand Diels-Alder reaction (IEDDA), which have been widely
used in various applications in the chemical biology field."'*'*")

To date, the majority of developed PROTACs exhibit their
molecular weight exceeding 500, failing to meet RO5 and
consequently limiting their potential in drug discovery. Addi-
tionally, spatial control of targeted protein degradation is highly
demanded to solve the undesired cytotoxicity issue of
PROTAGsS. In response, integrating click reactions into PROTACs
has recently been explored to address these challenges.
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2.4.1. Cu PROTAC

The copper concentration in tumor tissues is notably higher
compared to that of normal tissues.'?'? Harnessing this
characteristic of tumor tissues, various tumor-specific therapies
have been developed utilizing copper mediated chemical
reactions, including CuAAC 1?3124

In 2023, Si et al. adopted CuAAC into PROTACs for targeted
protein degradation specifically within tumor tissues."* This
PROTAC comprised two parts: one part is a target protein ligand
functionalized with an alkyne moiety (40), and the other part is
an E3 ligase ligand functionalized with an azide group (41, 43).
These two parts undergo self-assembly within the tumor cells
(42, 44), catalyzed by intracellular copper ions. Another
advantage of this approach is the low molecular weight of the
two parts, which showed their higher cellular permeability
compared to conventional PROTACs.

2.4.2. Click-to-Release PROTAC

The click-to-release strategy has recently emerged in prodrug
design, leveraging the fast reaction kinetics and high bioortho-
gonality of the IEDDA reaction between trans-cyclooctene
(TCO) and tetrazine."*'* Once TCO and tetrazine react, the
carbamate group in TCO is cleaved into CO, and an amine. This
cleavage leads to the release of the TCO-caged drug. Click-to-
release PROTAC (crPROTAC) harness this concept for conditional
PROTAC activation.

The a,3; integrin is widely known for its high expression on
the surface of specific cancer cells and its crucial role in tumor
angiogenesis, maintenance, cell invasion and proliferation."* In
2023, Chang et al. reported crPROTAC, which utilized the TCO-
caged PROTAC (45) and a «,3; integrin-targeting ligand
c(RGDyK) conjugated to tetrazine (46) to target cancer cells
overexpressing a,f3; integrin."* The c(RGDyK)-conjugated tetra-
zine accumulates in cancer cells and releases PROTAC from
crPROTAC for cancer specific targeted protein degradation.

In parallel, Bi etal. developed BT-PROTAC (47) and IR808-
conjugated tetrazine (IR808-Tz, 48).*” The near-infrared (NIR)
dye IR808 is a fluorescent heptamethine carbocyanine exhibit-
ing high selectivity towards tumors."*""*? |R808-Tz selectively
accumulates in tumor and selectively releases PROTAC from BT-
PROTAC. The releasing event can be monitored by click reaction
dependent fluorescent emission of IR808. Initially, the
fluorescence of IR808-Tz is quenched by tetrazine before the
click reaction. However, after the click reaction, tetrazine
transforms into dihydrotetrazine, resulting in an increment of
fluorescent signal from IR808. Therefore, IR808 can be used not
only for tumor-specific PROTAC release, but also for fluorescent
PROTAC release event monitoring.

3. Temporal PROTAC

Undesired protein degradation by PROTACs within normal cells
is one of the drawbacks of the current targeted protein
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degradation strategy.'* To address this issue, temporal regu-

lation of the activity of PROTACs (Temporal PROTACs) has
recently been spotlighted. Current research on temporal
PROTACs harnesses click reaction, which either enables the self-
assembly of PROTAC in vivo at the desired timepoint or employs
a quencher to inhibit its activities (Figure 3, Table 2).

