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Targeted protein degradation: bridging chemical biology and
clinical translation
Yu-bo Zhang1, Jun-wei Fu1, Yue Liu1, Rui-lin Wu1, Yan-ting Liang1, Wen-han Zhang1, Tao Yuan1, Hong Zhu1✉, Qiao-jun He1✉ and
Bo Yang1,2✉

Traditional occupancy-driven pharmacology and emerging event-driven targeted protein degradation (TPD) play distinct roles in
drug discovery. Although small-molecule inhibitors typically depend on sustained engagement of functional binding and often
require systemic exposure, TPD induces selective protein elimination and can access targets that are refractory to conventional
inhibition, namely, “undruggable” proteins. Expanding degradation mechanisms mediated by the ubiquitin‒proteasome system
(UPS) and alternative pathways is therefore a central strategy for next-generation therapeutics. In this review, we provide an
overview of the developmental trajectory of the TPD field and discuss how diverse modalities can be leveraged to address
intracellular, membrane-associated, and extracellular protein targets. We summarize the relevant chemical design principles and
translational challenges, with a focus on mitigating off-target toxicity, improving selectivity, and increasing bioavailability. The
current evidence suggests that proteolysis-targeting chimeras, molecular glues, autophagy-targeting chimeras, and transferrin
receptor-targeting chimeras could be key approaches. In addition, we discuss some innovative discovery platforms for expanding
E3 ligase repertoires that may enable more rational degrader design. Finally, we highlight the current landscape of clinical trials and
discuss opportunities and remaining hurdles for advancing TPD toward clinical translation.
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INTRODUCTION
For decades, drug discovery has followed an occupancy-driven
paradigm in which small molecules inhibit protein function
through sustained binding to active sites. This approach often
demands high systemic exposure and is inherently constrained by
the scarcity of druggable pockets across the proteome. Over the
past two decades, targeted protein degradation (TPD) has
emerged as a transformative “event-driven” modality that removes
disease-relevant proteins and thereby expands the therapeutic
scope to targets previously considered “undruggable” [1].
TPD was pioneered by the development of proteolysis-targeting

chimeras (PROTACs), which are heterobifunctional molecules that
hijack the cellular ubiquitin‒proteasome system (UPS) to selec-
tively degrade target proteins. Following the initial proof-of-
concept study by Crews et al. in 2001, PROTAC technology has
evolved rapidly, with more than 30 candidates currently in clinical
trials and showing remarkable therapeutic potential [2]. Compared
with conventional inhibitors, degraders can offer catalytic,
sustained target suppression and may confer advantages in terms
of the depth of target perturbation and drug resistance. Despite
these successes, UPS-centric strategies are limited by the cellular
context and substrate accessibility, posing challenges for
membrane-associated proteins. In addition, PROTACs are less

effective against long-lived proteins, large insoluble aggregates, or
nonproteinaceous cellular debris, and they frequently exhibit
suboptimal drug-like properties, including poor permeability, low
solubility, and limited oral bioavailability. Additionally, safety
liabilities associated with off-target degradation and the excessive
depletion of the intended target protein remain major challenges.
The TPD toolbox has expanded beyond the UPS to alternative

degradation pathways, most notably the autophagy–lysosome
system, to address these limitations. Autophagy-targeting chi-
meras (AUTACs), for example, promote selective autophagic
degradation by appending guanine-derived tags [3]. Novel
degrader modalities, including cell-penetrating peptide-mediated
membrane protein-targeting degraders (CPPTACs), transferrin
receptor-targeting chimeras (TransTACs), and mRNA-encoded
lysosome-targeting chimeras (MedTACs), have the potential to
target a broader spectrum of substrates, including membrane
proteins, extracellular factors, and even cellular organelles [4–7]. In
addition to these mechanistic advances, new discovery platforms
for PROTACs and molecular glue degraders and the continuous
expansion of E3 ubiquitin ligase ligand libraries are strengthening
the foundations for rational degrader design and optimization.
Simultaneously, the field is witnessing a resurgence in molecular
glue degraders, which offer superior permeability and oral
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bioavailability because of their lower molecular weight, to address
the physicochemical hurdles associated with bivalent PROTACs.
Furthermore, the continuous expansion of E3 ubiquitin ligase
ligand libraries and advances in rational design provide new
avenues to mitigate off-target effects and improve safety profiles.
This evolving landscape not only addresses the limitations of
conventional TPD strategies but also significantly broadens the
scope of druggable targets, including traditionally “undruggable”
proteins, through innovative degradation mechanisms.
This review provides a comprehensive overview of the

developmental trajectory of the TPD field, from early mechanistic
insights to current clinical applications (Fig. 1). We summarize the
molecular mechanisms, chemical design strategies, and therapeu-
tic potential of these diverse degradation modalities, with a
particular emphasis on PROTACs and molecular glue degraders
that operate through the UPS. Furthermore, we discuss prevailing
challenges and potential solutions within TPD and outline
practical directions for advancing next-generation protein degra-
der therapeutics.

PROTEIN DEGRADERS
Ubiquitin-dependent protein degradation represents the predo-
minant pathway for intracellular protein degradation and is a
critical component of proteostasis in normal cells. This pathway
employs a three-step enzymatic cascade to mark proteins for
degradation: initially, the ubiquitin-activating enzyme (E1) acti-
vates ubiquitin molecules; subsequently, the ubiquitin-
conjugating enzyme (E2) participates in the formation of a Ub-
E2 complex; and finally, the ubiquitin-protein ligase (E3) orches-
trates the specific transfer of ubiquitin to the target protein [8, 9].
The UPS is responsible for the degradation of 80%–90% of
proteins [8]. Historically, most protein degraders have relied on
the UPS for their function. Recently, innovative TPD modalities
have been developed that circumvent the complex and energy-
intensive ubiquitination process characteristic of PROTACs, includ-
ing autophagosome-tethering compounds (ATTECs), lysosome-
targeting chimeras (LYTACs), AUTACs, cytokine receptor-targeting
chimeras (KineTACs), integrin-facilitated lysosomal degradation
(IFLD), and dendritic DNA chimeras (DENTACs) [10, 11]. These tools
effectively degrade intracellular, extracellular, and membrane
proteins, protein aggregates, lipid droplets, and damaged
organelles, offering significant advantages from both technologi-
cal and therapeutic perspectives (Table 1).

Ubiquitin-dependent protein degraders
The majority of first-generation TPD technologies exploit the
natural quality control machinery of cells, the UPS, to eliminate
specific proteins.

UPS. Maintaining proteostasis with precise temporal and spatial
control is key for cells to sustain normal physiological activities.
Although protein synthesis is controlled by factors that regulate
transcription and translation, the removal of proteins in mammals
is governed primarily by two major pathways: the UPS and the
autophagy–lysosomal pathway [12]. As mentioned above, the UPS
is responsible for the degradation of most regulated proteins and
the clearance of misfolded or damaged proteins, whereas the
autophagy–lysosomal pathway can degrade proteins and entire
organelles [13]. The UPS operates through a tightly regulated
enzymatic cascade that tags substrate proteins with ubiquitin, a
small regulatory protein consisting of 76 amino acids [13].
The ubiquitination process involves three consecutive enzymes:

E1, E2, and E3. E1 activates ubiquitin in an ATP-dependent
manner, resulting in the formation of a high-energy thioester
bond. The activated ubiquitin is then transferred to E2. E3 is
responsible for recruiting specific substrate proteins and facilitat-
ing the transfer of ubiquitin from E2 to lysine residues on the
substrate, thereby conferring specificity to the system. This cyclic
process leads to the formation of polyubiquitin chains, which
serve as recognition signals for the 26S proteasome [14, 15] (Fig. 2a).
The proteasome functions as a cellular recycling center, unfolding
and hydrolyzing tagged proteins into small peptide fragments
while recycling ubiquitin molecules [16]. Nevertheless, ubiquitina-
tion is a highly dynamic and reversible process that is counter-
balanced by the activity of deubiquitinating enzymes (DUBs) [17].
These proteases catalyze the hydrolysis of isopeptide bonds either
within polyubiquitin chains or at the ubiquitin–substrate interface.
By opposing E3 ligase-mediated ubiquitination, DUBs are pivotal
for maintaining cellular ubiquitin homeostasis: they replenish the
free ubiquitin pool by recycling molecules from degraded
proteins, editing chain topology to modulate signaling outcomes,
and stabilizing specific substrates by stripping degradative signals
[18, 19]. In the context of targeted protein degradation, E3 is the
key component. More than 600 E3 ligases have been identified in
the human genome, providing a rich reservoir of potential
recruiters for targeted degradation strategies [20].
E3 ligases are primarily categorized into four major classes: the

homologous to the E6-associated protein C-terminus (HECT) type,
really interesting new gene (RING) finger type, U-box type, and
RING-between-RING (RBR) type [21] (Fig. 2b). Additionally, other E3
ligases exist, such as those containing a plant homeodomain
(PHD). Different types of E3 ligases recognize substrates and
regulate their degradation through distinct mechanisms and
domains.
The C-terminus of HECT family E3 enzymes harbors a conserved

HECT domain, which contains an active cysteine residue. In the
ubiquitin transfer reaction, HECT family E3 enzymes catalyze the
sequential transfer of ubiquitin, first from the E2 conjugating

