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Proteolysis targeting chimeras (PROTACs) are bifunctional degrader molecules via hijacking the ubiquitin-
proteasome system (UPS) to specifically eliminate targeted proteins. PROTACs have gained momentum
as a new modality of attractive technologies in the drug discovery landscape, since it allows to degrade
disease-related proteins effectively. Although some PROTACs drugs reached the clinical research, they are
still facing some bottlenecks and challenges that should not be neglected, such as poor oral bioavailability
and potential toxic side effects. To overcome these limitations, herein, we provide an overview of recent
strategies for improving the durability of PROTACs by enhancing cell permeability and reducing toxic
side effects. Meanwhile, the impact of these strategies on improving oral bioavailability as well as their
advantages and drawbacks will also be discussed. This review will give a useful reference toolbox for
PROTACs design and further promote its clinical application.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction
1.1. Current status of PROTACs research

Proteolysis targeting chimeras (PROTACs) are heterobifunctional
molecules consisting of E3 ligase-recruiting ligand, protein of in-
terests (POI) ligand, and a chemical linker to connect the above
two moieties. PROTACs serve as bridging molecules to induce POI
degradation by specifically recruiting proximity between ubiquitin
ligases (E3) and POI to form a ternary complex (Fig. 1) [1-3]. Uti-
lizing PROTACs technology can effectively inhibit and rapidly de-
grade the key proteins which are related to tumor occurrence and
development, and successfully promote the rapid development of
targeted protein degradation (TPD) for cancer therapy [4,5]. Till
now, research in small-molecule PROTACs is surging. There are
more than thousands of reported PROTACs in PROTAC-DB database
[6]. Among them, over 29 PROTACs have passed in vivo or pharma-
cokinetics (PK) studies and at least 15 degraders have entered the
clinical trial stage (Table 1) [7,8]. PROTACs technology is becoming
increasingly mature with wide developing prospect.
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1.2. The superiority of PROTACs

Compared with conventional small-molecule drugs, PROTACs
have several advantages in the field of antineoplastic drug design
and discovery [9,10].

Firstly, PROTACs can effectively overcome drug resistance. Since
PROTACs exhibit the potential to directly remove or deplete of
intracellular protein through degradation, it is helpful to con-
quer cancer resistance caused by target protein mutation or
over-expression, thus enhancing the therapeutic effect on tumors
[11,12]. PROTACs could also induce the degradation of other com-
ponents of the complex that the POI ligands can bind to exhibit
more extensive antitumor effects [13]. Recently, Homo-PROTACs
was reported as an approach to induce the homo-dimerization of
E3 ubiquitin ligases and trigger its suicide-type chemical knock-
down inside cells by causing proteasome-dependent degradation
[14]. Studies have shown that Homo-PROTACs could be used to in-
duce the degradation of different oncogenic targets in cancer, such
as glioblastoma [15], or prostate cancer [16].

Secondly, PROTACs can eliminate “undruggable” disease-causing
proteins. Studies have shown that PROTACs are indeed capable of
degrading these proteins which lack suitable drug binding sites
[17], such as transcription factors (TFs) (e.g., STAT3) [18], large mul-
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Fig. 1. Schematic diagram of PROTACs-mediated degradation of POl E2, Ubiquitin-conjugating enzyme; Ub, Ubiquitin.

Table 1
Some of PROTACs and their indications in clinical development.

Clinical trial No. Degrader (target) Conditions E3 ligase Highest phase
NCT03888612 ARV-110 (AR) Prostate cancer CRBN Phase 11
NCT04072952 ARV-471 (ER) Breast cancer CRBN Phase 11
NCT04428788 CC-94,676 (AR) Prostate cancer CRBN Phase |
NCT04886622 DT2216 (BCL-xr) Liquid and solid tumors VHL Phase |
NCT04965753 FHD-609 (BRD9) Synovial sarcoma Undisclosed Phase |
NCT04830137 NX-2127 (BTK) B cell malignancies CRBN Phase |

tiprotein complexes BAF (e.g.,, SMARCA2/4) [19], v-Ki-ras2 Kirsten
rat sarcoma viral oncogene (KRAS) [20] and ubiquitin conjugating
enzyme E2C (UBE2C) [21], which can transform “undruggable” tar-
gets that play a key role in cancer or other diseases into “drug-
gable” [22].