3.1. CLIPTAC

In contrast to the ‘click-to-release strategy’, the click reaction
between tetrazine and dienophiles such as TCO, cyclopropene
and norbornene can be used for conjugating two molecules."**

The Heightman group pioneered the development of click-
formed proteolysis targeting chimera (CLIPTAC), as an approach
to address the limitations of PROTAC such as cell permeability
and solubility."® In this study, they chose TCO as a dienophile.
They synthesized a TCO-conjugated BRD4 binder (JQ1-TCO, 49)
and tetrazine-conjugated thalidomide derivatives (Tz-thalido-
mide or Probel, 50). These components successfully self-
assembled into JQ1-CLIPTAC (51) in cells and promoted the
degradation of target proteins. Moreover, in 2023, the Zhang
group introduced CLIPTAC employing norbornene as a dien-
ophile (52-54)."%% Norbornene-conjugated sorafenib (52) was
self-assembled with a tetrazine-conjugated VHL ligand (53) to
generate S4 N1 TzB (54) to target multiple kinases. Despite its
slow reaction kinetics compared to TCO, norbornene offers
enhanced molecular stability and cost-effectiveness in synthesis.
Their comparative analysis of CLIPTACs with different tetrazine
derivatives revealed that diene structure affects protein degra-
dation, which provides new lessons for CLIPTAC design.

3.2. Scavenging PROTAC

To control the activity of PROTAC and minimize its side-effects,
scavenging PROTAC in cells has recently been suggested. In
2023, Jin et al. developed an approach for sequestering PROTAC
molecules using tetrazine-TCO click chemistry. They designed
TCB-2 (55), a PROTAC having a CRBN ligand and a BRD4 ligand
with a tetrazine embedded linker. After targeted protein
degradation with TCB-2, a TCO-conjugated Poly(amidoamine)
dendrimer (PAMAM—-G5-TCO, 56) was treated to cell. This
dendrimer effectively scavenges the PROTAC through tetrazine-
TCO click chemistry resulting in the inhibition of BRD4
degradation by TCB-2.*” Under optimal conditions, this system
demonstrates complete inhibition of PROTAC activity in less
than 5 min.

4. Spatiotemporal PROTAC

Prodrug strategy is based on the spatiotemporal control of
drug release through optical control or specific delivery
method,"**'*? thereby mitigating potential side effects of drugs
by modulating their activities. These approaches have been
applied to PROTACs to overcome their current limitations.
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Figure 3. Temporal PROTACs. Overview of the mechanism of Temporal PROTACs. PROTACs can be conditionally activated through a linker connection via a
click reaction between tetrazine and TCO. In contrast, PROTACs can be conditionally deactivated by the addition of a poly(amidoamine) dendrimer that

contains a TCO motif, which can scavenge the PROTACs with a tetrazine motif.

Spatiotemporal modulation of PROTAC has been accomplished
through the introduction of caging groups, nanoparticles, or
diazo bridges, which can be controlled by various stimuli such
as light, radiation, or ultrasound (Figure 4, Table 3).

4.1. Caged PROTAC
4.1.1. Photocaged PROTAC
The non-invasive and spatiotemporally controllable feature of

light renders it an attractive tool for prodrug activation.™" In
this context, various photo-caging groups including ortho-

nitrobenzyl,"?  para-hydroxyphenacyl,"* and Coumarin,"*!
have been developed and employed for numerous
prodrugs."**. For the synthesis of prodrugs, the photo-

caging groups are conjugated to the drug molecule and
interfere with the binding between the drugs and target
proteins. Light irradiation prompts the cleavage of the caging
groups and releases the active drug.

Recently, the photo-caging strategy has been applied to
PROTACs.™*3 |n 2019, the Pan group reported a photo-caged
PROTAC (pc-PROTACT, 57),"* using 4,5-dimethoxy-2-nitroben-
zyl (DMNB) group as a photo-caging moiety for dBET1,"¥ a
well-known BRD4 degrader. Upon 365 nm light irradiation, pc-
PROTAC successfully released dBET1 and BRD4 was degraded
both in vitro assays and in vivo zebrafish experiments. Moreover,

ChemMedChem 2024, 19, 202400326 (18 of 32)

they reported pc-PROTAC3 (58) by conjugating a photo-caging
moiety to MT-802,"** a well known BTK degrader, resulting in
successful light-induced BTK protein degradation.