Fig. 1 Key discoveries and developments in the TPD field.
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enzyme to the catalytic cysteine residue within their own HECT
domain, forming a covalent thioester intermediate, and subse-
quently to the substrate protein [22]. This two-step catalytic
mechanism confers greater substrate specificity in protein
degradation pathways [23].
The RING family represents a major class of E3 ligases

characterized by a conserved RING domain. This domain typically
comprises approximately 70 amino acid residues, featuring specific
cysteine and histidine residues. A defining characteristic is the RING
finger structure, where each RING finger domain coordinates two
zinc ions [24]. RING E3 activity depends on this RING finger domain
and functions by binding to ubiquitin-conjugating E2 ligases. By
acting as a scaffold protein, RING E3 facilitates the interaction
between E2 ligases and substrate proteins but does not directly
participate in the ubiquitin transfer reaction.
The U-box family shares highly similar architectures with the

RING family. However, U-box enzymes lack the Zn2+ binding sites
characteristic of the RING domain and instead possess a conserved
U-box domain. U-Box E3 ligases exhibit functions analogous to
those of RING E3 ligases [25]. During the catalysis of ubiquitination,
U-box E3 ligases serve as interaction sites for E2 conjugating
enzymes. Ubiquitin is then transferred directly from the E2 enzyme
to specific lysine residues on the substrate protein [26].
RBR E3 ubiquitin ligases integrate features of both RING and

HECT types, including RING1, between RING fingers (IBR), and
RING2 domains. Upon binding to the E2 enzyme, they facilitate the
transfer of ubiquitin to substrates through a mechanism analogous
to that of HECT ligases [27]. Specifically, the RING1 domain recruits
the E2-Ub conjugate, whereas the RING2 domain contains a critical
catalytic cysteine residue at the active site. The IBR domain shares
structural homology with RING2 but lacks this catalytic cysteine
residue, serving primarily as a structural scaffold [28]. Fundamental
distinctions among these E3 ligase types arise from variations in
their catalytic mechanisms and structural architectures.
Although the catalytic mechanisms and structures of E3 ligases

vary, in the field of TPD, RING-type E3 ligases are the most widely
applied. Currently developed PROTACs and molecular glues
predominantly utilize members of the RING family, particularly
cereblon (CRBN) and von Hippel‒Lindau (VHL), to mediate the
ubiquitination and degradation of target proteins [29]. Their use is
primarily attributed to the modular structural features of RING-
type ligases and the availability of relatively mature small-
molecule ligands, making them the preferred platform for
designing degraders [30].

Direct protein degraders. Direct protein degraders are molecules
that physically bridge the protein of interest (POI) and an E3
ubiquitin ligase, thereby artificially inducing proximity to trigger
ubiquitination. This category is dominated by PROTACs and
molecular glues.

PROTACs: PROTACs are heterobifunctional molecules composed
of three distinct elements: a ligand that binds to a POI, a ligand
that recruits an E3 ubiquitin ligase (commonly CRBN or VHL), and a
linker that connects these two ligands. Unlike traditional
inhibitors, PROTACs do not function by occupying an active site
to inhibit protein function. Instead, they facilitate the formation of
a stable ternary complex (POI–PROTAC–E3). The simultaneous
binding of the PROTAC to both the POI and the E3 ligase induces
the ubiquitination of the POI, followed by its degradation via the
UPS [29]. Following degradation, the PROTAC molecule is released
and can be recycled to target another copy of the POI.
Consequently, this substoichiometric, catalytic mechanism
enables PROTACs to degrade target proteins even at low
concentrations. A key and distinctive pharmacokinetic character-
istic of PROTACs is the “hook effect”. This phenomenon occurs
when high concentrations of the degrader lead to the formation
of binary complexes (PROTAC–POI and PROTAC–E3). These binary
complexes compete with the formation of the active ternary
complex (POI–PROTAC–E3), thereby potentially reducing the
degradation efficiency [31].

Molecular Glues: The distinction between molecular glues and
PROTACs is that molecular glues are typically low-molecular-
weight, monovalent compounds. They bind at the interface
between the E3 ligase and the protein of interest, thereby
facilitating ubiquitin transfer and subsequent proteasome-
mediated degradation [32]. Classic examples include immunomo-
dulatory imide drugs, such as thalidomide and lenalidomide,
which bind to CRBN and reprogram its substrate specificity to
degrade transcription factors such as Ikaros family zinc finger
protein 1 and 3 (IKZF1 and IKZF3) [33, 34]. Unlike PROTACs,
molecular glues do not require a linker and usually exhibit
superior physicochemical properties, such as a lower molecular
weight and better membrane permeability, making them
attractive candidates for drug development [35].

Indirect protein degraders. PROTACs and molecular glues directly
link the POI to the E3 ligase, whereas “indirect” degraders facilitate

Fig. 2 The UPS and classification of E3 ubiquitin ligases. a The UPS. b Classes of E3 ubiquitin ligases.
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protein downregulation by altering the target protein conforma-
tion or modulating degradation mechanisms without necessitat-
ing the formation of a traditional ternary complex (Fig. 3a).

Hydrophobic tag-targeted degraders (HyTTDs): HyTTDs repre-
sent a concept initially proposed by Crews et al. in 2011 [36].
These agents are bifunctional molecules that conjugate a ligand
for the POI with a bulky hydrophobic moiety, such as an
adamantyl group. The attachment of this hydrophobic patch to
the POI surface simulates a partially unfolded state. This artificial
unfolding signal recruits cytosolic chaperone proteins, including
Hsp70 and Hsp90, subsequently activating the UPS quality control
machinery to eliminate the “damaged” protein. Unlike PROTACs
and molecular glues, HyT does not necessitate a specific E3
ubiquitin ligase ligand, thereby expanding its applicability to cell
types where certain E3 ligases may not be expressed [37]. To date,
HyTTDs have been developed for a substantial number of
therapeutic targets, with a predominant focus on cancer therapy.
For example, Xu et al. engineered J26 to target the EML4-ALK
(echinoderm microtubule-associated protein-like 4–anaplastic
lymphoma kinase) fusion protein; this compound facilitates
Hsp70-mediated proteasomal degradation independent of CRBN
and exhibits moderate oral bioavailability. Furthermore, J26 shows
considerable promise in overcoming resistance to kinase inhibi-
tors and PROTACs [38].

Selective Estrogen Receptor Degraders (SERDs): Although typi-
cally discussed in the context of inhibition, SERDs such as
fulvestrant function as indirect degraders. Upon binding to the
estrogen receptor (ER), these molecules induce conformational
changes that increase surface hydrophobicity and reduce receptor
stability. This conformational destabilization targets the receptor
for proteasomal degradation [39]. Elacestrant became the first oral
SERD approved by the FDA in 2023 for the treatment of breast
cancer [40]. Additionally, analogous mechanisms have been
observed for selective androgen receptor degraders.

DUB Inhibitors: An alternative indirect strategy for promoting
oncoprotein turnover involves targeting DUBs. DUBs remove
ubiquitin chains from substrate proteins and thereby antagonize
ubiquitin-mediated degradation. Accordingly, small-molecule inhi-
bitors of specific DUBs that stabilize oncoproteins can shift the
equilibrium toward degradation. For instance, ubiquitin-specific
protease 7 (USP7) inhibitors promote mouse double minute 2
(MDM2) degradation, indirectly activating p53 [41]. Our group has
demonstrated that the pharmacological inhibition of USP7
increases the ubiquitination and subsequent degradation of the
m6A reader IGF2BP2. This cascade ultimately attenuates myofibro-
blast CAF (myCAF) activation and collagen deposition, suppresses
pancreatic ductal adenocarcinoma (PDAC) growth, and sensitizes
tumors to chemotherapy in vivo [42]. We also found that the
clinically approved drug auranofin induces the degradation of
multiple Runt-related transcription factor 1 (RUNX1) fusion proteins
by inhibiting the deubiquitinase activity of ubiquitin-specific
protease 6 (USP6), thereby triggering myeloid differentiation and
arresting xenograft tumor growth, indicating that auranofin is a
promising repurposed therapeutic candidate for RUNX1-
rearranged leukemia [43]. In a related context, the deubiquitinase
ubiquitin thioesterase OTU1 (YOD1) cleaves polyubiquitin chains
and facilitates the escape of PML/RARα from ubiquitin-dependent
proteolysis, whereas G5, which was identified as a first-in-class
YOD1 inhibitor, promotes PML/RARα degradation and suppresses
the progression of drug-resistant acute promyelocytic leukemia
(APL) [44]. Kirsten rat sarcoma viral oncogene (KRAS), one of the
most frequently mutated oncogenes, remains a formidable
therapeutic target, and effective strategies for tumors harboring
diverse KRAS mutations are still lacking. In efforts to identify novel
DUBs that regulate KRAS mutants, we recently identified Josephin
domain-containing 2 (JOSD2), a previously poorly characterized
DUB that maintains the high protein abundance of multiple KRAS
variants [45]. Notably, we discovered the first JOSD2 inhibitor,
HY041004, which exhibits significant antitumor activity in both
in vitro and in vivo KRAS mutant models [46].

