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Abstract

Targeted protein degradation (TPD) technology has gradually become widespread in the past 20 years, which greatly boosts
the development of disease treatment. Contrary to small inhibitors that act on protein kinases, transcription factors, ion
channels, and other targets they can bind to, targeted protein degraders could target “undruggable targets” and overcome
drug resistance through ubiquitin—proteasome pathway (UPP) and lysosome pathway. Nowadays, some bivalent degraders
such as proteolysis-targeting chimeras (PROTACs) have aroused great interest in drug discovery, and some of them have
successfully advanced into clinical trials. In this review, to better understand the mechanism of degraders, we elucidate the
targeted protein degraders according to their action process, relying on the ubiquitin—proteasome system or lysosome path-
way. Then, we briefly summarize the study of PROTACs employing different E3 ligases. Subsequently, the effect of protein
of interest (POI) ligands, linker, and E3 ligands on PROTAC degradation activity is also discussed in detail. Other novel
technologies based on UPP and lysosome pathway have been discussed in this paper such as in-cell click-formed proteolysis-
targeting chimeras (CLIPTACSs), molecular glues, Antibody-PROTACSs (Ab-PROTACS), autophagy-targeting chimeras, and
lysosome-targeting chimeras. Based on the introduction of these degradation technologies, we can clearly understand the
action process and degradation mechanism of these approaches. From this perspective, it will be convenient to obtain the
development status of these drugs, choose appropriate degradation methods to achieve better disease treatment and provide
basis for future research and simultaneously distinguish the direction of future research efforts.
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Graphical abstract

Protein is degraded by proteasome pathway and lysosome pathway.
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Introduction

Proteins are the main undertakers of life activities and the
basis of all living things. They are constantly produced and
constantly die in organisms [1]. Most diseases are related to
abnormal protein expression or activity, and selective elimi-
nation of disease-causing proteins will contribute to cure
diseases. Therefore, degradation or intervention of patho-
genic proteins has become one of the most effective disease
treatment strategies [2]. Currently, most drugs are protein
inhibitors, which specifically bind to pathogenic proteins to
inhibit their activity to obtain curative effects. However, the
number of pathogenic proteins bound by available inhibitors
is limited, less than 20% of the total number of disease-caus-
ing proteins, and 80% of them are undruggable targets [3, 4].
In addition, inhibition of traditional small inhibitors (SMIs)
is an “occupancy-driven” event, which may eventually cause
off-target side effects after medication. Also, drug resistance
is a major problem due to overexpression or mutation of the
target protein, which could not be completely avoided [3, 4].
Wang and his group have reported potent degraders target-
ing androgen receptor (AR) protein to address resistance to
AR antagonists [5, 6]. Furthermore, Rao et al. published a
series of proteolysis-targeting chimeras (PROTACsS) to cure
ibrutinib-resistant non-Hodgkin lymphomas [7].
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Over the past 20 years, targeted protein degradation
(TPD) has emerged as a novel chemical biology tool and
potential therapeutic modality in several diseases, which can
greatly expand the druggable space compared to SMIs [1,
8-10]. TPD drugs like PROTACSs employ the “event-driven”
approach, which means not “occupancy-driven,” so they can
aim at undruggable targets. Moreover, the degraders deplete
the target proteins quickly, in minutes to hours. Moreover,
protein degrading methods are rapidly reversible and offer
more fine-grained control [1].

In general, protein degradation is carried out by ubiq-
uitin—proteasome pathway (UPP) and lysosome pathway,
such as PROTAC technology and molecular glues hijack
the ubiquitin—proteasome system, lysosomaltargeting chi-
meras (LYTACs) and macro-autophagy degradation target
chimeras (MADTACS) co-opt lysosome pathway [10]. It is
known that heterobifunctional PROTAC molecules con-
sist of a ligand for a target protein of interest (POI), and a
ligand for an E3 ubiquitin ligase, joined by a flexible linker.
Herein, in this review, we divide the degraders into ubiqui-
tin—proteasome system and lysosomal pathway-dependent
degraders for a better understanding of TPD application and
development.
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Fig. 1 The process of PRO-
TAC-mediated protein ubiquit-
ination and degradation
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Fig.2 The summary of E3 ligases described in this chapter

Degraders based on the ubiquitin-
proteasome pathway (UPP)

Proteolysis-targeting chimera (PROTAC) has been widely
studied in the field of targeted protein degradation (TPD).
Conventional PROTACS are heterobifunctional molecules
designed to bind to an E3 ubiquitin ligase and a POI via
two warheads [9]. The PROTAC molecule consists of three
parts: an E3 ligase, a POI ligand, and a linker that connects
the two parts. When the POI-PROTAC-E3 ligase forms the
ternary complex, POI ubiquitination and degradation can
be triggered by the ubiquitin—proteasome system (UPS),
after which PROTAC is released and recycled to participate
in a new round of degradation (Fig. 1). PROTAC employs

E2
Degradatlon I’

a catalytic-type mechanism of action (MOA) and “event-
driven” event, which is different from classical inhibitors
[11]. Moreover, under the rapid development of TPD drugs,
in addition to traditional PROTAC S, other alternative deg-
radation approaches based on UPP have also grown rapidly.

Small-molecule proteolysis-targeting chimeras
(PROTACs) based on different E3 ligases

There are more than 600 E3 ligases in eukaryotes. Dif-
ferent E3 ligases are specific because they can recognize
different substrates due to their large differences in amino
acid sequences [12]. Currently, however, only a few E3
ligases have been used in PROTAC studies, such as cer-
eblon (CRBN), von Hipple-Lindau (VHL), cellular inhibi-
tor of apoptosis protein-1 (cIAP1), mouse double minute 2
homologue (MDM2), DDB1-and-CUL4-associated factor
15 (DCAF15), and RING finger protein 4 (RNF4), which are
mainly due to the fact that highly specific ligands of specific
E3 ligases are few [13] (see Fig. 2).

Mouse double-minute 2 homolog (MDM2) and cellular
inhibitor of apoptosis protein-1(clAP1)

In 2008, Crews’ group reported the first small-molecule
PROTAC (1) (Fig. 3) which recruited the MDM2 E3 ligase
to degrade the androgen receptor (AR) protein, but only pro-
duced protein degradation with micromolar concentration
[14, 15]. Indeed, MDM?2 is a primary cellular inhibitor of
P53, the tumor suppressor, and plays a significant role in can-
cer therapy [16]. Most interestingly, Hines et al. published
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Fig.3 Representative PROTACs based on MDM2 and cIAP1

the first bromodomain-containing protein 4 (BRD4)-target-
ing MDM2-based PROTAC A1874 (2) (Fig. 3) triggering
98% POI degradation and achieving nanomolar degradation
efficiency. Besides, this small-molecule PROTAC could
mediate BRD4 degradation and p53 stabilization [15], thus,
dually inhibiting BRD4 and MDM?2 compared to BRD4
small inhibitors [17].