In 2020, three additional studies on pc-PROTACs were
reported."*"*" The Deiters group utilized diethylamino cou-
marin (DEACM) and 6-nitropiperonyloxymethyl (NPOM) as
photo-caging groups for the development of pc-PROTAC.'*
DEACM was introduced into a PROTAC having a VHL ligand and
an ERa ligand (DEACM-caged 2, 59). They conjugated DEACM to
the hydroxyl group of the VHL ligand of PROTAC to interfere
with its interaction with VHL. They also conjugated NPOM to
another PROTAC having a BRD4 ligand, JQ1 and a CRBN ligand,
thalidomide (NPOM-caged 4, 60). Both pc-PROTACs showed
effective light-mediated targeted protein degradation activities.
The Wei group developed two pc-PROTACs using DMNB. They
designed opto-dBET1 (61), which targets the BRD4 protein, and
opto-dALK (62), which targets the EML4-ALK protein. Similarly,
the Tate group developed a pc-PROTAC utilizing DMNB,™"
employing JQ1 as a target protein binder and VHL ligand for E3
ligase recruiter (63). These three pc-PROTACs showed excellent
targeted protein degradation upon light irradiation in a
spatiotemporal manner.

The above mentioned pc-PROTACs utilize UV light for
activation. Although UV light has high-energy and efficiently
cleave photocaging groups, it can damage biological systems
by altering the DNA structures.*>*® To tackle this problem, the
Pan group developed a second generation of pc-PROTAC
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Figure 4. Spatiotemporal PROTACs. Overview of the mechanism of Spatiotemporal PROTACs. The active form of PROTACs can be conditionally released from
nanoparticles or caging groups upon exposure to external stimuli such as light, radiation, or ultrasound. Additionally, diazo bridges can be employed to
reversibly activate or inactivate PROTAC function with different light sources.
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employing nitrodibenzofuran (NDBF) as a photo-caging
group."* NDBF is responsive to less cytotoxic long wavelength
blue light (405 nm) and can be cleaved from pc-PROTAC."*” To
optimize spatiotemporal modulation of the activity of PROTACs,
they compared different NDBF groups (compound 9-12, 64-67;
compound 17, 68). Compound 9 (64) and 10 (65) exhibited
rapid decaging initiation in less than a minute and released the
PROTAC molecule effectively. On the other hand, compound 11
(66), employing dimethylamino-nitrodibenzofuran (DMA-NDBF),
remained incompletely decaged even after 10 minutes of light
irradiation, but its ability to degrade BRD4 protein was nearly as
good as the other two compounds. Additionally, two PROTACs
are reported with NDBF conjugated to a CRBN ligand (com-
pound 12, 67) and to VHL ligand (compound 17, 68). Both
compounds underwent the decaging process in less than a
minute, exhibiting near-complete release of PROTAC molecules
and degradation of the BRD4 protein.

4.1.2. Radio-Triggered PROTAC

X-ray or gamma-ray has been widely used in radiotherapy,
serving as a cornerstone in cancer treatment.**'* X-ray or
gamma-ray generates reactive species like hydrogen radicals
(eH), hydroxyl radicals (¢OH), and hydrated electrons (e, ),
initiating a cascade of destructive biochemical reactions."*'*”
Consequently, radiotherapy induces DNA damage, cellular
apoptosis and tumor necrosis.™® In recent years, clinically
relevant doses of X-ray radiation have been used for prodrug
activation by controlling the release of chemically modified
caging groups."®'"* Precision irradiation and deep tissue
penetration of X-ray offer promising prospects for achieving
spatiotemporal activation of prodrugs in real clinics.

In 2021, Geng et al. reported a caging group that undergoes
cleavage in response to X-ray irradiation."*” They discovered
the 4-azido-2,3,5,6-tetrafluorophenyl group as a X-ray respon-
sive moiety, which showed a 60% decaging yield upon 60 Gy
irradiation.