Fig. 3 Protein degraders. a Ubiquitin-dependent protein degraders. This type of degrader relies on the UPS for TPD and is divided into direct
and indirect categories. Direct protein degraders include PROTACs, which simultaneously bind an E3 ligase and the target protein (substrate)
via a linker, and molecular glues, which induce interactions between the E3 ligase and the substrate. Indirect protein degraders include
HyTTDs that induce protein unfolding using a hydrophobic tag, SERDs that directly target the ER, and DUB inhibitors that promote substrate
degradation by blocking the deubiquitination process. b Ubiquitin-independent protein degraders. This type of degrader does not rely on
ubiquitination but instead utilizes other cellular degradation pathways. Mechanistically, ATTECs leverage autophagy by binding LC3, LYTACs
hijack membrane receptors (e.g., CI-M6P/ASG) to route extracellular targets for lysosomal degradation, and UIDs enable direct proteasomal
delivery via specialized ligands such as Halo tags.
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Ubiquitin-independent protein degraders
Although the UPS is highly efficient, it is confined primarily to
degrading soluble, cytosolic, and nuclear proteins. It generally
cannot eliminate large protein aggregates, organelles (such as
damaged mitochondria), or extracellular proteins. A second wave
of TPD technologies has emerged to address these limitations,
with the most prominent feature being independence from
ubiquitination (Fig. 3b).

ATTECs. Initial attempts to circumvent ubiquitin dependence
involved leveraging LC3 ligands to directly engage with develop-
ing phagophores during the early stages of autophagy. The
architecture of ATTECs comprises three essential components: a
POI binder, a linker, and an LC3 ligand. ATTEC molecules
simultaneously bind to the target protein and the key autophagy
protein LC3, thereby directing the target to the autophagosome
for subsequent degradation. The concept of ATTEC was first
introduced by Lu et al. in 2019, who described a series of
molecular glues that tether the mutant huntingtin protein (mHTT)
to LC3, facilitating the degradation of mHTT both in vitro and
in vivo. This work not only validated the feasibility of ATTEC but
also furnished multiple small-molecule LC3 ligands for subsequent
ATTEC design [47]. The advantages of ATTECs extend beyond
bypassing ubiquitin dependence; critically, they enable the
degradation of nonprotein biomolecules, such as lipids, marking
a breakthrough from protein-centric to nonprotein targets [48].
Despite their innovative mechanism, the development of

ATTECs is not without practical constraints. Relying on the general
autophagy machinery raises potential concerns regarding off-
target effects and the unintended disruption of basal cellular
homeostasis. Furthermore, discovering and optimizing highly
specific, high-affinity small-molecule LC3 binders remains chemi-
cally challenging [49]. Critically, the degradation efficiency of
ATTECs is inherently constrained by the basal autophagy levels of
the target cells or tissues, which can be highly heterogeneous and
unpredictable, especially in pathological states [50].

LYTACs. LYTACs were developed to address the challenges
associated with extracellular and membrane-associated proteins
by recruiting lysosome-targeting receptors on the cell surface.
LYTAC molecules consist of a ligand for the extracellular protein
linked to a glycopeptide ligand for receptors such as the cation-
independent mannose-6-phosphate receptor (CI-M6PR) or the
asialoglycoprotein receptor (ASGPR). Upon binding, the
receptor–LYTAC–POI complex is internalized via endocytosis and
trafficked to the lysosome [51]. This technology extends the scope
of TPD to secreted factors, cytokines, and receptor tyrosine kinases
that are inaccessible to the cytosolic proteasome degradation
machinery. Zhou et al. developed a novel targeted degradation
platform termed folate receptor-targeting chimeras (FRTACs) by
conjugating multivalent folate and antibodies with polyethylene
glycol (PEG) linkers. FRTACs can target tumor sites and degrade
membrane proteins, including epidermal growth factor receptor
(EGFR), trophoblast cell-surface antigen 2 (TROP2), programmed
cell death 1 ligand 1 (PD-L1), and human epidermal growth factor
receptor 2 (HER2), displaying excellent subnanomolar potency
and thereby establishing a foundation for future clinical applica-
tions [52].
While LYTACs significantly expand the targetable proteome to

extracellular and membrane proteins, their application is hindered
by severe practical and structural limitations. Because LYTACs
typically incorporate large antibodies or bulky synthetic glycopep-
tide structures, they inherently suffer from poor tissue penetration
compared with small-molecule degraders [53]. Additionally, the
synthesis, characterization, and quality control of these large,
heterogeneous chimeric molecules are extremely complex and
challenging to scale up [54]. Furthermore, the introduction of
heavily modified glycopeptides or antibody-based chimeras into

systemic circulation carries a high risk of immunogenicity, posing
a significant hurdle for their clinical translation [55].

ADRM1-mediated Ub-independent degraders (UIDs). In 2024,
Kodadek et al. proposed an alternative TPD strategy based on
direct engagement of the 26S proteasome without involving
polyubiquitin chains—ADRM1-mediated UIDs [10]. Researchers
have utilized ADRM1, an alternative ubiquitin receptor on the 26S
proteasome, to synthesize prototypical UIDs targeting bromodo-
main and extra-terminal (BET) family proteins. Nanomolar
concentrations of heterobivalent molecules (termed ByeTACs),
which are composed of ADRM1 conjugates and JQ1, induce the
ubiquitin-independent proteasomal degradation of BRD4 [56]. The
UID strategy demonstrates that the recruitment of the target
protein to the proteasome may be sufficient for efficient
degradation.

Advantages of protein degraders over conventional small-
molecule therapeutics
The transition from inhibition to degradation offers distinct
pharmacological advantages, addressing the limitations of tradi-
tional “occupancy-driven” approaches.

Lower targeted toxicity and deeper perturbation. Conventional
small-molecule inhibitors must maintain high occupancy of the
active site of the target protein to inhibit its function, a paradigm
termed “occupancy-driven” inhibition. This process necessitates
sustained high systemic exposure, often resulting in off-target
toxicity. In contrast, protein degraders operate catalytically via an
“event-driven” mechanism. A single degrader molecule can
disrupt multiple target protein molecules. This property enables
efficacy at lower doses and reduces the requirement for
prolonged plasma half-lives, as the therapeutic effect persists
until cellular resynthesis of the protein occurs (which depends on
the duration of resynthesis rates) [57].

Broadening the scope of therapeutic targets. Approximately 80%
of the human proteome lacks deep, hydrophobic pockets suitable
for binding by small-molecule inhibitors [58]. These proteins
include transcription factors, scaffold proteins, and nonenzymatic
proteins. Protein degraders do not require binding to functional
active sites; they need only bind with sufficient affinity at any
location on the protein surface to recruit the degradation
machinery. This capability unlocks a vast array of therapeutic
targets previously deemed undruggable [59–61]. For example, the
new-generation molecular glue mezigdomide (in phase III clinical
trials) can induce the degradation of the zinc finger transcription
factors IKZF1 and IKZF3, demonstrating significant clinical efficacy
in treating multiple myeloma [62]. Similarly, the heterobifunctional
degrader KT-333 (in phase I clinical trials) successfully targeted the
oncogenic transcription factor signal transducer and activator of
transcription 3 (STAT3), overcoming the limitations of traditional
inhibition methods. A typical example of a nonenzymatic
structural protein targeted using this strategy is the translation
termination factor GSPT1. The molecular glue CC-90009 (in phase
II clinical trials) can induce GSPT1 degradation to treat acute
myeloid leukemia, which cannot be achieved by traditional
occupancy-driven inhibitors [63, 64].

Overcoming drug resistance. Kinase inhibitors frequently fail
because of point mutations in the active site of the target protein,
which reduce drug affinity or induce constitutive activation
[65, 66]. However, because degraders can bind to nonfunctional
sites, they often retain efficacy against inhibitor-resistant mutants.
Furthermore, by directly degrading target proteins, degraders
eliminate both enzymatic and nonenzymatic (scaffolding) func-
tions, thereby preventing the compensatory activation of signaling
pathways commonly observed during treatment with inhibitors.
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Targeted protein degradation offers a distinct mechanistic
advantage over traditional small-molecule inhibitors by eliminat-
ing these noncatalytic scaffolding functions. Many kinases depend
on these structural roles to mediate protein‒protein interactions
and sustain pathological signaling, rendering enzymatic inhibition
alone insufficient. For example, IRAK4 kinase inhibitors show
limited clinical efficacy in treating autoimmune diseases because
they leave the critical IRAK4 scaffolding complex intact. In
contrast, the clinical-stage PROTAC KT-474 completely removes
the IRAK4 protein, abrogating both its kinase and scaffolding roles
to achieve robust immunomodulation [67].
This limitation of traditional inhibitors is also a primary driver of

acquired resistance in oncology. In chronic lymphocytic leukemia
(CLL), prolonged treatment with Bruton’s tyrosine kinase (BTK)
inhibitors often selects for the L528W mutation. Although this
mutation renders BTK “kinase-dead”, the protein continues to
function as a structural scaffold, physically recruiting adjacent
kinases to drive B-cell receptor (BCR) signaling and tumor
proliferation. The PROTAC NX-2127 circumvents this bypass
mechanism by inducing the degradation of the mutant BTK
protein, effectively destroying the aberrant signaling scaffold and
restoring therapeutic sensitivity [68]. A parallel paradigm exists for
focal adhesion kinase (FAK), where pathological signaling heavily
relies on its structural interactions. FAK-targeting PROTACs disrupt
the entire FAK-mediated scaffolding network, showing therapeutic
superiority over standard catalytic inhibitors by removing the
physical foundation of the signaling complex [69].
Beyond addressing scaffolding-mediated resistance, the ability

of degraders to overcome the effects of point mutations has been
critically observed in hormone-dependent cancers. In metastatic
castration-resistant prostate cancer (mCRPC), the androgen
receptor (AR) frequently undergoes point mutations (such as
T878A/S and H874Y), leading to the failure of standard antiandro-
gen therapies such as enzalutamide [70, 71]. Clinical-stage AR
degraders, such as ARV-110, can degrade these mutant proteins,
overcoming resistance mechanisms associated with the failure of
traditional inhibitors [72]. Similarly, in ER+/HER2- breast cancer, up
to 40% of patients develop resistance to endocrine therapy
through estrogen receptor 1 (ESR1) mutations (such as Y537S and
D538G), resulting in ligand-independent activation of the receptor
[73, 74]. Novel degraders, including ARV-471, which is being
investigated in phase III clinical trials, and the recently FDA-
approved oral SERD elacestrant, can specifically target and
eliminate both wild-type and mutant ER proteins [75, 76]. These
therapies represent a critical shift in the treatment of resistant
metastatic cancers, with multiple candidates rapidly approaching
commercialization.