It is known that cIAP1 may suppress apoptosis and pro-
mote cell-cycle progression [18]. Itoh et al. presented a
degrader-targeting cellular retinoic acid-binding proteins
(CRABPs) based on cIAP E3 ligase (3) (Fig. 3) in which
a ligand for CRABPs was conjugated with Methyl bestatin
(MeBS). This molecule eventually formed a ternary complex
with cIAP1 and CRABPs, which degraded CRABPs by the
ubiquitin—proteasome pathway [19]. In 2016, specific and
Non-genetic inhibitors of apoptosis protein [IAP]-dependent
Protein Erasers (SNIPER), BCR-ABL protein degradation
inducers, were synthesized (4) (Fig. 3) [20]. Accordingly,
SNIPER(ABL) induced the degradation of BCR-ABL pro-
tein and a subsequent reduction in cell growth to achieve
the treatment of chronic myelogenous leukemia (CML) in
this study. In addition, novel SNIPER capable of inducing
protein degradation of AR has been shown (5) (Fig. 3). The
SNIPER(AR) molecule with the AR ligand and IAP ligand
produced effective protein knockdown activity against AR,
suggesting that it could be a promising agent for prostate
cancer (PC) [21]. In addition, 5 could effectively suppress
AR-mediated gene expression and induce caspase activa-
tion and apoptosis in PC cells which did not emerge in cells
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treated with AR antagonists [22]. However, cIAP1-based
PROTAC:S can also induce autoubiquitination and degrada-
tion of the E3 ligase itself [20, 21], thus, limiting the full
potential of the technology [23].

Von Hipple-Lindau (VHL) and cereblon (CRBN)

Subsequently, it was still the Crews and co-workers who pro-
duced the first small-molecule ligand-targeting VHL ligase
in 2012 [24]. From this study, the crystal structure of VHL
bound to the most potent inhibitor was obtained, confirm-
ing the inhibitor binding at the hypoxia-inducible factor la
(HIF-1a)-binding site [24] and providing a starting point
for further ligand optimization [23]. In 2015, a VHL-based
PROTAC was developed (6) (Fig. 4), which targeted estro-
gen receptor o (ERa) for degradation. The VHL-PROTACs
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developed from this study are highly specific for their targets
and show efficient protein degradation of ERa in vivo in
mice [25]. Later, Burslem et al. designed a series of small-
molecule PROTAC:s based on VHL using specific lapatinib
and gefitinib inhibitors as POI warheads to induce receptor
tyrosine kinase (RTK) degradation. Compared with tradi-
tional RTK inhibitors, the corresponding PROTACSs can
not only effectively suppress downstream signaling and cell
proliferation effectively but can also be amenable to solve
the resistance of traditional inhibitors due to target protein
mutation [26].

It is widely known that constraining a molecule’s bio-
active conformation through macrocyclization represents
an attractive strategy for rationally designing functional
chemical compounds. Ciulli’s laboratory has made efforts
to add a cyclic linker to the bromodomain and extra-ter-
minal (BET) degrader MZ1 (7), a second linker to “close
a circle” between the BRD4 ligand and the VHL ligand
of MZ1 (8) (Fig. 5) [27]. Macrocyclization allows the
constraint of a PROTAC molecule in its bioactive confor-
mation, making it adopt or discriminate against a desired
ternary complex, thus, achieving degradation potency and
selectivity. Last year, this macrocyclization design strategy
was also reported to develop anaplastic lymphoma kinase
(ALK) PROTACSs, which used VHL ligand to design com-
pounds [28]. Importantly, this approach to promoting the
small-molecule PROTAC process should be anticipated
as an increasingly attractive and feasible method of drug
design [27, 28].

In 2010, cereblon (CRBN) was first exposed by Ito [29]
from thalidomide, the immunomodulatory drugs (IMiDs).
Prior to this, studies have revealed that other than thalido-
mide, its analogs pomalidomide, and lenalidomide degrad
target proteins by binding to CRBN [30]. Cereblon ligands
possess better drug-like properties-lower molecular weight
(M.W.), fewer hydrogen donors, and fewer rotatable bonds,
thus, holding excellent physicochemical properties [6] com-
pared to VHL ligands.
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In 2015, a small-molecule PROTAC recruited by CRBN
E3 ligase targeting BRD4 was reported. The resulting com-
pound, dBET1 (9) (Fig. 6), induced highly selective BET
protein degradation in vitro and in vivo, and slowed leu-
kemia progression in mice [31]. At almost the same time,
similar to the design of dBET1, Crews’ laboratory chose
BRD4 inhibitor JQ1 as a POI warhead and pomalidomide
as an E3 ligand to synthesize ARV-825 (10) (Fig. 6) [32].
More interestingly, ARV-825 was 10 times more capable of
degrading BRD4 than dBET1 and had a superior effect on
suppression of Burkitt’s lymphoma cell proliferation com-
pared to BRD4 inhibitors JQ1 and OTX-015.

Surprisingly, in 2019, Arvinas discovered the first-inclass
potent and orally active AR degrader-ARV-110 (11) (Fig. 6)
and it advanced into clinical development to cure AR-posi-
tive metastatic castration-resistant prostate cancer (nCRPC)
[6]. Concurrently, ARV-471 (12) (Fig. 6), an ER-targeting
degrader, has entered the Phase II clinical trial focused on
the treatment of metastatic ER-positive/human epidermal
growth factor receptor 2 (HER2)-negative breast cancer [33].
Both ARV-110 and ARV-471 are CRBN-based small-mol-
ecule PROTAC S, displaying low nanomolar concentrations
of protein degradation and potential cell inhibitory activity
[6, 33].

In the early days, PROTAC was generally applied to
knock down single POI. At present, the discovery and devel-
opment of drugs with multiple targets have opened up new
possibilities for the treatment of diseases. In contrast to tra-
ditional combination therapies involving the use of two or
more drugs acting on different processes, multi-target drug
design aims to integrate function and structure against two
or more targets in the same molecule [34]. Herein, based on
similar structures, pharmacophores of two or more ligands
can be connected, superimposed, or fused to obtain a ligand
that can act on two or more targets [34]. In 2018, Zoppi et al.
employed CRBN and VHL ligands to design and synthesize
degraders to target BRD9 and BRD7. Particularly, potent
and selective inhibitors that bind to BRD7/9 bromodomains
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have recently regarded as POI ligands. VZ185 (13) (Fig. 7)
was filtered out as a highly selective, potent, and rapid
dual degrader based on the VHL ligand [35]. Furthermore,
a series of compounds have been published to achieve
potent and rapid degradation of Cyclin-dependent kinase
2 (CDK2) and CDKO [36]. Next, small-molecule degraders
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with dual targets were applied to other CDK families. Niu
et al. employed the purine-based noncovalent CDK12/13
dual inhibitor as the target protein-binding ligand to develop
CDK12-specific PROTAC degraders, such as PP-C8 which
based on CRBN (14) (Fig. 7) [37]. Last but not least, dual-
target histone deacetylase (HDAC) inhibitors became
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warheads to fulfill the degradation of related proteins [38].
Similarly, the dual BCL-xL and BCL-2 degraders based on
CRBN or VHL have been developed in cancer therapy [39,
40].