Thirdly, PROTACs could be used to repurpose some natural com-
pounds. Recently, the natural compound Celastrol was linked to
JQ1 to induce BRD4 degradation [23], and some natural com-
pounds with potent anticancer effects have shown to interact
with E3 ligases, such as the case of the natural compound Ob-
tusaquinone [24], indicating that those natural compounds have
the potential to be used in PROTAC drug design to induce selec-
tive oncoprotein degradation.

Lastly, PROTACs can drive the knockout of the isomer or sub-
type of POI in selective ways. PROTACs prefer to degrade proteins
that can form a sufficiently stable POI-PROTAC-E3 ternary com-
plex [5,25,26], thus reducing the non-specific effects on other pro-
teins. However, recently, it was observed that different POI lig-
ands, E3 ligase and inherent linker composition could affect the
degradation selectivity of closely-related protein families [27,28].
As shown in Fig. 2a, BSJ-02-162 and BS]-01-187 with different POI
ligand show degradation selectivity of CDK6 or CDK4, respectively
[29]. BSJ-02-162 consisting of 4-carbon alkyl linker and Palboci-
clib could degraded CDK6 (DCsq < 100 nmol/L, Dmax < 90%) effec-
tively, while BSJ-01-187 with the same linker but conjugated to
Ribociclib preferred to degraded CDK4 in Jurkat cells. Additionally,
Palbociclib-based degrader pal-pom and CP-10, with distinct tria-
zole linker composition and lengths, can degrade CDK6 or both
CDK4/6 degradation selectively (Fig. 2b). Among them, pal-pom
was reported as a CDK4/6 degrader [30], while CP-10 can degrade
CDK6 (DCsq =2.1 nmol/L, Dmax < 90%) in U251 cells selectively [31].

Furthermore, as shown in Fig. 2¢c, the PROTACs DAS-6-2-2-6-CRBN
and DAS-6-2-2-6-VHL, consisting of different E3 ligase recruiters
linked to the same POI inhibitor Dasatinib, are capable of selective
degradation of c-ABL and BCR-ABL [32].

1.3. The limitations of PROTACs

Despite many advantages for PROTACs in term of tumors and
other diseases therapy, due to their various drawbacks or limita-
tions, most of PROTACs drugs remain in vitro research.

First of all, PROTACs drugs usually have poor cellular perme-
ability and oral bioavailability. Drug metabolism and PK are key
factors that have to be optimized in drug development [33,34]. Bi-
functional PROTACs usually have a higher molecular weight (MW)
(0.7~1.1kDa), with excessive hydrogen bond donors (HBDs), hy-
drogen bond acceptors (HBAs) and large polar surface area (PSA),
which make them out of the “Rule of 5” chemical space [35,36]
and impose hurdles to their biofilm permeability, resulting in low
drug bioavailability and ineffective efficacy [37].

Secondly, it is difficult to control the degradation activity of
PROTACs. The degradation of POI often shows typical shape of the
mountain dependence on PROTACs concentration called “hook ef-
fect” [38,39], which is caused by the distinct mechanism of three-
component system. The ineffective binary complexes are formed
at high protein degrader concentrations for PROTACs binding with
POI or E3 ligases, and competing with effective ternary complexes,
which result in negative impacts on PROTAC’s degradation potency
[40,41]. As shown in Fig. 3a, the hook effect is related to binding
affinities and relative concentrations of the POI, PROTACs and E3
ligases. Therefore, the binding cooperativity of three elements in
PROTAGCs is a key design point to modulate this hook effect [42,43].
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Fig. 3. (a) The hook effect is related to PROTAC concentration, and which could influence on PROTAC-mediated ternary complex formation. (b) Schematic summary of

PROTAC's advantages and disadvantages.