High selectivity. Degraders typically exhibit increased specificity.
Ternary complex formation depends not only on binding affinity
but also on structural compatibility and protein‒protein interac-
tions between the POI and the E3 ligase. This “cooperativity”
serves as a secondary filter, ensuring precise target degradation
even when ligands exhibit broad binding to related family
members [77]. Additionally, degraders can form stable ternary
complexes with low-affinity ligands, effectively widening the
therapeutic window and significantly increasing safety.
This degradation-mediated specificity is particularly evident for

p38 mitogen-activated protein kinase (MAPK). The kinase inhibitor
foretinib can bind to more than 130 different kinases. However,
when converted into a PROTAC that recruits VHL, this molecule
specifically degrades only p38α and p38δ, nearly completely
avoiding all other off-target sites. This selectivity stems from the
fact that only these two specific isoforms can form a stable ternary
complex because of structural compatibility, thereby “filtering out”
other binding proteins [78]. Similarly, in the bromodomain and
extra-terminal domain (BET) family, the pan-BET inhibitor JQ1
shows no discrimination in binding to bromodomain-containing

protein (BRD) 2 (BRD2), BRD3, or BRD4. In contrast, the JQ1-based
degrader MZ1 exhibits a strong preference for inducing BRD4
degradation. Structural studies have shown that MZ1 exploits the
positive cooperativity and specific protein‒protein interactions
generated between the E3 ligase and BRD4, interactions that are
absent in the homologous BRD2 and BRD3 proteins [79].

EMERGING DIRECTIONS IN PROTEIN DEGRADER
THERAPEUTICS
Although PROTACs have emerged as a prominent class of protein
degraders, their substantial molecular weight and structural
complexity frequently introduce pharmacological limitations,
including low oral bioavailability, poor membrane permeability,
and potential off-target activities [80–82]. These constraints have
motivated the investigation of alternative strategies to broaden
the therapeutic applicability of targeted protein degradation.
Among these alternative strategies, molecular glues, a unique
class of small-molecule degraders, induce or stabilize the
interaction interface between an E3 ubiquitin ligase and a target
protein, thereby facilitating the specific ubiquitination and
degradation of the target protein [83]. These molecules represent
a novel pathway for intervening against traditionally “undrug-
gable” targets [84]. Compared with PROTACs, which have
relatively well-defined structures, molecular glues generally
possess superior drug-like properties [85]. However, their dis-
covery has long faced significant challenges and heavily relies on
serendipity, primarily because their mechanism of action depends
on inducing the formation of unpredictable ternary complexes
[86, 87].
Notably, recent methodological advances are shifting the

discovery of molecular glues from largely serendipitous findings
toward increasingly rational, mechanism-informed designs
[88, 89]. Despite their strong promise for engaging previously
“undruggable” targets, progress remains constrained by the
limited availability of validated E3 ligase ligands and tractable
target/neo-substrate space. Accordingly, this section summarizes
the principal approaches for discovering molecular glues and
briefly surveys representative strategies for identifying E3 ligase
ligands (Table 2).

Phenotypic screen and elucidation of the mechanism
Phenotypic screening, which initiates with a specific cellular
phenotype (such as the inhibition of proliferation, induction of cell
death, or activation of a specific pathway), serves as a classical
pathway for discovering molecules with novel mechanisms of
action. This screening approach can be designed either without
presupposing a specific target or basing the screen on hypotheses
concerning particular pathways or protein functions, thereby
enabling the systematic identification of compounds that induce
the desired phenotype, particularly molecular glue degraders.

Broad cell viability-based screening. Early discoveries of molecular
glues frequently originated from this approach. For instance,
Dieter et al. identified the cytotoxic compound NCT02 by
screening an 80,000-compound library using patient-derived
colorectal cancer spheroids. Subsequent thermal proteome
profiling (TPP) suggested its potential to degrade Cyclin K (CycK).
The researchers synthesized an immobilized derivative of NCT02
(NCT02D) to distinguish direct effects on the target from effects on
downstream pathways. Using a combination of pull-down assays
and quantitative mass spectrometry, they ultimately confirmed its
binding to the CDK12–CycK complex, thereby elucidating its
mechanism as a molecular glue [90]. Similarly, Słabicki et al.
observed that the cytotoxicity of the broad-spectrum cyclin-
dependent kinase (CDK) inhibitor (R)-CR8 correlated with the
expression of the cullin-RING E3 ligase (CRL) adaptor protein DNA
damage-binding protein 1 (DDB1). Follow-up studies confirmed
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that (R)-CR8 induces the degradation of CycK in a DDB1-
dependent manner [91].

Differential screening based on ubiquitin degradation pathway
susceptibility. Mayor-Ruiz et al. developed an ingenious genetic
comparative screening strategy. They employed isogenic cell lines
with a ubiquitin conjugating enzyme E2 M (UBE2M) knockout, the
loss of which inactivates CRL E3 ligases. By comparing differences
in the activities of compounds between wild-type and mutant
cells, they could specifically identify molecules whose cytotoxicity
depends on a functional CRL protein, leading to the efficient
discovery of novel CycK molecular glue degraders (dCeMM2/3/4)
[87]. This strategy directly selects small molecules that rely on an
intact degradation pathway, thereby increasing the efficiency of
molecular glue discovery.

Screening based on reporter gene pathway activity. This strategy
involves the construction of specific reporter gene systems that
convert the activity of a target pathway into a quantifiable signal
coupled with counterscreening assays designed to exclude off-
target effects. For example, after an initial screen using a nuclear
factor (erythroid-derived 2)-like 2 (NRF2) pathway reporter (ARE-
luc2P), Lv et al. employed a counterscreen with a constitutively
expressed reporter (TK-luc2P) to re-evaluate candidate com-
pounds. This approach specifically identified HQ461 as an NRF2
pathway inhibitor, and subsequent genome-wide CRISPR-
Cas9 screening validated it as a molecular glue degrader targeting
the CDK12–DDB1 complex [92]. While such reporter-based
screening strategies still retain an element of serendipity in the
discovery of novel molecular glues, their conceptual strength lies
in their compatibility with specific genetic tools. For instance,
deploying a reporter system within a defined genetic background,
such as a UBE2M mutation, could theoretically enable the
construction of a more targeted screening platform for the
directional discovery of CRL-dependent molecular glue degraders.

Engineered reporters for targeted protein degradation. Further-
more, the development of novel universal reporter systems has
provided powerful tools for phenotypic screening. For instance, the
Death FUSion Escaper (DEFUSE) system, developed by Chu et al.,
fuses the target protein to a conditionally suicidal protein, FKBP12-
F36V-ΔCaspase9. This fusion protein can be dimerized by the small
molecule rimiducid (AP1903), leading to the cleavage of ΔCas-
pase9, the production of active Caspase-9, and rapid cell death
[93]. This setup directly converts target protein degradation into a
quantifiable “live-or-die” cellular phenotype that is detectable via
high-throughput imaging. This system has been successfully
applied to discover SKPer1, a novel molecular glue degrader
targeting S-phase kinase-associated protein 2 (SKP2) [94].
Koduri et al. developed an innovative screening strategy based

on “positive selection”. The core of this approach involves fusing
the target protein to an engineered deoxycytidine kinase (DCK),
which converts the prodrug BVdU into a cytotoxic agent. Only
when a small molecule induces the degradation of the target
protein is DCK codegraded, thereby allowing cells to survive in the
presence of BVdU. This system has been successfully used to
identify both known and novel IKZF1 degraders and has shown
versatility because it is applicable to diverse target proteins, such
as KRAS and MYC [95].

Target identification based on covalent probes
This strategy aims to directly and unbiasedly identify proteins that
bind to small molecules, thereby elucidating the mechanism of
action of molecular glues.
King et al. identified the lead compound EN450 through a

phenotypic screen of a library containing 750 cysteine-reactive
covalent ligands. They employed the isoTOP-ABPP technique to
search for the direct target of EN450. The core principle of this
technique is competitive labeling: when EN450 covalently occupies
the cysteine residues of specific proteins, these sites are
subsequently blocked from being labeled by a broad-spectrum

Table 2. Representative E3 ligases and their ligand discovery pathways.

Recruited E3 ligases Key benefits and limitations Reference

VHL Structure-guided rational design: Based on structural insights into the specific recognition of hydroxyproline (Hyp)
in HIF-1α by VHL, Hyp was directly used as the core scaffold for mimicry and optimization.

[180]

CRBN Follow-up research on drug side-effect mechanisms: In-depth investigation into the teratogenicity of IMiDs
serendipitously identified CRBN as their direct target.

[181]

IAP Peptidomimetic design based on native substrate structure: using the AVPI tetrapeptide of the endogenous
antagonist SMAC as a blueprint, peptidomimetic optimization was conducted through systematic structure–activity
relationship (SAR) studies.