Yang et al. employed the 4-azido-2,3,5,6-tetrafluorophenyl
group to develop a Radiotherapy-Triggered PROTAC (RT-
PROTAQ)."®! They synthesized a PROTAC targeting the BRD4
protein for degradation using the VHL E3 ligase. Conjugating
the radioactive caging group to the hydroxyl group of the VHL
ligand part, they synthesized the RT-PRO compound (69). Upon
X-ray irradiation, RT-PRO effectively released the PROTAC,
leading to the degradation of the BRD4 protein in vitro. More-
over, invivo studies demonstrated its ability to inhibit tumor
growth when combined with radiotherapy. However, consider-
ing the typical dose of radiotherapy (5 Gy) in real clinics,"®® the
necessity of high dose X-ray irradiation (60 Gy) is the current
limitation of this approach for the real clinical applications.

4.2. Nano-PROTAC

The utilization of a drug delivery system for target protein
degradation can offer a promising way to control the local

ChemMedChem 2024, 19, €202400326 (27 of 32)

distribution of PROTACs in our body, thereby reducing their
potential toxicity. Moreover it can also help PROTACs to cross
biological membranes more efficiently and enable the spatio-
temporal release of PROTACs in target tissues."®” For this
purpose, encapsulation of PROTACs using polymeric,'®®'* [ipid-
based,'”*""" and inorganic nanoparticles,"’? results in nano-
formulations, termed nano-PROTACs. These nano-PROTACs
exhibit a substantial increase in accumulation within target
tissues, leading to enhanced therapeutic efficacy and reduced
side effects compared to conventional PROTACs. Furthermore,
the utilization of deep tissue-penetrating modalities such as
near-infrared (NIR) and ultrasound enables precise spatiotempo-
ral regulation of protein degradation by nano-PROTAC.

4.2.1. Near-Infrared Nano-PROTAC

NIR light, with its reduced absorption and scattering relative to
ultraviolet and visible light, can penetrate into deeper tissue in
our body."” This property is the reason for the widespread
application of NIR light in vivo studies."”*"7” One of the most
well-known applications of NIR in cancer treatment is photo-
thermal therapy, where it is not easy to achieve the complete
eradication of tumor tissues.'”*"’? Hence, there is a growing
interest in combining NIR light with other therapeutic modal-
ities such as nanomedicines to enhance therapeutic
effects."®'83 Application of NIR to nano-PROTAC can also
contribute to enhancing the efficacy of PROTACs.

He et al. employed lanthanide-doped upconversion nano-
particles (UCNPs) capable of converting 980 nm NIR excitation
to UV emission for a controllable nano-PROTAC system."® They
loaded a photocaged-PROTAC (phoBET1, 70) to UCNPs to
construct a NIR-activable PROTAC nanocage (UMSNs@phoBET1).
Upon irradiation with 980 nm NIR light, the upconverted UV
emission from the cores of UMNSn@phoBET1 photolyzed
phoBET1, releasing the BRD4 targeting PROTAC and inducing
BRD4 degradation both in vitro and in vivo.

Wang etal. introduced a self-assembling NIR-activable
nanoformulated PROTAC (NAP).'®™! They conjugated BRD4
targeting PROTAC with an amphiphilic NIR photosensitizer via a
singlet oxygen ('0,)-cleavable linker (71), leading to molecular
self-assembly. Before NIR irradiation, the PROTAC remains
inactive due to covalent cross-linking. Upon systemic admin-
istration, the NAP accumulates in tumor tissue through
enhanced permeability due to the NIR photosensitizer. After
NIR irradiation at tumor sites, the generation of 'O, is triggered,
resulting in linker cleavage and subsequent release of PROTAC,
along with the photodynamic effect by the activated NIR
photosensitizer. NAP demonstrated synergistic cancer suppres-
sion through BRD4 degradation and the photodynamic effect.