As mentioned above, classical small-molecule PROTACs
usually combine with POIs and hijack E3 ligases to trigger
degradation of non-native neosubstrates [41]. Then, homo-
PROTAC:S, a small-molecule approach to effectively dimer-
ize an E3 ubiquitin ligase to induce its own self-destruction,
were described. Contrary to classical PROTACs, the POI
of homo-PROTAC: is E3 ligase. Ciulli’s group focused on
VHL E3 ubiquitin ligase to achieve self-degradation and
designed CM11 (15) (Fig. 8) which rapidly achieved pro-
tein knockdown [42]. In 2019, it was still Ciulli and col-
leagues published dually targeting CRBN-VHL-PROTACs
that aimed to analyze the relative ability of CRBN and VHL
E3 ligase to induce degradation of one another. In this study,
among hetero-PROTACs, compound 16 (Fig. 8) achieved
CRBN ligase degradation with high potency and up to deep
levels [43]. Moreover, in addition to the above cases for
CRBN and VHL, homo-PROTACS studied on MDM?2 and
hetero-PROTACSs for MDM2 and CRBN have recently been
published [41]. From this event, this approach opened pow-
erful new avenues for drugging E3 ligases.

More interestingly, current studies use VHL and CRBN
ligands to exploit trivalent degraders that can be narrowly
defined as a molecule combining three ligands, one E3
ligand and two POI ligands. From our point of view, the
higher strengthen degradation will be achieved owing to the
development of trivalent degraders. The majority of PRO-
TAC molecules reported only connect one inhibitor with
one E3 ligand, often degrade only one target protein, and do
not exceed the limit of two or more similar proteins. In this
respect, Zheng et al. inspired by dual-targets drugs have syn-
thesized dual PROTACS to simultaneously degrade two dif-
ferent types of POISs. In this paper, a series of degraders were
designed to degrade both epidermal growth factor receptor

\/&‘/NN\/\)\QK‘(,\%\NH

NH (DP-V-4) 17

EGFR ligand
Cl

F

Fig. 9 Representative trivalent PROTACs based on VHL

[¢] o Sv N
. \ | ZNIe) o
VHL ligand N \E_/g }NK\/ A
o H
—~N

(EGFR) and poly(ADP-ribose) polymerase (PARP). Among
the compounds produced, DP-V-4 (17) (Fig. 9) employed by
VHL ligand obtained the best degradation for both EGFR
and PARP [44]. However, due to the larger M.W. compared
to monovalent and bivalent TPD agents, these degraders
appeared poor antiproliferative activity [23, 44].

In the same year, Imaide et al. designed trivalent PRO-
TAC: consisting of bivalent BET inhibitors and an E3 ligand
tethered via a branched linker, considering that increasing
binding valency within a PROTAC could enhance degrada-
tion. The best degraders SIM1 (18) (Fig. 9) links to VHL
ligand and binds BET protein intramolecularly in a cis fash-
ion to both BD1 and BD2, inducing a conformational change
to form a 1:1:1 complex [45]. As a result, SIM1 displayed
higher efficacy and potency than bivalent PROTACS due to
enhanced pharmacodynamic properties, including avidity,
cooperativity, and prolonged residence time [9, 45]. Lately,
Huang et al. designed and synthesized trivalent PROTACs
that each had a terz-butyl ester unit on the benzene ring as
a controlled orientation for further functionalization, which
were based on the reported structure of MZ1 in a complex
with human VHL and BRD4BP? [46]. From these exam-
ples described above, the utilization of VHL ligands is more
remarkable than CRBN probably due to the different levels
of E3 ligase expression in cells and tissues of the target pro-
tein [47].

Altogether, most of small-molecule PROTACS reported
since 2015 exploit VHL and CRBN E3 ligases [3]. Owing
to the good binding affinity to their E3 ligase targets, CRBN
and VHL ligands are pivotal elements for PROTAC design
research [23]. Accordingly, it has become routine to generate
a new degrader in cell culture experiments and animal mod-
els of disease, using either VHL or CRBN as recruitment
ligases [8]. In fact, the preclinical and clinical development
of the VHL- and CRBN-based PROTAC molecules still
pose challenges, such as resistance mechanisms to thera-
peutic agents can arise rapidly [8], due to decreased or lost
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expression of E2 and E3 ubiquitin ligases at mRNA or pro-
tein level [23].

DDB1-and-CUL4-associated factor 15 (DCAF15), DCAF16
and RING finger protein-114 (RNF114)

Most importantly, it is necessary to expand the scope of E3
ligases and search for new ones owing to the degradation
selectivity often related to the specific E3 ligases applied
[47]. DDB1-and-CUL4-associated factor 15 (DCAF15),
an E3 ligase, was initially discovered in a proteomic screen
of co-immunoprecipitants of DDB1 and CUL4. Recently,
some research has revealed that further structural and bio-
chemical evaluation in determining the use of DCAF15 for
PROTAC targeting is imperative [48]. Besides, Zhang et al.
also identified DCAF16, a nuclear protein forming the sub-
strate receptor subunit of cullin 4-RING ligase (CRL4), as
a target for electrophilic PROTACS that promoted nuclear-
restricted degradation of POI (19) (Fig. 10) [49]. In 2019,
Spradlin et al. utilized Nimbolide as a RING finger pro-
tein-114 (RNF114) recruiter to other protein substrates for
proteasomal degradation through the development of het-
erobifunctional degraders (20) (Fig. 10) [50]. Additionally,
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both DCAF16 and RNF114 bind covalently to ligands, the
irreversible binding appears to be beneficial in dynamics.