[182]

Phenotypic screening-driven serendipitous discovery: Starting from lead compounds exhibiting pro-apoptotic
phenotypes, mechanistic studies unexpectedly revealed their ability to induce cIAP1/2 degradation.

[183]

MDM2 Interaction interface-based high-throughput screening (HTS): Leveraging the crystal structure of the p53 tripeptide
bound to the hydrophobic pocket of MDM2, HTS was employed to identify peptidomimetic compounds (e.g.,
Nutlin) mimicking this interaction.

[184]

DCAF15 Chemical biology-based elucidation of the mechanism of action of the drug: Investigations into the antitumor
mechanism of the clinical drug indisulam, utilizing resistance mutation analysis combined with proteomics (IP-MS),
identified DCAF15 as its direct target protein.

[185]

RNF4 Chemical proteomic-driven covalent ligand discovery: Using broad-spectrum cysteine-reactive probes, druggable
cysteine sites on RNF4 were first confirmed, followed by screening for covalent ligands specifically targeting these
sites.

[186]

AhR Transformation of mechanistic research into degradation tools: AhR itself is a ligand-induced E3 ligase. By
incorporating its ligands into chimeric molecules, degraders capable of recruiting the AhR complex were
successfully developed.

[187]

FEM1B Screening covalently bound ligands targeting conserved cysteine residues: Utilizing the critical C186 residue within
the substrate recognition domain of FEM1B, specific ligands were identified by screening covalent compound
libraries.

[188]

VHL von Hippel‒Lindau, CRBN cereblon, IAP inhibitor of apoptosis, MDM2mouse double minute 2 homolog, DCAF15 DDB1- and Cul4-associated factor 15, RNF4
ring finger protein 4, AhR aryl hydrocarbon receptor, FEM1B Fem-1 homolog B.
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cysteine-reactive probe that is added later [96]. Using this
approach, they unexpectedly discovered that EN450 covalently
binds to the E2 ubiquitin-conjugating enzyme UBE2D. Subsequent
quantitative proteomics (TMT) and biochemical experiments
confirmed that it acts as a molecular glue to mediate the
interaction between UBE2D and the transcription factor nuclear
factor of kappa light polypeptide gene enhancer in B cells 1
(NFKB1), inducing NFKB1 degradation. This work revealed a novel
mode of action of a molecular glue targeting an E2 enzyme [96].

Rational design of molecular glues based on structural biology
With the deepening understanding of key ternary complex
structures, the fully rational design of molecular glues is becoming
a reality.
One strategy involves exploiting and enhancing naturally

occurring weak protein‒protein interaction (PPI) interfaces. A
representative effort stemmed from the discovery of a weak
native interaction between CDK12-CycK and the E3 ligase adaptor
protein DDB1. Structural biology studies revealed that a hydro-
phobic aromatic group on a CDK12 inhibitor could form a crucial
π–cation interaction with the Arg928 residue on DDB1. Leveraging
this atomic-level insight, Kozicka et al. rationally introduced a
phenyl group as a “gluing moiety” into the solvent-exposed region
of a high-affinity CDK12/13 inhibitor (BSJ-4-116), designing the
candidate molecule ZZ3. Experimental validation confirmed that
ZZ3 efficiently and specifically induces CycK degradation.
This strategy provides a blueprint for the rational design of
molecules targeting other target–E3 pairs with pre-existing weak
interactions [97].
Another strategy focuses on reprogramming the substrate

specificity of E3 ligases to target previously “undruggable”
proteins. For instance, while traditional immunomodulatory drugs
(IMiDs) degrade IKZF1 and IKZF3, they are ineffective against
IKZF2 because the key residue is a histidine instead of a glutamine.
Based on detailed structural information, Wang et al. discovered
that a more flexible CRBN-binding core could accommodate the
histidine residue of Helios. By designing and screening a library of
IMiD derivatives, they ultimately identified ALV1 and ALV2 as
molecular glues that effectively degrade Helios, with ALV2
exhibiting relative selectivity for Helios. This work demonstrated
the ability to target previously “undegradable” proteins by
reprogramming the substrate specificity of E3 ligases [98].

Emerging high-throughput screening and detection platforms
The discovery of traditional molecular glues has long relied on
serendipity, whereas recently developed high-throughput plat-
forms are advancing the field toward systematic screening.

Protein microarray-based screens. A recent study developed a
high-throughput platform for screening VHL-recruiting molecular
glues. Tutter et al. incubated a small molecule known to bind VHL
onto a microarray covering more than 9000 human proteins. They
then introduced the VHL–ELOB/ELOC (VBC) complex, enabling the
identification of small molecule “glues” that could induce novel
interactions between VHL and other proteins on the array, such as
cysteine dioxygenase type 1 (CDO1). Functional validation in cells,
which was conducted via NanoBit complementation assays and
HiBiT degradation assays, confirmed that these small molecules
act as VHL-dependent degraders of CDO1 [99].

Single-molecule sensing using nanopores. Ryu et al. developed a
label-free single-molecule detection technology. They embedded
engineered YaxAB-C9 nanopores into a lipid membrane, where
the translocation of proteins or complexes induces characteristic
current blockades. By analyzing multiple parameters of these
signals, such as the amplitude and duration, this technique can
clearly distinguish among free proteins, binary complexes, and
molecular glue-induced ternary complexes. This platform not only

enables the quantitative assessment of molecular glue potency
but can even differentiate between distinct molecular
glue–protein complexes with a mere 122 Dalton structural
difference, providing a powerful tool for the high-throughput
characterization and optimization of molecular glues [100].

Covalent inhibitor-based DNA-encoded library (CIP-DEL) screening
strategy. In the field of targeted protein degradation, Mason
et al. developed a CIP-DEL screening strategy, providing a
powerful tool for the systematic development of novel degraders.
Typically, starting from the crystal structure of a known ternary
complex formed by a PROTAC with an E3 ligase and a target
protein, this method rationally designs the solvent-exposed region
of the E3-binding ligand within the PROTAC molecule to construct
a focused library by introducing DNA barcodes. During screening,
the immobilized target protein is incubated with the library
molecules and free E3 ligase complexes. Molecules capable of
stabilizing the ternary complex are selectively enriched and
subsequently decoded via next-generation sequencing (NGS)
[101]. The versatility of this platform lies in its flexible exchange
of target protein components. For example, by replacing the VHL
ligand with an FKBP12 ligand, Zandi et al. discovered molecular
glues for FKBP12. Importantly, structure-guided library screening
not only aims to optimize conventional PROTACs but also holds
significant value in potentially identifying compounds that can
function as molecular glues. This concept is supported by
experimental evidence. Yang et al. found that simple structural
modifications to an existing PROTAC (e.g., the MDM2 degrader
MD-222) could yield molecules such as MG-277. Unlike the original
PROTAC, MG-277 does not rely on the typical PROTAC mechanism;
instead, it acts as a molecular glue, inducing novel interactions
between the E3 ligase and a completely new substrate (e.g.,
GSPT1), thereby achieving distinct biological activity [102].
Consequently, the CIP-DEL platform has dual potential for both
the rational design of PROTACs and the systematic discovery of
novel molecular glues.

Discovering novel targets for degradative molecular glues from
“Bind but Not Degrade” interactions
In the development of degradative molecular glues, a crucial
complementary strategy involves systematically mining protein
interactions that are proximal but do not yet trigger degradation,
using these interactions as a guide for discovering new targets.
Baek et al. provided a proof-of-concept for this approach. They

employed an engineered, degradation-deficient CRBN-DDB1 E3
ligase complex as a stationary bait in a high-throughput in vitro
screen, systematically identifying hundreds of endogenous
proteins that could be recruited to the complex by small
molecules (e.g., IMiDs) but were not degraded under these
experimental conditions. These “bind but are not degraded”
interactions reveal a vast, physiologically shielded landscape of
potential neo-substrates [103].
Confronted with this resource, the subsequent core task is to

decipher the fundamental reasons why these targets escape
degradation in a normal physiological environment—potentially
because of poor lysine accessibility, a failure to form degradative
ubiquitin chains, excessive deubiquitinase activity, impaired
proteasomal access, or other resistance mechanisms [103, 104].
Once the specific mechanism underlying the “bind but not
degrade” phenotype for a particular target is clarified, targeted
interventions become possible. For instance, known molecular
glues can be precisely optimized to alter the conformation of the
ternary complexes they induce or to increase the efficiency of
ubiquitin chain transfer. More ideally, these newly identified
targets themselves can serve as starting points for the de novo
design of entirely new molecular glues capable of inducing their
efficient degradation. Consequently, this strategy treats nonde-
gradative interactions as a rich “target information repository”,
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offering a unique route for the discovery and development of
degradative molecular glues with novel targeting profiles.

THE APPLICATION OF PROTEIN DEGRADERS IN HUMAN
DISEASES
As of early 2026, the clinical landscape of TPD has expanded
rapidly. With an initial focus on hematologic malignancies, TPD-
based therapeutics are now being actively explored for a broad
spectrum of solid tumors and immune-mediated diseases, with
several agents showing encouraging signals of efficacy and
tolerability. This broadening of indications is accompanied by a
notable increase in both the number and the mechanistic diversity
of degraders entering the clinic, including PROTACs and molecular
glues directed against previously “undruggable” targets [105]. In
this section, we summarize the emerging applications of TPD in
treating human diseases, and a concise overview of representative
degraders currently in active clinical development is provided in
Table 3, together with their molecular targets, modalities, and
principal disease settings.