Thirdly, there are many challenges in expanding the E3 ligase
toolbox. To date, more than 600 E3 ligases were reported in hu-
man cells [44], however, only a few of them have been used in the
PROTACs. Among them, CRBN and VHL E3 ligases are commonly
used [45,46]. Recent studies reported some PROTACs that harness
new E3 ligases such as DCAF15 [47], DCAF16 [48], RNF4 [49] and
RNF114 [50]. E3 ligases to degrade POI, but the degradation effi-
ciency is generally low. Compared with the “occupation driven”
theory of small molecule inhibitors, PROTACs with low degrada-
tion efficiency will lose the advantage of low doses “event driven”
pharmacology and fail to meet clinical requirements [51].

The last drawback of PROTAC is the side effects and toxicity.
The potential of on-target as well as off-target side effects becomes
a bottleneck for PROTACs development [52]. On one hand, PRO-
TACs aims at tackling those pathogenesis-related proteins for ful-
filling the disease therapy, but the catalytic nature of PROTACs have
the potential to degrade entire proteins completely, which may re-
sult in unacceptable toxicity [5,53]. On the other hand, PROTACs
molecules do not have the target effect on tumors, while the tar-
get proteins usually expressed in normal cells widely [54]. If the
E3 ligases are not tumor-specific, it can easily lead to uncontrolled
protein degradation and the increase of side effects and toxicity on
normal cells [55,56].
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The factors mentioned above may contribute to cancer treat-
ment failure of PROTACs drug. Although there have been many
previous reviews of recent advances in developing PROTACs [57-
59], these strategies will be reinterpreted from a new perspec-
tive in this review. In particular, we focus on those allowing to
improve cell permeability or reduce toxicity of PROTACs by opti-
mizing structural or favorable modification, and shed light on their
merit and demerit (Fig. 3b). These strategies that will give a guide
to the reasonable PROTACs design, and are beneficial for PROTACs
drug development and safety considerations.

2. Enhancement of PROTACs cell permeability

Western blot is generally performed to assess the efficacy of
PROTACs degradation. Nevertheless, when the results are unde-
sired, we should consider whether it is connected with low sol-
ubility and permeability of PROTACs or a stable ternary complex
failure [60,61]. Since most of the POI are intracellular localization,
the acceptable cell permeability or solubility is crucial for PROTACs
to induce successful POI degradation. Recent progress in the PRO-
TACs discloses several ternary complex crystal structures, which
make researchers gradually realize that small structural changes
will have a vital impact on the PK characteristics of drugs, espe-
cially in the optimization of the linker region [62,63]. There are
two key methods which can be used for linker optimization, in-
cluding shortening the linker length to reduce flexibility and MW
of PROTACs and replacement of linker types to enhance PROTACs
stability and cell permeability. Degrader optimization may be par-
ticularly complex, but the balance between PROTACs activity, PK
and selectivity can be achieved by finding the core issues that need
to be addressed [34].

2.1. Change the chemistry of the linker

To acquire potent target POI degradation, PROTACs require ap-
propriate linker to connect an E3 ligase binding scaffold with POI
ligand [64,65]. Therefore, optimizing the geometry and chemical
composition of linker i.e., the length and types, is crucial to obtain
favorable oral PROTACs [66,67]. Current linker type of PROTACs is
shown in Table 2. Among them, the hydrophilic polyethylene glycol
(PEG) chains can improve water solubility because of their polarity
and flexible nature, which make them the most common type of
linkers used in PROTACs [68,69]. Lipophilic alkyl chains are also
widely used in design of PROTACs [70,71]. The above-mentioned
linkers are usually long and flexible. By change the number of
HBDs or HBAs, the exposed polarity and lipophilicity can be mod-
ulated. Although the increase of lipophilicity will improve the cell
permeability of PROTACs, it might also reduce the solubility and
increase toxicity. Therefore, it is very important to balance the per-
meability, lipophilicity and solubility.