The NIR-activable PROTAC nanoplatform addresses current
limitations of short-wavelength light-dependent PROTAC mod-
ulation strategy by reducing phototoxicity and enhancing tissue
penetration of light. This innovative approach presents a
promising avenue for achieving precise regulation of PROTAC
in vivo.

© 2024 The Author(s). ChemMedChem published by Wiley-VCH GmbH
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4.2.2. Ultrasound Nano-PROTAC

Ultrasound plays a crucial role in ultrasound imaging for disease
diagnosis!'®'® and sonodynamic therapy (SDT) for disease
treatments."®'* Conventional SDT faces several challenges
due to the properties of current sonosensitizers including
inherent hydrophobicity, tendency to aggregate, and poor
pharmacokinetics."”" However, recent advancements in nano-
technology have revolutionized SDT by utilizing sonosensitizer-
conjugated nanoparticles for selective tumor eradication.*>'*
This strategy addresses the limitations of traditional SDT by
providing advantages, such as enhanced tissue penetration,
and improved tumor targeting capacity.'*?

Based on the advancement of SDT, Wang et al. recently
designed a semiconducting polymer nano-PROTAC (SPNg,
72)."%) SPN,, was synthesized through a self-assemble nano-
precipitation process by integrating a sonodynamic semicon-
ducting polymer, a ferroptosis inducer (ferrocene), a ROS-
cleavable amphiphilic polymer, and a nicotinamide phosphor-
ibosyl transferase (NAMPT) PROTAC. Upon ultrasound irradi-
ation to the tumor, the semiconducting polymer works as a
sonosensitizer to generate singlet oxygen ('0,), while the
ferroptosis inducer reacts with intratumoral hydrogen peroxide
(H,0,) to produce hydroxyl radicals (eOH). This dual-ROS
generating programmable process cleaves the ROS-cleavable
polymer and induces the release of NAMPT PROTAC within the
tumor. This spatiotemporal control of NAMPT degradation leads
to an effective suppression of tumor infiltration of myeloid-
derived suppressive cells, which enhances antitumor immunity.
The ultrasound nanoplatform enables precise regulation of
PROTAC release through a dual-programmable activation
mechanism, thereby increasing antitumor efficacy in deep-
tissue tumors.

4.3, Photo-Switchable PROTAC

Azobenzene, a derivative of diazene (HN=NH), has a unique
photo-response property, called photoisomerization."* Light
irradiation to azobenzene triggers cis-trans or trans—cis con-
formational changes."®” Leveraging its photo-responsive prop-
erties, azobenzene has been widely utilized as a light-triggered
molecular switch in various biomolecular applications.'®
Photo-switchable PROTACs harness the photo-response prop-
erty of azobenzene for the spatiotemporal control of targeted
protein degradation."® For this purpose, photo-switchable
PROTACs are designed to embed azobenzene in their linker
structure. Upon light irradiation, cis-trans photoisomerization
induces the conformational change of the PROTACs. As a result,
the distance between the E3 ligase ligand and the ligand of the
POl is significantly changed, which could affect the appropriate
ternary complex formation for ubiquitination of the POI.

The Trauner group has developed a photo-switchable
PROTAC (PHOTAC) with an azobenzene linker (73-75). PHOTACs
targeting the BET family (73) and targeting FKBP12 (74-75)
demonstrated successful degradation of their POl They re-
ported a cis and trans rich photo-stationary state (PSS) of
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PHOTAC at 70-90%. With this excellent PSS property, they
could control the targeted protein degradation precisely.
Despite its efficient photostability, this PHOTAC requires
continuous light pulses to sustain its degradation activity.?*”
The Jiang group reported a lenalidomide-azobenzene-dasatinib
trifunctional system, known as Azo-PROTAC, to achieve condi-
tional degradation of BCL-ABL and BCR-ABL (76), demonstrating
clear switchability."