RING finger protein 4 (RNF4) and kelch-like ECH-associated
protein-1 (KEAP1)

Besides, some covalent ligands have also been recruited by
E3 ligases to degrade POI. In 2019, Ward and his co-workers
screened and optimized the RING finger protein 4 (RNF4)
ligand to connect to JQ1. CCW 28-3 (21) (Fig. 11) is the
RNF4-based PROTAC which has the ability to knock down
BRD4 in breast cancer cells by inducing interaction, ubig-
uitination, and proteasomal degradation [51]. Interestingly,
last year, a noncovalent kelch-like ECH-associated protein-1
(KEAP1) ligand was employed to design compounds tar-
geting the BET family protein. For instance, MS83 (22)
(Fig. 11), which links KEAP1 ligand and BRD4/3/2 binder,
achieves effective degradation of BRD4/3 [52].

Peptide-based PROTACs

In 2001, the first bifunctional molecule PROTAC was cre-
ated by Crews and Deshaies laboratory, which hijacked
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Fig. 11 Representative PROTACs based on RNF4 and KEAP1
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Skp1-Cullin-F boxp-TRCP (SCFB-TRCP) E3 ubiquitin
ligase via IxkBa phosphopeptides to induce methionine ami-
nopeptidase-2 (MetAP-2) degradation [23, 53]. However,
dependence on phosphorylation of IxkBa phosphopeptide for
E3 ligase recruitment was limited [23].

More recently, PROTACs composed of peptide ligands
have been defined as bioPROTACS roughly [8]. Schneekloth
et al. conferred cell permeability by fusing a polylysine-pen-
etrating peptide at the connection of PROTAC, and verified
that the molecule could self-introduce into cells and degrade
target proteins (23) (Fig. 12) [54]. Notably, in this study, the
shortest peptides from HIF1a were used to recruit the VHL
ligase, boosting the development of peptide PROTACS to a
large extent [23].

In addition, Wang and co-workers utilized a peptide com-
bined with signal transducer and activator of transcription 3
(STAT3) protein to design a peptide-based PROTAC, SD-36
(24) (Fig. 12), recruiting the CRBN ligase [55]. SD-36
achieved potent STAT3 degradation and inhibited leuke-
mia and lymphoma in vitro and in vivo [55, 56]. Although
peptide-based PROTACSs have advantages in binding affinity,
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NH o
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target specificity, and chemical synthesis, they possess lim-
ited membrane permeability [56, 57].

Nucleotide-based PROTACs

Currently, there are public nucleotide-based PROTACS,
using oligonucleotides as POI ligands [56]. Transcription
factors and RNA-binding proteins (RBPs) are two kinds of
proteins that are required for DNA repair, replication, tran-
scription, and many RNA-dependent processes [8]. Next,
some studies have published RNA-PROTACS that target
RBPs, oligonucleotide-based PROTACs (O’PROTACS),
and transcription factor-targeting chimeras (TRAFTAC:)
that target transcription factors [8, 19].

The first RNA-PROTAC (25) (Fig. 13) targets the Lin28
protein, a stem cell factor, and oncoprotein of high interest
as a potential drug target for several diseases [58]. RNA-
PROTAC: are docked with the RNA-binding site of RBP via
structurally modified oligoribonucleotides, which have the
same sequence as the natural RNA-binding element of RBP.
Then, this PROTAC accomplished remarkable Lin28 degra-
dation with high selectivity and negligible toxicity [56, 58].
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Fig. 13 Representative nucleotide-based PROTACs
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For TRAFTACSs, double-stranded DNA (dsDNA) con-
sensus sequences are used as transcription factor-binding
warheads [8]. Samarasinghe et al. designed PROTAC-based
DNA, which employed DNA sequence as POI ligand to rec-
ognize the transcription factor NF-kB for targeted degrada-
tion [56, 59]. At the same time, in 2021, an oligonucleotide-
based PROTAC (26) (Fig. 13) was presented to potentially
and efficiently induce in vivo and in vitro degradation by
lymphoid enhancer-binding factor 1 (LEF1) and ETS-related
gene (ERG) [60]. These nucleotide-based PROTACs expand
the concept of bivalent PROTACS and provide a novel strat-
egy for disease treatment.

Given that the factors affect the degradation activity of
PROTAC, we could conclude from numerous research arti-
cles that PROTAC molecule design always employs different
SMIs, linkers, and E3 ligands to make paired combinations
and analyzed degradation activity with cell viability, protein
degradation activity, and tumor suppression. When it comes
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to ligands selection for POIs, normally, researchers exploited
representative SMIs against target proteins.

For example, Dong’s group used Bruton’s tyrosine kinase
(BTK) inhibitor ibrutinib as a POI warhead to study orally
bioavailable BTK-PROTACs. From this article, compound
27 (Fig. 14), which appeared high BTK degradation potency
and oral exposure and induced BTK degradation with high
selectivity, was discovered [61]. Besides, Wang and co-
workers employed the previously reported AR POI ligand,
and then synthesized dozens of PROTACS targeted AR,
achieving excellent degradation activity in VCap cells. How-
ever, in order to improve oral exposure, new POI ligands
are urgently needed for further design. Subsequently, other
ligands were predicted again through computational mod-
eling to explore the binding model of ligand in a complex
with AR, thus, publishing a series of compounds as well.
Among these PROTACs, ARD-2585 (28) (Fig. 14) became
an exceptionally potent and orally active AR degrader [6],
which undoubtedly demonstrated that modifications to POI
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Fig. 14 Representative PROTACs target BTK, AR, BRD4, EGFR, and HER2

@ Springer



Molecular Diversity (2024) 28:309-333

319

warheads were significant in further degrader exploration.
The combination of proteins could affect the degradation
activity of compounds to some extent.

It is known that the linker is an important part of PRO-
TAC’s design, and the length and flexibility of the linker
between the two warheads bound to the POI and E3 ligase
can dramatically affect potency and selectivity [4]. Moreo-
ver, the linkers do not simply connect two ligands but can
also affect the E3 ligases-POI interactions and presentation
of the target protein, thus, presupposing the basis for yield-
ing the ternary complex with sufficient stability [8, 62].
Nowadays, some linker motifs have already appeared in a
number of PROTAC designs, such as flexible linkers PEG,
alkyl, amide acid and alkyne motifs, rigid linkers saturated
heterocycles, and aromatic rings [63]. And then, linker as
a crucial part of PROTAC molecule can influence target
selectivity such as length and tethering orientation [23]. In
addition, notably, if the linker length is too short, the forma-
tion of ternary complex will be unfavorable and longer linker
cannot effectively recruit E3 ligase to remove POL.