Nuclear hormone receptors: the first frontier
Nuclear hormone receptors (NHRs) were among the first targets
that were successfully degraded by PROTACs. This prioritization
was driven by the clear clinical need to overcome “occupancy-
based” resistance mechanisms—such as receptor overexpression
and point mutations—that plague traditional antagonists in
hormone-dependent cancers.

AR in prostate cancer. In mCRPC, the efficacy of second-
generation anti-androgen drugs (e.g., enzalutamide) is often
compromised due to AR gene amplification or point mutations,
which can convert antagonists into agonists [106]. Early research
demonstrated that AR overexpression is sufficient to increase the
resistance of tumors to low-affinity antagonists [107]. However,
degraders have a unique advantage in that they eliminate the AR
protein regardless of its expression level. ARV-110 provided the
first clinical proof-of-concept for this therapy [108]. Early clinical
trial data revealed that it achieved biochemical responses in
patients with specific mutations (such as T878A and H875Y), which
are known to confer resistance to standard therapies [72].
However, it failed to address the L702H mutation, which is
prevalent and associated with resistance. Therefore, the develop-
ment of next-generation degraders is needed. ARV-766 is currently
in phase II clinical trials, with broader mutation coverage,
including the L702H mutation, demonstrating the rapid iterative
optimization capability of PROTAC chemistry [109].

ER in breast cancer. For ER+/HER2- breast cancer, the therapeutic
goal is to completely eliminate estrogen receptor signaling.
Although fulvestrant is the only approved SERD, its clinical
application is limited by poor physicochemical properties, necessi-
tating intramuscular injection [110]. Furthermore, at therapeutic
doses, fulvestrant fails to achieve complete degradation of the
estrogen receptor, which restricts its efficacy against high-burden
or resistant tumors [111]. The oral PROTAC ARV-471 is currently the
most advanced candidate in this class (in phase III clinical trials).
Recent translational studies have confirmed that in preclinical
models harboring clinically relevant ESR1 mutations (such as Y537S
and D538G), ARV-471 achieves superior estrogen receptor
degradation compared to fulvestrant [75]. This mechanistic
advantage has translated into clinical efficacy. ARV-471 has shown
robust antitumor activity in patients, with a clinical benefit rate of
36.1% and a confirmed objective response rate of 11.5% [112].

Protein kinases: removing the scaffold
A critical limitation of small-molecule kinase inhibitors is their
inability to block the noncatalytic “scaffolding” functions of

kinases. Even when kinase activity is inhibited, the protein can
still serve as a docking platform to sustain oncogenic signaling
complexes. TPD overcomes this by physically removing the
protein.

Bruton’s tyrosine kinase (BTK). BTK is an effective target for B-cell
malignancies; however, covalent inhibitors (such as ibrutinib) face
limitations because of the presence of C481S resistance mutations
and their inability to block the noncatalytic scaffolding function of
BTK [113, 114]. NX-2127 can degrade BTK regardless of its
mutation status while also recruiting CRBN to degrade the
immunomodulatory substrate IKZF1/3 [115]. In clinical applica-
tions, this dual mechanism has enabled durable efficacy in
patients who are resistant to both covalent and noncovalent
inhibitors [68]. Similarly, NX-5948, which was also developed by
Nurix, is optimized to cross the blood–brain barrier, achieve
therapeutic concentrations in cerebrospinal fluid, and show
efficacy against primary central nervous system lymphoma [116].
Moreover, BGB-16673 from BeiGene has shown significant
efficacy in heavily pretreated patient populations, confirming the
broad prospects of BTK degradation as a therapeutic strategy
[117, 118].

EGFR. In NSCLC, the EGFR C797S mutation induced by osimerti-
nib resistance constitutes a major clinical obstacle [119, 120]. EGFR
degraders that have entered clinical trials (such as CFT8919 and
HSK40118) as a treatment for this challenging mutation have
exhibited breakthrough therapeutic potential [121]. Protein
degraders not only block kinase signaling but also, more crucially,
rely on their scaffold collapse effect [122]. The EGFR protein, even
in a kinase-inactive state, can act as a structural scaffold to
heterodimerize with mesenchymal–epithelial transition factor
(MET) or HER2, thereby maintaining cell survival signals
[123, 124]. By physically degrading EGFR, these drugs completely
abolish this heterodimerization capability, thus cutting off the
bypass survival mechanisms of cancer cells and providing a more
thorough solution to overcome C797S resistance.

CDKs. CDKs serve as core drivers of the cell cycle and critical
nodes in transcriptional regulation. A critical limitation of
conventional inhibitors is that they spare the physical protein
structure. Consequently, even catalytically inactive CDK–cyclin
complexes can retain their scaffolding function, thereby sustaining
oncogenic signaling [125–128]. TPD overcomes this sustained
signaling by physically eliminating the CDK protein, showing
therapeutic potential that surpasses simple inhibition.
Through collaborative efforts, our group has identified a first-in-

class selective degrader. This molecule not only achieves the
precise degradation of CDK2 but also induces differentiation in
acute myeloid leukemia (AML) models, effectively circumventing
the limitations of traditional inhibitors [129]. The advantage of
removing the protein scaffold is particularly evident in the context
of the transcriptionally active kinases CDK12 and CDK13. Studies
have shown that PROTACs derived from noncovalent inhibitors
can induce the physical degradation of the CDK12–CycK complex.
In contrast to kinase inhibition alone, complete ablation of this
scaffolding complex more effectively induces defects in homo-
logous recombination repair, thereby triggering synthetic lethality
with PARP inhibitors [130]. Furthermore, DN1679 has been
developed as a potent, highly selective, and orally bioavailable
dual CDK12/13 degrader. Its robust therapeutic efficacy in triple-
negative breast cancer highlights the promising clinical potential
of CDK degradation strategies [131].

Transcription factors and “Undruggable” targets
Perhaps the most transformative potential of TPD lies in targeting
proteins that lack the deep hydrophobic pockets required for
binding to inhibitors, such as transcription factors and GTPases.
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IKZF1/3. Mezigdomide (CC-92480) is a novel cereblon E3 ligase
modulator (CELMoD) designed to overcome the limitations of first-
generation immunomodulatory drugs. Structurally, mezigdomide
engages the CRBN E3 ligase complex with exceptional affinity,
facilitating the ubiquitination and subsequent proteasomal
degradation of the lymphoid transcription factors IKZF1 and
IKZF3 [132, 133]. In clinical applications, these enhanced binding
kinetics are crucial. Resistance to early drugs, such as pomalido-
mide, is often caused by the downregulation of CRBN. However,
mezigdomide maintains efficacy even in environments with low
CRBN levels, effectively resensitizing resistant myeloma cells
[62, 134]. In models of diffuse large B-cell lymphoma (DLBCL),
golcadomide (CC-99282) results in more sustained pharmacologi-
cal inhibition of IKZF1/3 than its predecessors, thereby inducing
significant apoptosis in aggressive B-cell malignancies [135].

KRAS. The G12D mutation of KRAS lacks the reactive cysteine
targeted by G12C inhibitors, making it a challenging “undrug-
gable” target [136, 137]. Targeted degradation of KRAS G12D has
progressed from proof-of-concept to clinical stages, primarily
leveraging PROTAC technology to overcome the limited affinity of
noncovalent inhibitors. ASP3082 (setidegrasib) is a leading
molecule in this field and was developed by Astellas. As a VHL
E3 ligase-based PROTAC, ASP3082 conjugates a high-affinity KRAS
G12D ligand with a VHL ligand via a linker, achieving the highly
selective clearance of KRAS G12D mutants in vitro and inducing
more sustained inhibition of ERK signaling and tumor regression
in various solid tumor xenograft models than traditional inhibitors.
It has now entered phase I clinical trials [138].
Additionally, exploring alternative E3 ligases to circumvent

potential resistance is crucial. For example, ZJK-807, a CRBN-based
PROTAC, effectively degrades secondary mutants resistant to
noncovalent inhibitors such as MRTX1133, offering a new tool to
combat adaptive resistance [139]. In the context of pan-RAS
degraders, the goal is to address the feedback activation of wild-
type RAS or other isoforms (NRAS/HRAS) triggered by the
inhibition of a single subtype. ACBI3 is a milestone molecule. As
a pan-KRAS degrader, it effectively degrades 13 of 17 common
oncogenic KRAS mutants (including G12D and G12V) while
preserving wild-type KRAS function. This broad degradation
profile makes it particularly effective at overcoming EGFR-
mediated feedback loops [60]. Another molecule, MCB-36,
shows potential for activating dual mechanisms. Derived from
the pan-KRAS inhibitor MCB-294, it increases the cytotoxicity
against G12C inhibitor-resistant cells through its degradation
mechanism [61].

BCL-xL. Targeting the antiapoptotic protein BCL-xL has histori-
cally been limited by severe thrombocytopenia, as platelets rely
on BCL-xL for survival [140]. The PROTAC DT2216 elegantly solves
this toxicity issue by recruiting the VHL E3 ligase instead of CRBN
or IAP. Since VHL is minimally expressed in platelets but highly
expressed in tumor cells, DT2216 selectively degrades BCL-xL in
cancer cells while sparing platelets [141, 142]. This molecule
represents a paradigm shift in which the “location” of degradation
is controlled by E3 ligase selection.

CHALLENGES IN THE CLINICAL APPLICATIONS OF PROTEIN
DEGRADERS
Although TPD offers significant pharmacological advantages over
traditional inhibition, including increased selectivity, deeper
perturbation, efficacy against “undruggable” targets, and effec-
tiveness against drug resistance mutations, its translation into
clinical therapeutics is hindered by inherent physicochemical and
biological barriers. The current generation of degraders faces
challenges such as poor druggability, suboptimal pharmacokinetic
(PK) properties, potential toxicity, the inevitable emergence ofTa
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resistance mechanisms, and a limited target scope. This section
critically examines these challenges and highlights cutting-edge
technological breakthroughs designed to overcome these
obstacles.