However, the utilization of azobenzene in photo-switchable
systems is limited by its incomplete reversibility in cis-trans
photoisomerization.”*? To achieve a 100% on-off system for
spatiotemporal targeted protein degradation, complete reversi-
bility in cis-trans photoisomerization should be pursued. In this
context, the Carreira group developed ortho-F,-azobenzene
(77),1%°%°2 a derivative of azobenzene, and used it for designing
bistable photoPROTACs. Ortho-F,-azobenzene is characterized
by well-separated n—ma* absorption bands at 415nm and
530 nm, facilitating the achievement of highly efficient PSSs:
95% trans at 415 nm and 68% cis at 530 nm. This innovative
discovery significantly enhanced the performance and reliability
of photo-switchable PROTAC systems.

Arylazopyrazole, another class of azo-containing molecule,
exhibits excellent photo-switching capabilities and high thermal
stability of the cis form.?*2*¥ This molecule undergoes cis-trans
switching upon 457 nm light irradiation, resulting in the
formation of 75% trans isomer. Moreover, the trans—cis switch-
ing is achieved by 365 nm light irradiation, generating 99% cis
isomer. The Tate group used an arylazopyrazole moiety for a
photo-switchable PROTAC (AP-PROTAC, 78-79), which has the
following advantageous features: good PSS isomer abundance,
rapid cis-trans switching, an extended half-life of the cis isomer,
and excellent reversible switching yield over multiple cycles.
The trans form of AP-PROTAC is biologically active with an
optimal topology for the successful E3 ligase-PROTAC-POI
ternary complex formation. In contrast, the cis form of AP-
PROTAC remains inactive. This property of AP-PROTAC was
effectively utilized for the conditional degradation of BRD2 and
multiple kinases.”%"!

5. Summary and Outlook

PROTAC offers a promising advancement over conventional
drugs due to its ability to target previously undruggable
proteins. This unique feature of PROTAC has accelerated the
drug discovery community to study undruggable proteins as
novel drug targets for the treatment of diseases. However,
PROTAC s also have their own limitations such as high molecular
weight, poor pharmacokinetic properties, and undesired cyto-
toxicity in normal tissues.

To address these limitations, researchers have developed
various strategies termed conditional PROTACs, which enable
spatial, temporal and spatiotemporal control of targeted protein
degradation. For spatial control, modifications of ligands or
conjugation of caging groups to PROTACs enable them to
target specific proteins expressed on tumor cell membranes.
Additionally, the utilization of tumor microenvironment abun-
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dant components, such as folate, ROS, NTR, and GSH, can
activate PROTACs specifically in tumor cells. For temporal
control, click reaction based CLITAC and scavenging PROTAC
have been developed for precise control of targeted protein
degradation. For spatiotemporal control, optical methods such
as photocaging, radiocaging, and photoswitchable PROTACs
have been employed. These PROTACs can be activated by
localized optical stimuli in tumor, but the penetration depth of
the light in tissue is limited. Nanoparticle-based delivery
methods have also been harnessed to enhance the protein
degradation efficiency. Nano-PROTACs have good pharmacoki-
netic properties and superb cell permeability. By utilizing NIR
and ultrasound, nano-PROTAC enables spatiotemporal control
with deeper tissue penetration. Split&Mix PROTACs streamline
the optimization process by removing laborious linker optimiza-
tion steps and can also offer spatial control through targeting
specific proteins.

Since the PROTAC strategy has been spotlighted for
targeting undruggable proteins, addressing the limitations of
PROTAC through innovative approaches is crucial for its clinical
application in treating various diseases. In this review, the
recent development of conditional PROTAC approaches is
discussed to address the current limitations of conventional
PROTACs and broaden the scope of their applicability. This
review also highlights innovative strategies that enhance the
efficacy, specificity, and delivery of PROTACs for targeted
protein degradation. Furthermore, this review explores emerg-
ing technologies and interdisciplinary collaborations that con-
tribute to the advancement of PROTAC research. Although a
number of conditional PROTACs have been reported, there are
still numerous unsolved issues for effective targeted protein
degradation. We believe that future interdisciplinary research in
chemistry, biology, and medicine will find a way to control the
protein degradation more precisely and more efficiently.
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