Recent studies have shown that increase of linker rigidity may
improve degradation potency, while introducing conformational
flexibility to the linker might boost aqueous solubility and cell per-
meability simultaneously [52,72,73]. Interestingly, by using of cy-
clization strategy, Alessio Ciulli’s group firstly reported a macro-
cyclic PROTACs (macroPROTAC-1) which exhibits rapid and po-
tent intracellular degradation of BRD4 (Fig. 4a) [73]. Macrocycliza-
tion can stabilize the active conformation by locking it to the

bound state, which is favorable for not only increase degradation
potency and selectivity, but also exhibits optimized PK proper-
ties [74,75]. Besides, the introduction of heterocyclic scaffolds (e.g.,
piperazine/piperidines) into linker structures will improve water
solubility and balance lipophilicity by modulating the PROTACs
physico-chemical properties [19,42,76]. For instance, by replacing
chain-typed linker with polar pyridine/piperidine motifs, ARV-110
and ARV-471 show good oral bioavailability and now are in Phase
II clinical trials (Figs. 4b and c) [7,58].

2.2. Utilizing “click chemistry” to get PROTACs

The 1,2,3-triazole ring may not only provide additional motifs
for novel binding sites on target proteins, but also may improve
the physico-chemical properties of PROTACs. Besides, protein lig-
and and E3 recruiting motif can be readily prepared in the form
of azides and alkynes [77,78]. The triazole containing chimera is
formed through “click chemistry” [79], which involving the combi-
nation of azides and alkynes moiety via a copper-catalyzed Huis-
gen 1,3-dipolar cycloaddition (Fig. 5a) [80]. Because this reaction is
typically high yielding, rapid response and boasts excellent func-
tional group compatibility under mild reaction conditions, this
linking strategy has wide applicability in situ bonding and reac-
tions in and out of organisms [81]. Furthermore, compared to lin-
ear linkers, the triazole linkers have other advantages. For exam-
ple, with more structural rigidity, the triazole ring may get a more
stable oxidative metabolism in vivo [82]. Besides, the introduction
of the triazole ring is more likely to produce additional contact
points or surfaces in the spatial structure of protein interaction
[83], which is beneficial to form stable ternary complexes and in-
duce effective protein degradation. However, such class of PROTACs
showed poor cell permeability, so they cannot pass through the
cell membrane to perform good degradation.

Researchers are committed to finding alternative ways to solve
the solubility and permeability problems related to high MW and
lipophilicity. Recently, Lebraud et al. reported a novel PROTAC tech-
nology, named as in-cell click-formed PROTACs (CLIPTAC), which
can combine two smaller chemical moieties to generate PROTACs
in cells by using “click chemistry” reactions, that is to say the rapid
and high efficiency click reaction between a tetrazine tagged CRBN
E3 recruiter (Tz-thalidomide) and a trans-cyclooctene (TCO) tagged
ligand of POI by the inverse electron demand Diels-Alder (IEDDA)
cycloaddition (Fig. 5a) [84]. In their study, by using the CLIPTAC
tactics, JQ1-CLIPTAC (Fig. 5b) and ERK-CLIPTAC can successfully
degrade oncogenic proteins, e.g.,, BRD4 and ERK1/2, respectively
[58,85]. Compared to the traditional PROTAC molecules, the in-cell
CLIPTACs not only have smaller MW and good cell permeability,
but also showed indeed an excellent degradation potency. It pro-
vides us an advanced strategy for improving the bioavailability of
PROTAC drugs. However, the click reaction of TCO-groups and Tz-
groups may also occur outside the cells, so, choosing the appropri-
ate click reaction is worth noting [86].