In 2018, Burslem et al. employed a SMI-lapatinib which
targeted EGFR and could also bind to human epidermal
growth factor receptor 2 (HER2) as the POI warhead and
used VHL ligand to synthesize PROTACs. The PROTAC
(29) (Fig. 14) which has 2 PEG units, can induce EGFR
and HER?2, but increasing the length to 3 PEG units, the
compound 30 (Fig. 14) selectively degrades EGFR rather
than HER2 [23, 26]. From this study, the conclusion that
linker length could define target selectivity were elucidated.
Furthermore, as mentioned above, dBET1 and ARV-825
(Fig. 6) both possess the same POI and E3 ligands while
the length and the composition of linker are different. In
this case, ARV-825 was 10 times more capable of degrading
BRD4 than dBET]1. It has been proved that the length and
the composition of linker are key variables determining the
activity of degraders [31, 32].

Besides, conformational restriction has often been used
as a strategy to improve oral bioavailability of small-mol-
ecule drugs [6]. Therefore, researchers used rigid linkers
to develop and exploit more excellent PROTACs. As we
know, the AR-targeting degrader, ARV-110 (Fig. 6), which
entered clinical trials utilized rigid piperazine and piperi-
dine rings and achieved great AR degradation in cells and
tumors. Interestingly, Wang’s laboratory adopted the same
composition linker of ARV-110 and reported ARD-2128
(31) (Fig. 14) which achieved 67% oral bioavailability in
mice, effectively removed AR protein and suppressed AR-
regulated genes in tumor tissues with oral administration [5].
It was hypothesized that increased conformational restriction
of the linker in degrader may lead to a more stable and pro-
ductive ternary complex [6]. In other words, linker rigidity
could increase cooperativity of the ternary complex through
improved protein degradation [23].

As mentioned above, the expression of different E3
ligases is specific in various tissues. For this reason, during
the design of PROTACS, different E3 ligases were utilized to
compare the degradation activity. Additionally, Steinebach
et al. addressed VHL and cIAP1 ligases to explore CDK4/6
degraders, where VHL-based compounds were either spe-
cific for CDKG6 or exhibited dual activity against CDK4 and
CDKG6, while IAP-based PROTACSs produced a combined
degradation of CDK4/6 [64]. More interestingly, different
chiral configurations of E3 ligands could also cause differ-
ent degradation effects. For example, the BET PROTAC
ARV-771 (32) (Fig. 14) is a potent BET degrader in cell
models of castration-resistant prostate cancer (CRPC) and
has a high affinity with VHL, but ARV-766 (33) (Fig. 14), a
diastereomer of ARV-771 with the opposite configuration at
the hydroxyproline, has no affinity for VHL, leading to little
degradation to BET [65].

In general, POI warhead, linker, and E3 ligand are
indispensable for PROTAC development, and the selection
of three parts is equally important. First, pairing the E3
ligase with POI is one of the most critical factors involved
in the generation of potent and selective PROTACs [47].
However, there is no correlation between the affinity
of the PROTAC molecule for kinases and the extent of
induced degradation [47, 62]. Second, PROTACSs usually
yield novel protein—protein interactions (PPIs) between
E3 ligases and target POIs that can vary significantly
depending on the ligands used and the length and compo-
sition of linker [3, 63]. Thereby, linkerology can be used
to adjust physicochemical properties, such as metabolic
stability, membrane permeability, and aqueous solubility
of PROTACSs [23]. Ultimately, the formation of a stable,
cooperative POI-PROTAC-E3 ligase ternary complex is
a crucial step in achieving potent and selective degrada-
tion. PROTAC: can stabilize PPIs between the POI and E3
ligase, thus, promoting positive cooperativity in ternary
complex formation [23, 47]. In other words, the rate of
formation of the ternary complex determines the degrada-
tion efficiency of PROTAC. It is believed that the further
development and discovery of linker, POI, and E3 ligands
will achieve better and deeper success in this field under
constant pursuit.

Molecular glues, SERDs, and SARDs: based on UPP

The discovery and development of bivalent targeted protein
degraders seem to have become a major focus in the field of
TPD. However, unlike PROTACS, which recruit an E3 ligase
to degrade a POI, monovalent protein degraders simply bind
to POI through a direct or induced mechanism [13]. Some
monovalent degraders can induce the POI degradation by
producing conformational or other changes that make the
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Fig. 15 Mode of action and
structural features of PROTAC
and molecular glue
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Fig. 16 Representative molecular glues

protein susceptible to detection by cellular quality control
and ubiquitin-degradation machinery, such as molecular
glues [66]. It is not surprising that the successful applica-
tion of this strategy will pave the way for the advancement
of TPD development.

Molecular glues

Molecular glues, which have a lower molecular weight than
PROTAC molecules, can recognize and promote ubiquitina-
tion to degrade target proteins by remodeling the surface
of E3 ligases and inducing or enhancing protein—protein
interactions (PPIs) between E3 ligases and target proteins,
and are classified as monovalent degraders [67] (Fig. 15).
The physicochemical properties of molecular glues are simi-
lar to those of traditional small-molecule drugs, and most
of them fall into the range of the “rule of five.” Therefore,
molecular glues are theoretically more drug-like than PRO-
TAC:Ss in terms of lower M.W., increased oral bioavailabil-
ity, and improved pharmacokinetic (PK)/pharmacodynamic
(PD) profiles [68]. At present, there are mainly two kinds of
mature molecular glues: one is IMiDs such as thalidomide
and its derivatives, and the other is aryl sulfonamide drugs.

For example, transcription factors Ikaros family zinc
finger protein-1 (IKZF1) and IKZF3 have been reported to
be ubiquitinated by IMiD-induced CUL4 (cullin 4)-RBX1-
DDB1-CRBN (CRL4RBN) and degraded by proteasome
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[68, 69]. 34 (Fig. 16) is an IMiD analogs. For the aryl sul-
fonamide derivative, molecular glue 35 (Fig. 16) is a repre-
sentative drug. DCAF15, the CRL4 substrate receptor, was
used to degrade splicing factor RNA-Binding Motif Protein
39 (RBM39) [48, 67, 70], which could also be employed in
the design of PROTAC molecules [48].