Optimizing the physicochemical properties and druggability
The chemical structures of heterobifunctional degraders, such as
PROTACs, frequently exhibit noncompliance with Lipinski’s rule of
5, posing significant challenges in drug development. These
molecules typically occupy the beyond-the-rule-of-5 chemical
space, and are characterized by a high molecular weight, poor
water solubility, and extensive polar surface area, which collec-
tively contribute to reduced cellular permeability and rapid
metabolic clearance [29]. Additionally, these properties severely
restrict blood–brain barrier (BBB) penetration, thereby limiting the
application of TPD in the treatment of central nervous system
diseases.
Current optimization efforts to mitigate the inherent pharma-

cokinetic risks associated with the “beyond-the-rule-of-5” (bRo5)
chemical space are predominantly focused on rational conforma-
tional control and advanced delivery modalities. A key medicinal
chemistry strategy involves designing “chameleonic” degraders.
By incorporating intramolecular hydrogen bonds (IMHBs), these
molecules temporarily shield their polar surface area (PSA) to
increase membrane permeability, followed by the re-exposure of
polar groups in the aqueous cytosol [143, 144]. Additionally, linker
rigidification—replacing flexible alkyl chains with constrained
heterocyclic scaffolds—has proven effective. This approach
minimizes entropy loss during ternary complex formation and is
clearly correlated with improvements in oral bioavailability and
membrane permeability for clinical candidates [77, 145]. For
central nervous system (CNS) applications where chemical
optimization reaches its limits, nanocarrier systems provide a
physical bypass mechanism to transport large-molecule degraders
across the BBB [146, 147].
Furthermore, the TPD field is advancing toward molecular glues

and smaller E3 ligase ligands. Unlike bifunctional PROTACs,
molecular glues induce protein degradation while maintaining
low-molecular-weight characteristics, conforming to traditional
drug-like property rules and resulting in excellent CNS penetra-
tion. In the future, integrating physics-based computational
modeling with AI specifically tailored for macrocycles and large
bifunctional molecules will be essential for predicting permeability
and solubility prior to synthesis, thereby shifting the paradigm
from trial-and-error to rational design.

Mitigating on-target and off-target toxicity
Based on the literature, the clinical advancement of PROTACs
faces significant challenges in terms of on-target/off-tissue
toxicity due to the ubiquitous expression of traditional E3
ligases such as CRBN and VHL throughout the body. The
resolution of these effects to improve the safety profiles of these
therapeutics predominantly focuses on achieving stringent
spatiotemporal control via two primary mechanisms: recruiting
tissue-specific E3 ligases and implementing exogenous regulatory
strategies.
A fundamental method to reduce exposure to healthy tissues is

to recruit E3 ligases that are differentially overexpressed in tumors.
Unlike broad-spectrum ligases, ring finger protein 114 (RNF114)
has been identified as a cancer-enriched ligase. Researchers have
shown that PROTACs that utilize the natural product nimbolide to
recruit RNF114 can achieve tumor-selective protein degradation in
breast cancer and leukemia models [148]. Similarly, Kelch-like ECH-
associated protein 1 (KEAP1) has garnered attention as a
promising E3 ligase adapter because it is uniquely distributed in
tissue and is highly expressed in cancers, including prostate
adenocarcinoma, lung adenocarcinoma, invasive breast cancer,
and clear cell renal carcinoma, with its expression levels often

exceeding those of VHL and CRBN. It provides another approach
to reduce systemic toxicity by limiting degradation activity to
specific cells [149].
Photoresponsive PROTACs have been developed to achieve

high-resolution external control. Zheng et al. proposed a
photocontrolled PROTAC (pc-PROTAC) to induce photodegrada-
tion activity. When a photocleavable capping group was added to
a BRD4 degrader, the resulting molecule, pc-PROTAC1, showed
potent degradation activity in living cells only after irradiation with
light [150]. Similarly, nanoproteolysis-targeting chimera (NanoTAC)
is a photoresponsive nanoparticle that accumulates in tumors
after intravenous injection and is activated by cathepsin B to
release a PROTAC and photosensitizer. Upon irradiation with light,
the photosensitizer produces reactive oxygen species (ROS) to
induce pyroptosis, releasing antigens to activate the immune
system; simultaneously, the PROTAC degrades the hexokinase 2
(HK2) protein, inhibiting tumor metabolism and alleviating
hypoxia. These synergistic effects transform “cold” tumors into
“hot” tumors, effectively clearing tumors and inhibiting metastasis
recurrence [151].
Degrader‒antibody conjugates (DACs) are a novel class of

conjugated drugs that utilize protein degraders (such as PROTACs
and molecular glues) as payloads covalently linked to monoclonal
antibodies via chemical linkers. Among these molecules, DACs
employing molecular glue degraders as payloads are also referred
to as molecular glue–antibody conjugates (MACs) [152–154].
DACs mediate endocytosis through antibody recognition,

delivering the conjugate to lysosomes. The linker is enzymatically
cleaved within the lysosome, releasing the active degrader. The
degrader then enters the cytoplasm, where it recruits the target
protein and an E3 ligase to form a ternary complex, inducing the
ubiquitination of the target protein and its subsequent degrada-
tion by the proteasome, thereby achieving precise protein
degradation [155].
DACs exhibit unique advantages in addressing the on-target

and off-target toxicity inherent to protein degraders, with their
core mechanism encapsulated in a cascade dual-targeting
strategy. First, protein degraders, such as small-molecule drugs,
are widely distributed throughout the body upon administration,
readily causing nonspecific protein degradation in normal tissues
and leading to dose-limiting toxicity. DACs establish a primary
targeting barrier through specific antibody–antigen binding,
strictly confining the effective exposure of the protein degrader
to antigen-positive cells, thereby significantly reducing its
distribution and nonspecific uptake in nontarget tissues [155].
Second, even if premature release occurs in the circulatory system
because of linker instability or if the antibody moiety exhibits
some degree of cross-reactivity, the toxicity risk from off-target
distribution is buffered at the tissue level because the protein
degrader only exerts biological effects on cells expressing the
target protein and is inactive against cells that do not express the
POI [156].
Despite the significant advantages demonstrated by DACs in

terms of theoretical design and preliminary studies, with several
candidates having entered clinical trials (Table 3), their clinical
translation still faces multiple challenges:
Achieving effective degradation activity through payload

conjugation and stability often requires a relatively high drug-to-
antibody ratio (DAR > 4). However, conjugating multiple hydro-
phobic PROTACs can readily induce antibody aggregation, and
high-DAR conjugates exhibit accelerated clearance in vivo
[152, 155, 157].
PROTACs designed with a linker and payload possess high

molecular weights and strong lipophilicity and often lack suitable
functional groups for conjugation. Structural modifications may
affect their binding affinity to the POI or E3 ligase. The
development of novel linker chemistries is needed to meet the
demands of lysosomal release [158].
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The maintenance of the intracellular release and activity is
important because the payload must remain stable within the
lysosomal environment and effectively escape into the cytoplasm
to form a ternary complex. Degradation or retention within the
lysosome leads to loss of activity [152].
Uncertainty in the bystander effect exists because protein

degraders may possess the ability to diffuse across membranes,
which could offer a synergistic advantage in antigen-
heterogeneous tumors, but it may also increase the risk of toxicity
to nontarget cells [159].
Collectively, these strategies represent a paradigm shift toward

“precision PROTACs”, ensuring that the therapeutic action is
confined strictly to the desired tissue at the appropriate time.

Overcoming adaptive resistance
As TPD therapeutics have advanced in clinical trials, acquired
resistance has emerged as a critical bottleneck for durable efficacy.
We must move beyond cataloging isolated instances of drug
failure and elevating these mechanisms into a generalizable, four-
tier spatiotemporal framework—pre-target, target-level, E3 ligase-
level, and post-target resistance—to systematically address this
evolutionary hurdle. Future degrader development must rationally
anticipate and bypass these distinct barriers to establish a higher
genetic threshold for resistance.

Pre-target resistance: drug efflux and cellular exclusion
Resistance frequently occurs before the degrader can even
interact with its target protein. Given their high molecular weight
and lipophilicity, most PROTACs fall into the beyond-the-rule-of-5
(bRo5) chemical space, making them prime substrates for active
expulsion by cellular drug efflux pumps. The upregulation of ATP-
binding cassette (ABC) transporters, particularly multidrug resis-
tance protein 1 (MDR1/P-glycoprotein), physically depletes
intracellular PROTAC concentrations and severely limits target
degradation [160]. Similarly, the ABCC1 transporter has emerged
as a distinct driver of PROTAC extrusion [161]. Pharmacological
blockade of these pumps using specific inhibitors, such as
tariquidar, effectively reverses this pre-target resistance by
trapping the degrader inside the cell and restoring therapeutic
efficacy.