2.3. Intracellular delivery of pre-fused PROTACs
Clinically, PROTACs are all orally administered. To improve oral

bioavailability, in addition to linker structural optimization, it can
also be obtained by developing new dosage forms. New nano-
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drug delivery systems (NDDS), such as nanoparticles [87], polymer
micelles and liposomes [88], could effectively overcome the oral
absorption barrier and improve the oral bioavailability of drugs,
which provides a new research direction for the realization of oral
drug delivery of PROTACs [61,89]. Chen et al. proposed a novel
two-component PROTAC system, i.e., the pre-fusing E3-ligases link-
ing proteins to PROTACs delivered by lipid nanoparticle (LNP) plat-
form (Fig. 6a) [90]. The results demonstrated that the pre-fused
PROTACs could significantly increase POI degradation efficiency
compared with free PROTACs (ternary complex: POI-PROTAC-E3).
Besides, encapsulated pre-fused PROTACs into LNP for intracellular
delivery could enhance the cell permeability of PROTACs by endo-
cytosis. This approach has been successfully used to degrade BRD4
(pre-fused ARV-771 LNPs) and AR (pre-fused SARD279 LNPs) (Fig.
6b) [90]. Nevertheless, despite above advantages, the per-fused
PROTACs did not solve the problem of active targeting of tumor
sites in vivo.

2.4. Reversible covalent chemical modification of PROTACs

It is generally accepted that large-in-size compounds have been
uptake in cell via passive transmembrane permeation preferen-
tially, which may be affected by multiple factors and transporters,
while the exact mechanism of PROTACs cell penetration remains
unclear [91]. Wang’s group have developed a reversible covalent
BTK PROTAC (RC-1) for BTK efficacious degradation [92]. Notably,
they have serendipitously discovered that cyano-acrylamide-based
moiety could produce a fast and reversible reaction with intracel-

lular glutathione to overcome the nonreusable drawback of irre-
versible covalent PROTACs, thus significantly enhancing the intra-
cellular accumulation. The specific mechanism of this strategy is
showed in Fig. 7. When the PROTAC molecule binds to the active
site of POI, the nearby cysteine side chain can react with the «-
cyano-acrylamide group to form a covalent and reversible bond
[93], thus allowing ternary complex formation and target degrada-
tion, and subsequent reversible covalent PROTAC regeneration [92].
In fact, some recent works suggested that the free cysteines and
electrophilic groups occur in the covalent reversible binding on the
cell surface, which benefits the non-permeable molecules to en-
hance their transmembrane penetration via a thio-mediated cellu-
lar uptake [94]. Therefore, reversible covalent chemistry for PRO-
TAC development provides a new idea for PROTACs’ active uptake
in cells and gives an efficient tool for ameliorating poor cellular
permeability of PROTACs.

3. Reduce of the toxic side effects of PROTACs

Trying different E3 ligases binder is another way to improve
physicochemical properties of PROTACs [95]. It should be noted
that the expression levels of the corresponding E3 ligases in target
cells may determine the tissue/disease specificity of the degrader
[54,55,96]. To date, most PROTACs have designed and developed
by recruiting CRBN or VHL E3 ligases. Although these two types
of PROTACs usually have potent efficacies both in vitro and in vivo,
which have been successfully applied in clinical research, the cat-
alytic properties of PROTACs may cause potential toxicities due to
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the systemic target degradation, and complete elimination of target
proteins, thus leading to the unpredictable consequences [97]. For
instance, it is tolerated when BET bromodomains is inhibited by its
inhibitor, but it is lethal when the BRD2 and BRD4 are completely
degraded [98]. On the other hand, CRBN or VHL E3 ligases and tar-
get proteins are also spared in healthy cells, so if PROTACs engage
these E3 ligases, it will increase cytotoxicity and lead to serious
side effects, thus finally restrict them from entering the clinic, such
as the PROTAC of CDK9 [99,100] or AURKA [101]. Totally, toxicol-
ogy is an issue that could not be ignored in clinical application of

PROTACs [102]. It is extremely important to achieve a more precise
control and pathological localization for degradation of PROTACs.
Nowadays, researchers have carried out multi-functional PROTACs
from many aspects to ensure their safety.

3.1. Spatiotemporal control of PROTACs

Light with high spatiotemporal accuracy and fewer off-target
side effects is generally used to modulate biological response in
neurobiology, chemical biology, disease treatment and other fields
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[103,104]. Due to the advantages of light, photochemically tar-
geting chimeras (PHOTACs) which fuse the photochemistry moi-
ety with these bifunctional PROTACs provided a novel pathway to
control PROTAC activity [62,105,106]. Photocaged protective group
or opto-electronic switches which are introduced into the PRO-
TAC structure can be released by artificial light-induced cleavage
of protecting groups or conformational switching. This method has
the advantages of good release performance and photocleavage and
non-toxicity. There are two strategies in design of PHOTACs: in-
corporation of photo-caged groups to PROTACs or making photo-
switchable PROTACs (Fig. 8a).