Selective estrogen receptor degraders (SERDs)
and selective androgen receptor degraders (SARDs)

Recently, some monomeric degraders which target such as
ERa, AR, HER2, phosphatidylinositol 3-kinase a (PI3Ka),
BTK, and cIAP have been studied and exploited [71].
Among them, the most representative and notable is the
publication of monovalent degraders targeting ERa and AR.
Previously, selective estrogen receptor modulators (SERMs)
and aromatase inhibitors (Als) that could directly antagonize
ERa transcriptional activity or block estrogen biosynthesis
were employed in the cure of ERa-positive breast cancer
[72]. Lately, fulvestrant (36) (Fig. 17), a selective estrogen
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Fig. 18 The ubiquitin protea-
some pathway

Table 1 The summary of novel technologies based on UPP

Novel technologies Features

Ha-PROTAC Possession of HALG
Pc-PROTAC Utilization of UV

CLIPTAC Application of “click chemistry”
HaloPROTAC HT technology

AID Degradation of Auxin
Trim-Away Involvement of TRIM21
Folate-PROTAC High FOLR1 expression
Ab-PROTAC Introduction of antibody

receptor degrader, which binds and downregulates ER by
inducing conformational instability could induce ERa degra-
dation and overcome resistance to Als and SERMs [13, 72].
Until recently, Lu et al. discovered a thieno[2,3-¢] indazole
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EGFR ligand \iL
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O

Fig. 19 Representative ha-PROTACs

VHL ||gam

Proteasome Ub : Ubiquitin
E1 : Ubiquitin activating enzyme

E2 : Ubiquitin conjugating enzyme
E3 : Ubiquitin protein ligase
POI : Protein of interest

derivative as novel oral selective estrogen receptor degrad-
ers (SERDs) (37) (Fig. 17) for the treatment of ER-positive
breast cancer, which has been evaluated in preclinical trials
[72].

Encouraged by the application of SERDs, selective andro-
gen receptor degraders (SARDs) have been investigated in
the clinic to block androgen receptor function in patients
with mCRPC, owing to primary and acquired resistance
to AR modulators [13, 66]. In 2013, an orally bioavailable
SARD-AZD3514 (38) (Fig. 17), advanced into Phase I clini-
cal trials, was disclosed by Loddick and co-workers [71, 73].
From his study, AZD3514 could obviously suppress andro-
gen-dependent and -independent AR signaling. AZD3514
modulates AR signaling through two distinct mechanisms,
inhibition of ligand-driven nuclear translocation of AR, and
downregulation of receptor levels [73]. In addition, Mill-
er’s group reported a series of degraders applying to the
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treatment of enzalutamide-resistant prostate cancer, which
is increasingly prevalent in the clinic [74].

Other novel degradation technologies based on UPP

In general, in addition to the above-mentioned PROTACS
that induce degradation by UPS, there are other novel PRO-
TACs that work through this system (Table 1). The ubig-
uitin proteasome pathway (UPP) (Fig. 18) is an important
approach for selective protein degradation. In this system,
the detached PROTAC enters the next degradation cycle,
after the modified polyubiquitin POI is recognized and
degraded by proteasome.
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Hypoxia-activated PRTOACs (Ha-PROTACs)

Regardless of important milestones established, small-
molecule PROTACS still have some concerns [75]. To
date, the most important issue is how to precisely control
their functions to reduce potential toxicity from systemic
degradation [75, 76]. As TH-302, a prodrug containing a
nitroimidazole unit that can be recognized with nitrore-
ductase (NTR), entered Phase III clinical trials [75, 77],
the nitroimidazole unit was selected to explore the appli-
cation of PROTAC. NTR is conventionally overexpressed
in the hypoxic region of solid tumors, while very low or
no expression in normal tissues or cells [78]. Zhang’s
group and Xu’s group also introduced nitroimidazole unit
as a hypoxia-activated leaving group (HALG) on POI
or E3 ligands to develop hypoxia-activated PRTOACSs
(ha-PROTAC:S), such as compounds 39 and 40 (Fig. 19),
demonstrating the feasibility of the strategy with precisely

Fig. 20 Mechanism of action of ha-PROTACs. The PROTAC can be released under a tumor hypoxia microenvironment

Fig.21 Mechanism of action
of pc-PROTACSs. The PROTAC
can be released upon light

irradiation pc-PROTAC
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est

releasing PROTAC in a tumor hypoxia microenvironment
[75,79] (Fig. 20).

Photosensitive-caged PROTACs (Pc-PROTACs)
and azobenzene-PROTACs (Azo-PROTACs)

To effectively improve the targeting of PROTAC technol-
ogy and reduce potential toxicity, some research groups
have independently developed a general strategy to spa-
tiotemporally regulate protein degradation using light,
named as photo-PROTACSs [75] (Fig. 21). For instance,
Xue et al. have developed a kind of light-induced PRO-
TACs, called photosensitive caged PROTACs (pc-PRO-
TACs). The pc-PROTAC (41) (Fig. 22), based on a ligand
of CRBN and JQI, applied to aim at BRD4 [80]. Based on
this, photoswitchable azobenzene-PROTACs (Azo-PRO-
TACs) (42) (Fig. 22) by incorporating azobenzene moie-
ties between ligands for the E3 ligase and POI have been
found to knock down protein through light control [81].
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HN

P

Unfortunately, some photo-PROTACSs only work after UV
irradiation [75]. Worse still, prolonged exposure to UV
radiation can cause DNA damage, threatening human skin
health [11, 75].

In-cell click-formed proteolysis-targeting chimeras
(CLIPTACs)

As we know, due to the high molecular weight (M.W.), PRO-
TACs own poor solubility and cellular permeability in vivo,
preventing these agents from entering cells to induce pro-
tein degradation. It is quite clear that reducing the M.W. is
essential [11, 56]. In 2016, Lebraud et al. developed a novel
PROTAC technology called in-cell click-formed proteolysis-
targeting chimeras (CLIPTACS) to overcome limitations [82]
(Fig. 23). A tetrazine-tagged thalidomide derivative and a
trans-cyclo-octene (TCO)-tagged ligand in cells to form a
cereblon E3 ligase recruiting PROTAC molecules are intro-
duced into the design, which have lower M.W. and better
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permeability, thus successfully degrading oncogenic BRD4
(43) or extracellular-regulated protein kinase 1/2 (ERK1/2)
(44) (Fig. 24) [11, 56, 82].

Chloroalkane-containing PROTACs (HaloPROTACs)
and degradation tag (dTAG) molecules

Next, Crews and co-workers established chloroalkane-con-
taining PROTACs (HaloPROTACSs) using HaloTag (HT)
technology, which incorporates VHL ligands to effectively
degrade HaloTag7 fusion proteins (45) (Fig. 25). HaloPRO-
TAC utilizes E3 ligands to combine with chloroalkanes for
the degradation of HT fusion proteins as HaloTag can cova-
lently bind to chloroalkanes [8, 83]. Similar to the working
principle of HaloPROTAC, the degradation tag (dTAG) sys-
tem has been developed to rapidly deplete POI (46) (Fig. 25)
[84, 85]. From this system, the engineered variant of FK506-
binding protein (FKBP12)-FKBP12FY was used as fusion
label, and then the dTAG molecule recruited VHL ligase to

@ Springer

induce rapid degradation of the tagged protein, compared to
previously reported CRBN-recruiting dTAG molecules [84].

Auxin-inducible degron (AID) and Trim-Away

Lately, other bivalent TPD tools, like the auxin-inducible
degron (AID) system, have appeared in human vision. In
this pathway, there are three essential components: the E3
ubiquitin ligase, target proteins, and phytohormone, similar
to small-molecule PRTOACSs, where the E3 ligase is the SCF
(Skp1, Cullin 1, and F-box) complex [85]. Auxin such as
Indole-3-acetic acid (IAA) and Naphthylacetic acid (NAA)
can interact with F-box Transport inhibitor response pro-
tein-1 (TIR1) and promote the interaction of the E3 ubiquitin
ligase SCF-TIR1 with AID, ultimately leading to the ubiqui-
tination and degradation of AID [85] (Fig. 26).

Clift et al. reported a post-translational protein depletion
method called ‘“Trim-Away’ (Fig. 27) to degrade endoge-
nous protein. Trim-Away is based on the ubiquitin ligase
and Fc receptor tripartite-motif protein 21 (TRIM21), which
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Fig. 28 Mechanism of action
of Folate-PROTACs. The PRO-
TAC can be released in FOLR1
overexpression tumor cell

folate +

recognizes antibody-bound proteins and targets them for
proteasome degradation [86, 87]. It may become possible
in the future to adapt the Trim-Away method to develop
novel therapeutics that target disease-causing proteins for
degradation.

Folate-PROTACs and Antibody-PROTACs (Ab-PROTACs)

More interestingly, in 2021, Liu et al. employed the folate-
conjugating strategy (Fig. 28) to link the conventional PRO-
TAC molecule (47) (Fig. 29) to achieve controllable targeted
degradation of POI in tumor cells with high folate recep-
tor a (FOLR1) expression [88]. However, this approach is

,\;
A

Folate-PROTAC

tumor cell

restricted in that these PROTACSs can simply be applied to
some diseases with FOLR1 overexpression.

Additionally, antibody—drug conjugate (ADC), whose
structure is remarkably similar to classical PROTACsS, has
also been developed recently. Consequently, an antibody-
PROTAC conjugate can be considered as an alternative
approach for selective delivery of broad-spectrum PROTAC
into specific cell types [89]. Dragovich et al. employed this
method to explore the first phase, the development of ADCs
derived from BRD4-targeting chimeric degrader entities
(48) (Fig. 29) [90, 91]. Significantly, Antibody-PROTAC
(Ab-PROTAC) exhibits potent and antigen-dependent BRD4
degradation and antiproliferation activities in cells, and
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antitumor efficacy in mouse xenograft models [23, 90, 91],
which once again provides an alternative option for TPD
drug research. Taken together, there is no doubt that the
exploitation of trivalent degraders will greatly expand the
application of TPD technology and open up a new field of
drug discovery.

Degraders based on the lysosome pathway

As we all know, most intracellular protein degradation is con-
ducted by the UPP and lysosome pathway [92]. Furthermore,
the lysosome degradation system is divided into autophagy-
lysosome system and endosome-lysosome system, accord-
ing to different principles of protein depletion [9]. More
importantly, lysosome pathway-based degraders have greatly
broadened the spectrum of degradable targets. Autophagy-
targeting chimeras (AUTACs) can deplete organelle such as
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mitochondria and lysosome-targeting chimeras (LYTACS)
can degrade membrane protein and extracellular protein [93],
which shows unprecedented research compared to other TPD
agents based on the ubiquitin—proteasome pathway.
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Autophagy-targeting chimeras (AUTACs)
and autophagosome-tethering compounds (ATTECs)

Autophagy-targeting chimeras (AUTACS) link a warhead
for POI to a guanine derivative that tags the protein for
degradation by the autophagy machinery [8, 94] (Fig. 30).
Takahashi et al. developed AUTACSs that apply proteins
and dysfunctional mitochondria to selective autophagy. A
mitochondria-targeted AUTAC accelerates mitochondrial
turnover and inhibits apoptosis against mitochondrial injury
(49) (Fig. 31) [94]. Besides, another subclass belonging to
this machinery known as autophagosome-tethering com-
pounds (ATTECS) directly links a POI warhead to a ligand
without a linker, thus, being a part of monovalent degraders
(Fig. 30). It is worth noting that ATTEC works like molecu-
lar glues: ATTECs do not require the intervention of link-
ers, simply linking a POI warhead to a ligand that binds
to the autophagy protein microtubule-associated protein-1
light chain 3a (LC3), and bind POIs to autophagosomes,
causing autophagic degradation [8]. In 2019, Li et al. identi-
fied mHTT (mutant huntingtin)-LC3 linker compounds (50)
(Fig. 31) that were capable of lowering mHTT levels in vivo
and demonstrated the possibility of targeting proteins for
degradation using autophagosome-tethering compounds,
which provided new entry points for drug discovery [95].

Lysosome-targeting chimeras (LYTACs)

In 2020, Bertozzi laboratory studied lysosome-targeting
chimeras (LYTACS) technology (Fig. 32) that could target

extracellular and membrane-associated proteins [9, 96].
LYTACSs have two binding domains: oligoglycopeptide
groups and antibodies or small molecules that can bind
to target proteins, which are connected by a linker. To
date, LYTACSs have been exploited to selectively degrade
apolipoprotein E4 (ApoE), EGFR, and programmed death
ligand 1 (PD-L1) [9, 96]. Notably, TPD agents based on a
lysosome system have made superior progress in the field
of drug design, presenting a promising prospect in pre-
clinical and clinical processes.

Degraders for the treatment of others
diseases

With the development of TPD technology, a large num-
ber of degraders are used in cancer treatment and numer-
ous targets are exploited to develop PROTAC molecules,
including “undruggable targets,” which, to be honest, have
dramatically promoted the study of cancer therapy. In the
new era of TPD, it is important to extend the clinical reach
of modality beyond oncology [8]. Nowadays, ALK, AR, ER,
BCR-ABL, BET, BRD9 and BRD7, BTK, CDK4/6 and so
on, these targets have been employed into oncology [4, 33,
56]. Moreover, the disease spectrum includes prostate can-
cer (PC), breast cancer (BC), colorectal cancer (CRC), non-
small cell lung cancer (NSCLC), acute myeloid leukemia
(AML), and so on [97].
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Treatment of rheumatoid arthritis
and neurodegenerative diseases

Given the potential to degrade any target of choice, the
field of TPD is extending beyond oncology. For example,
a BTK degrader (NX-5948) and an interleukin-1 receptor-
associated kinase 4 (IRAK4) degrader (KT-474) in Phase
I clinical trials could treat patients with various immuno-
inflammatory diseases, such as rheumatoid arthritis [4, 8].
Currently, measures are being taken to develop degraders to
target Tau. Tau plays an essential role in neuronal cells stabi-
lizing microtubules (MTs), providing tracks in the transport
of cargo proteins and maintaining cell shape [4]. Lu et al.
disclosed a Keapl-dependent peptide PROTAC to knock
down Tau by UPP, which showed promising character in
the treatment of neurodegenerative disease [98] and real-
ized further progress in the field of “undruggable proteins.”