Photocaged PROTACs consist of a photo-removable blocking
group that detaches only upon irradiation at a specific wave-
length, thus releasing the active PROTAC and inducing POI
degradation [107]. A photo labile caging substituents such as
dimethoxy-2-nitrobenzyl (DMNB) [108], nitroveratryloxycarbonyl
(NVOC) [109] and [7-(diethylamino)coumarin-4-yl|methyl (DEACM)
[110] groups were used in photocaging of the POI binder or E3 re-
cruiter (Fig. 8b), which are capable of blocking the formation of the
ternary complex in the dark, while it can be efficiently dislodge
upon irradiation at specified wavelength, such as at 365 nm. Xue
and Kounde’s groups reported photo-caged PROTAC for degradation
of BRD4 by synthesizing potent CRBN\VHL-based PROTACs, respec-
tively [108,111]. In parallel, Liu et al. also regulated protein degra-
dation by adding a photo-removable group, i.e., DMNB on poma-
lidomide of ALK-PROTACs and BET-PROTACs to form opto-PROTACs
[112]. All of them displayed no activities in the dark, and after light
irradiating, the active PROTACs removed the photoprotective group
and showed powerful degradation activity in cells, which demon-
strated as light-inducible protein degradation.

By using the ability of azobenzene to switch reversibly be-
tween cis and trans conformation upon visible light pulses [113],
the degradation capability of photoswitchable PROTACs bearing the

azobenzene linkages can be reversibly activated and deactivated by
using suitable wavelengths of light (Fig. 8a) [107]. Reynders et al.
developed PHOTACs by incorporating the azobenzene moiety into
the CRBN E3 ligase ligand (lenalidomide) for targeting BRD2\4 and
FKBP12 [114]. After irradiation with 390 nm light pulses, the iso-
merization changes to the active cis form, leading to potent degra-
dation of POI. While the trans isomerization could be achieved by
irradiating with wavelengths >450nm or in the absence of light.
Similarly, Jin et al. obtained azo-cis and azo-trans isomer of CRBN-
based PROTACs to target oncogenic BCR-Abl fusion and Abl pro-
teins, and the azo-trans isomer can degrade the POI efficaciously
[115]. In addition, Crew and Carreira group discovered a reversible
photoPROTAC based on ARV-771 template, which is switchable be-
tween irradiation with 530 nm to get inactive cis-photoPROTAC and
acquired the active trans-photoPROTAC in irradiation with 450 nm
(Fig. 8c) [116]. To shed light on protein degradation mechanism,
they analyzed the critical difference in linker length between ac-
tive and inactive degraders. The inactive isomerization may be as-
cribed to the linker distance, which is too short to product a sta-
ble ternary complex. Specifically, the active trans form is 3 A longer
than that of inactive cis isomer [116].

Compared with photo-caged groups, introducing azobenzene
and its derivatives in PROTACs may have many advantages, since
they may not dramatically increase the MW of PROTACs, and need-
less of switchable elements which will leading to more stable and
facile modulation of these PROTACs [60]. Despite the above light-
induced PROTACs techniques enable protein degradation in a spa-
tiotemporal manner and make great possibility to avoid the dam-
age to normal cells, it has obvious disadvantages because light
stimuli usually happened in external control, leading to the fact
that it can only treat tumors that can be accessibly irradiated by
ultraviolet light like some skin cancers, which limits the applica-
tion range of PHOTACs.
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3.2. Tumor-specific PROTACs