Treatment of viral infections

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has rapidly spread around the world and resulted
in the scale Corona Virus Disease 2019 (COVID-19) pan-
demic, which has destroyed healthcare systems and our
daily lives [23]. In 2020, Chatterjee et al. reported their

Table 2 The summary features of TPD technologies

RNase L ligand
(C5-RIBOTAC) 51

development of the first anti-COVID (peptide-based) PRO-
TAC by computational design [99], which targeted the viral
spike protein receptor-binding domain (RBD) with TRIM21
[87]. Interestingly, some scientists have recently developed
ribonuclease-targeting chimeras (RIBOTACS) concept by
connecting an RNA-binding molecule to a latent ribonu-
clease (RNase L) ligand to induce RNA degradation [11].
And then, a RIBOTAC molecule (51) (Fig. 33) was dis-
covered pointing to the degradation of SARS-CoV-2 FSE
(frameshifting element) RNA for SARS-CoV-2 therapy
[100].

Conclusion and perspective

As mentioned above, PROTACSs based on different E3
ligases, molecular glues, novel technologies for TPD,
AUTAGCSs, LYTAC:, etc. have been exhibited in this review.
TPD drugs have generated many new strategies that have a
more promising future among targeted protein degraders, but
also face some challenges (Table 2). Such as small-molecule
PROTAC:S, their toxicology is uncertain and side effects are
largely unknown although they have a clear mechanism
of action. Besides, other degraders based on UPP can be
employed efficiently in their specific areas, which similarly
limits their effectiveness. Nucleotide-based PROTACS like

TPD technologies Degradation pathways Advantages

Disadvantages

Possess high molecular weight and poor PK
properties

Have unclear mechanism of action and dif-
ficult to design

The mechanism of action is complicated and
unclear

The applications of them are restricted

PROTAC:s Ubiquitin—proteasome pathway Own clear mechanism of action and high
selectivity
Molecular glues Fall in the “rule of five” and high PK
properties
SARDs, SERDs Specifically bind to receptors and degrade
protein
Novel degrada- Have excellent degradation activity
tion technolo-
gies
AUTACs Lysosome pathway Degrade intracellular protein
ATTECs Hold low molecular weight
LYTACs

Degrade both extracellular protein and
intracellular protein

Own high molecular weight
Need to connect with LC3
Possess poor membrane permeability
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O’PROTAC:Ss have no “hook effect” and are convenient to
apply to “undruggable targets” such as TF of interest, which
may be an effective treatment of diseases such as cancer.
However, the time of protein degradation is longer than con-
ventional PROTAC:s. Furthermore, photo-PROTACsSs, which
take advantage of light to regulate protein degradation, can
cause damage to human. Folate-PROTACSs and CLIPTACs
are controllable targets for protein degradation, achieving
low side effects but are also limited in application. In this
regard, HaloPROTACs and degraders from the dTAG sys-
tem only elicit fusion proteins. Moreover, although triva-
lent degraders obtain stronger degradation to target proteins,
the difficulty of synthesis also interferes with their further
development.

In addition, monovalent degraders have lower molecular
weight than bivalent and trivalent degraders, thus, possess-
ing better physicochemical properties in vivo, which could
be used for the treatment of diseases of the central nervous
system. However, monovalent drugs like molecular glues
cannot target specific proteins and do not have systematic
design strategies, in this regard, limiting the efficiency and
applicability of molecular glue discovery. ATTECs, which
could target intracellular proteins while binding only to
LC3 fragments, narrow the scope of development. Taken
together, the benefits outweigh the disadvantages. Owing
to the specificity of different targeted protein degradation
technologies, further development and application should
be directed to drugs required according to current demand.

For the above problems, the vast majority of efforts are
considered urgent. Exploitation of PROTACS should focus
on broadening the scope of E3 ligases through screen-
ing techniques, developing undruggable targets and find-
ing the optimal linker. Of course, from our point of view,
we need to consider these three parts in a comprehensive
manner. There is no doubt that small-molecule PROTACs
still have broad and promising development prospects in
the future. In addition, although peptide-based PROTACs
have poor membrane permeability, the high specific-
ity and low toxicity have driven researchers to explore
novel strategy. peptide PROTACs combined with cell-
penetrating peptides, constrained conformation technique,
and targeted delivery systems could be the future efforts.
Based on a paper published in 2020, the CDK inhibitor,
CRS8-a, acted as a molecular glue to degradation protein
via UPS according to its solvent-exposed pyridyl moiety
[101]. This strategy can be further studied in the research
progress of molecular glues. The molecular glue is simple
to make since it has a small molecular weight. In addi-
tion, clinical trials have begun on current molecular glue
agents. Furthermore, SERDs and SARDs due to their high
degradation and binding specificity are expected to oper-
ate on the mechanism exploration. And then, other new
technologies can be applied in a specific area. CLIPTAC

technology is expected to be applied in other inhibitor-
protein systems because successful use of linkers that can
occur “click reaction” may effectively deplete proteins. We
have received great achievements from TPD technologies,
such as benefiting from the ADC drugs, antibody-PRO-
TACs are designed, achieving in vivo and in vitro antitu-
mor activity. Then, we all know, controlling the activity
of small-molecule probes with higher accuracy has always
been the goal of drug discovery and development. The
caged PROTACS such as ha-PROTACS, photo-PROTAC:S,
and folate-PROTAC:Ss can be incorporated to treat localized
diseases.. In addition, AUTACs, ATTECs, and LYTACs
have emerged in recent years, which can deplete intracel-
lular proteins including organelle, transmembrane protein,
etc. [94, 96]. Since the ubiquitination-proteasome process
of PROTAC requires substrates and ubiquitin molecules
to be in the proper position and distance, exploiting deg-
radation technologies based on the lysosome pathway may
be less complicated [93]. These technologies are develop-
ing vigorously and will bring us more fruits in the future.
More studies and efforts should be carried out to explore
degradation model, clarify structure—activity relationship
and so on.

Subsequently, TPD technology not only provides new
insights for drug research and development but also provides
new choices for the treatment of diseases. At present, it has
been successfully used in the therapeutic research of many
diseases, including cancer, immune diseases, neurodegen-
erative diseases, and viral diseases. Also, studies should be
further explored on the premise of existing research.

TPD agents have made some achievements that we can-
not ignore. Above all, these approaches have the potential
to greatly promote the development of targeted therapy
drugs. It is of great importance to continuously develop
TPD technology with the joint efforts of researchers.
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