Targeting receptors that are highly and specifically expressed
on tumor cells enables the selective delivery of drugs to cancer-
ous tissue to minimize toxic side effects in the patients [117]. The
folate receptor o (FOLR1) has been identified as one of overex-

pressed proteins in cancer cells and is a well-defined target for
drug delivery [118]. FOLR1 is capable of transporting folate (FA)
into cells, therefore, folate-conjugating strategy is beneficial for
tumor-targeted delivery of PROTACs to achieve controllable target
degradation of POI (Fig. 9a) [119,120]. Liu et al. developed a folate-
caged PROTACs by linking the folate group with BRD-PROTAC(ARV-
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771) to synthesis folate-ARV-771, which is capable of degrading
BRDs via cleavage by endogenous hydrolase in FOLR1-positive can-
cer cells (Fig. 9b) [119]. By using similar way, MEK-PROTAC (folate-
MS432) and ALK-PROTAC (folate-MS99) have been developed to
degrade MEK or ALK in tumor cells. Furthermore, they reported
a folate-caged pomalidomide prodrug (FA-S2-POMA) and a folate-
caged ALK-PROTAC (FA-S2-MS4048) (Fig. 9b) [120], both of which
can be cleaved by intracellular glutathione (GSH) to release the
active IMiD-based molecular glues or ALK degrader MS4048 in
FOLR1-expressing cancer cells. It is confirmed that the folate-caged
PROTACs strategy is successful in circumventing potential toxicity
for uncontrolled or incorrect degradation of POIs in normal cells.
There is also limitation in this novel method, as after introducing
of folate group, the MW of PROTACs increase dramatically (usu-
ally more than 1000 Da), which will inevitably decrease their oral
bioavailability and PK. To date, the in vivo data on folate-PROTACs
have not been described.

Antibody-drug conjugates (ADCs) can specifically deliver cyto-
toxic payload to a specific cancer cell type based on high antigen-
antibody specificity and affinity [121]. Recently, studies showed

that antibody-PROTAC conjugates (Ab-PROTACs) and antibody-
based PROTACs (AbTACs) which conjugate PROTACs with antibody
could overcome limitations of PROTAC selectivity to some extent
(Fig. 10) [122,123]. The difference between the two tools is that
they have different protein degradation mechanisms. By linking E3
ligase-directed degrader to a monoclonal antibody (Trastuzumab
[124]), Maneiro et al. developed an antibody-PROTAC conjugate
(Ab-PROTAC 3) which can specifically degrade BRD4 in HER2 pos-
itive breast cancer cell lines through antigen-dependent manner
[125]. Similarly, Wells group developed an AbTACs AC-1 by utiliz-
ing recombinant bispecific antibodies to recruit a transmembrane
E3 ligases RNF43 for inducing degradation of programmed death-
ligand 1 (PD-L1) [126]. It should be mentioned that the degrada-
tion mechanism of AC-1 is in lysosome-dependent manner, which
is different with Ab-PROTAC 3 [58]. Both of these two strategies
bear the protein degradation capabilities of PROTACs with the pre-
cision selectivity of antibody that can help to further reduce un-
desired side effects over traditional PROTACs, but due to complex
PK properties of antibody, Ab-PROTACs and AbTACs are still need
to be administrated by injection as reported.
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3.3. Multifunctional nano-PROTACs system

Cancer immunotherapy can effectively prevent cancer cells
from escaping the immune system compared with traditional
chemotherapy, thus reducing drug-resistance and increasing the
therapeutic index [127]. In 2021, Zhang et al. reported a Semi-
conducting polymer nano-PROTAC (SPNpro) as a multifunctional
nano-PROTACs system bearing photo-therapeutic, immune-related
protein degradation and tumor targeting capabilities [128]. SPNpro
consists of a semiconducting polymer core coupled with a PRO-
TAC fragment via a cancer-biomarker-cleavable peptide (Fig. 11). On
one side, SPNpro was expected to be effectively inhibit cancer cells
by producing the singlet oxygen (10,) under near-infrared light

10

and simultaneously stimulating T cells to promote the apoptosis
of cancer cells. On the other hand, Cathepsin B (CatB), a cancer
biomarker, can cleave SPNpro and release PROTACs which target
immunosuppressive indole-amine-2,3-dioxygenase (IDO) and in-
duce its degradation. SPNpro-mediated in situ immune metabolism
intervention combined with immunogenic phototherapy to stim-
ulate the function of T cells in immunity and effectively inhibit
tumor growth and metastasis [128]. SPNpro showed high cancer
tissue specificity since both CatB and IDO can effectively target
cancer cells. As a new mode of multifunctional PROTACs, SPNpro
could solve the problems of the uncontrollable protein degrada-
tion and off-target side effects, and provide a new idea to boost
the antitumor activity of PROTACs. However, SPNpro is a complex
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nanohybrid system with the high MW and unstable elements (e.g.,
polypeptide), so the bioavailability and effectivity in vivo should
further be evaluated.

4. Summary and outlook

In recent years, TPD is a hot field of new drug discovery, which
is potential in tackling disease-causing proteins by harnessing the
cell’'s own disposal system [122,129]. Apart from cell permeabil-
ity and potential toxicology, the repertoire of proteins they can de-
grade is also a key point that PROTAC needs to break through in
the future [52]. There is some novel and exciting TPD approaches
to remedy this PROTAC's limitation. Lysosome-based degradation
technology has been reported as they can effectively remove cer-
tain large proteins, damaged or excess organelles and extracellular
proteins that are closely related to cancer and other diseases (Fig.
12) [130,131]. For example, lysosome targeting chimeras (LYTACs),
which link a targeted antibody with a glycan to harness the lyso-
somal degradation pathway can induce degradation of those ex-
tracellular proteins effectively [132,133]. Besides, by linking a tar-
get ligand to an autophagic degradation tag, autophagy-targeted
chimeras (AUTACs) [134,135] and autophagosome-tethering com-
pounds (ATTECs) [136] can hijack the autophagy-lysosome path-
way and degrade entire organelles and protein aggregates
potentially [130,137]. Otherwise, some new heterobifunctional
molecules have been reported to contribute to alternative PRO-
TACs drug design strategies, such as phosphorylation targeting
chimeras (PhosTACs) [138], ribonuclease-targeting chimeras (RIB-
OTACs) [139] and acetyltransferase-targeting chimeras (AceTAGs)
[140]. Unfortunately, from the perspective of degradation efficiency,
these new TPD strategies typically have low degradation efficiency,
which needs to be further optimized. In 2021, Ciulli’s group de-
signed trivalent PROTACs SIM1, which showed more sustained and
higher degradation efficacy than that of bivalent PROTACs MZ1 (a
BRD4 degrader), since SIM1 consist of two BET inhibitor (JQ1) and
an E3 ligand (VHL) tethered via a branched linker [141]. This exam-

ple provides valuable guidance for optimizing PROTAC degradation
efficiency.

In this article, firstly, we reviewed some existing strategies to
solve low solubility and poor cell permeability of PROTACs, such
as the optimization of linker structure or changing linker flex-
ibility or rigidity, low MW intracellular assemble CLIPTAC, thio-
mediated cellular uptake, and pre-fused PROTACs for intracellu-
lar delivery. However, these strategies are trapped in tumor tar-
geting and tissue selectivity. Besides, we uncovered the relation-
ship between the chemical structure of linker and cell permeabil-
ity in PROTACs. This is helpful to propose perspectives for future
research directions. Secondly, to cope with the off-targeted toxicity
of PROTACs, we summarized some solutions including spatiotem-
poral localization via exogenous light induction, folate-mediated
and antibody-binding mediated tumor specificity and SPNpro by
combining phototherapy, immunotherapy with protein degrada-
tion. However, they usually have high WM and need to be further
improved and evaluated.

To date, there is no clear design rules and principles to improve
PROTACs oral bioavailability, so optimization of PROTACs is labo-
rious and still experience-based. Although currently most PROTACs
are administered orally in clinical trials, their PK profiles, solubility,
and cell permeability could be further modified. Hence, improv-
ing these properties via structural optimization or multifunctional
modification are of great value for the clinical advancement of
PROTACs. These new ideas of PROTACs will open up new promis-
ing perspectives in accurate and effective degradation of proteins
in human diseases and conducive to the future targeted therapy
drugs development. Totally, this review gives guidelines for PRO-
TACs reasonable design to address bioavailability or toxicology is-
sues.
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