Target-level resistance: binding pocket alterations
As observed with traditional occupancy-driven inhibitors, the
continuous selective pressure exerted by TPD often drives
genomic mutations at the target binding interface. These
structural changes, which frequently manifest as steric clashes or
diminished binding affinity, effectively block the formation of the
required ternary complex. Well-documented clinical examples,
such as the BTK C481S mutation and acquired point mutations in
the AR/ER, demonstrate how readily target alterations can
compromise first-generation degraders [162–164]. Although this
resistance mechanism is not unique to the degradation modality,
overcoming it requires proactive medicinal chemistry. One
practical countermeasure is “ligand hopping”, as exemplified by
next-generation BTK degraders designed to engage alternative,
unmutated binding pockets. Ultimately, a more robust, long-term
strategy involves anchoring the degrader’s warhead to function-
ally indispensable, highly conserved domains of the target,
thereby imposing a severe fitness cost on any potential escape
mutation.

E3 ligase-level resistance: inactivation of the core machinery
This tier represents a resistance modality uniquely detrimental to
TPD, as degraders are inherently dependent on the host cellular
machinery. Genomic alterations leading to E3 ligase inactivation
(e.g., mutations in CRBN or VHL) or epigenetic silencing of core
holocomplex components can render degraders entirely ineffec-
tive. Researchers have proposed sequential E3 ligase utilization, or

more innovatively, parallel recruitment, to circumvent this
problem. Recent advances have demonstrated the design of
heterotrivalent PROTACs—branched molecules containing a
target ligand alongside both CRBN and VHL-recruiting ligands.
They function as a logical “OR” gate: even if tumor cells silence
one degradation pathway, the drug can still induce degradation
through the other pathway, significantly reducing the probability
of resistance occurrence [165].

Post-target resistance: ubiquitin imbalance and bypass pathways
Even if ternary complexes form successfully and ubiquitination is
initiated, cancer cells can subvert efficacy through downstream
pathways by exploiting the dynamic equilibrium of the ubiquitin‒
proteasome system or by activating compensatory signaling
pathways. A successful degradation event fundamentally requires
the rate of E3 ligase-mediated ubiquitination to physically outpace
the rate of ubiquitin removal [29]. Tumors frequently develop
adaptive resistance by upregulating the expression of DUBs, such
as USP15, which prematurely removes polyubiquitin tags from
target cells and rescues oncoproteins from proteasomal destruc-
tion [166, 167]. Coadministering PROTACs with specific DUB
inhibitors pharmacologically preserves the polyubiquitinated
state, resensitizing resistance profiles. Furthermore, bifunctional
pharmacological strategies achieve a “double hit” to combat the
activation of downstream bypass pathways. For instance, the
novel compound YB-3-17 elegantly integrates an mTOR inhibitor
with a GSPT1 selective degrader. This molecule not only blocks
mTOR signaling but also degrades the GSPT1 protein, and this
synergistic lethal effect prevents cancer cells from surviving by
producing single resistance mutations [168].

Expanding the degradable proteome: targeting inaccessible and
stable proteins
A primary limitation of early-generation PROTACs is their reliance
on the cytosolic UPS, which restricts their utility against
extracellular or membrane-bound proteins that are physically
sequestered from the E3 ligase machinery. Additionally, proteins
exhibiting long half-lives or those prone to aggregation present
kinetic challenges and are often resistant to the catalytic turnover
required for effective clearance.
The emergence of transmembrane and extracellular targeted

protein degradation (meTPD) technology effectively addresses the
limitations associated with the subcellular localization of target
proteins. Unlike a mere extension of classical TPD approaches, the
core innovation of meTPD lies in the deep integration of
fundamental TPD principles with cellular internalization mechan-
isms. Specifically, meTPD does not rely on the independent
cellular entry of therapeutic molecules; instead, it facilitates the
cointernalization of targeted transmembrane proteins. This
strategy leverages the cell’s intrinsic endocytosis–lysosomal path-
way through the design of bifunctional molecules, where one
moiety binds the protein of interest and the other triggers
endocytosis and lysosomal sorting, ultimately resulting in the
degradation of the target protein within lysosomes [1, 169].
In the initial development of the meTPD field, LYTAC served as a

representative strategy. As previously described, the
receptor–LYTAC–POI ternary complex is internalized via endocy-
tosis and subsequently trafficked to the lysosome for degradation.
However, the LYTAC approach requires the expression of specific
cell-surface proteins, such as lysosome-targeting receptors (LTRs),
which results in challenges, including limited efficiency and a
strong cell type dependency [55]. Chen Peng et al. introduced the
GlueBody Chimera (GlueTAC) strategy for the first time in 2021 to
address these core limitations. Experimental findings have
demonstrated that GlueTAC enables the rapid endocytosis and
lysosomal degradation of target membrane proteins, resulting in
receptor-independent and broadly applicable membrane protein-
targeted degradation [170].
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Similar strategies include TransTACs. These bispecific molecules
conjugate target proteins with the transferrin receptor (TfR),
exploiting the innate endocytic transport pathway of the receptor
to direct both membrane-bound and extracellular proteins to the
lysosome for degradation [5]. Furthermore, the integration of
mRNA technology has yielded MedTACs. Unlike small-molecule
approaches, MedTACs leverage mRNA-based mechanisms to
encode biologics that guide complex targets to the lysosome,
establishing a programmable platform for degrading membrane
proteins such as PTK7, HER2, EGFR, and c-Met [6].
For highly stable (long half-life) intracellular targets, the

degradation kinetics can be enhanced through auxiliary formula-
tions. The incorporation of polymers or nanocarriers has been
shown to prolong the intracellular retention and circulatory half-
life of degraders, thereby sustaining the concentration required
for degrading stable proteins. The DEFUSE high-throughput
screening platform has recently been established to systematically
investigate which proteins are susceptible to these interventions.
This system enables the precise identification of degradation-
resistant phenotypes and the subsequent optimization of
degrader potency [94].
The clinical translation of protein degraders is currently defined

by the tension between their pharmacological potential and
inherent physicochemical or biological barriers. However, the
strategies examined here—ranging from the expansion of the
degradable proteome via meTPD to the refinement of bioavail-
ability through “chameleonic” design—illustrate a decisive shift
from empirical discovery to rational engineering. By enforcing
spatiotemporal precision with tissue-specific ligases and antibody
conjugates and countering adaptive resistance through dual
recruitment mechanisms, next-generation degraders can system-
atically address early limitations. Continued integration of these
high-resolution technologies will be essential to transform TPD
from a promising biological concept into a robust, adaptable
modality for treating complex pathologies.

Core translational strategies: patient selection, therapeutic
windows, and clinical criteria
Although TPD holds immense potential in expanding the
druggable space, its clinical translation remains limited by the
significant gap between fundamental mechanisms and complex
human pathophysiology. Currently, TPD drug development
frequently encounters a disconnect between the preclinical data
and clinical benefit. The developmental focus must shift from
purely structural optimization toward a clinically guided frame-
work to mitigate the high attrition rate of these drugs in different
phases of clinical trials. This paradigm encompasses patient
stratification, biomarker establishment, and a precise evaluation
of the unique exposure–degradation–efficacy relationship intrinsic
to degraders [29].
Traditional small-molecule inhibitors rely on target occupancy,

necessitating sustained high systemic exposure. In contrast,
heterobifunctional degraders operate via an event-driven, cataly-
tic mechanism. This fundamental pharmacological distinction
implies that degraders can often achieve deep and durable target
clearance at substoichiometric concentrations through efficient
molecular turnover [171]. However, this catalytic nature also
introduces highly nonlinear dose‒response dynamics. Specifically,
the “hook effect”, where excessively high drug concentrations
promote the formation of inactive binary complexes that
competitively inhibit the assembly of the requisite ternary
complex, results in decreased efficacy at higher doses [172].
Consequently, the therapeutic window for degraders cannot
simply adopt the traditional model bounded by the minimum
effective dose and the maximum tolerated dose (MTD). Instead, it
is strictly defined by the optimal concentration range that
maximizes productive ternary complex formation while minimiz-
ing off-target toxicity. During dose-finding stages, Cmax-driven

dosing strategies are inherently limited; a more rational approach
involves optimizing the area under the curve (AUC) in conjunction
with the in vivo resynthesis rate of the target protein [173].
With respect to patient selection, the heavy reliance of TPD on

the host UPS dictates that target protein overexpression or the
mutation status alone is insufficient as the sole inclusion criterion.
Effective biomarker strategies must be multidimensional: they
require not only an accessible target conformation within the
diseased tissue but also functional integrity and a sufficient
abundance of the downstream ubiquitination machinery [174].
Preclinical and early clinical evidence suggest that the basal
expression profile of UPS-related proteins directly dictates the
therapeutic response. For instance, clear cell renal cell carcinoma
(ccRCC) is frequently characterized by VHL loss-of-function
mutations or epigenetic silencing; administering VHL-recruiting
PROTACs to this population is almost certain to lead to primary
resistance. Consequently, wild-type VHL expression serves as a
critical negative predictive biomarker [175]. Similarly, for CRBN-
recruiting degraders, the degradation efficiency is correlated not
only with the abundance of the CRBN monomer but also with the
stoichiometric ratios of core components within the CRL4–CRBN
holocomplex (such as DDB1, CUL4A, and RBX1). More insidiously,
the abnormal overexpression of intracellular DUBs (e.g., USP15 or
UCHL5) can rapidly remove polyubiquitin chains from the target
protein before proteasomal entry, thereby antagonizing the
efficacy of PROTACs. Evaluating the baseline status of this dynamic
“target–ligase–DUB” network is thus of significant clinical value for
predicting intrinsic resistance [166]. In early-phase trials, utilizing
the target clearance rate in peripheral blood mononuclear cells
(PBMCs) or serial tumor biopsies as a pharmacodynamic endpoint
remains a core strategy for confirming target engagement and
achieving proof of the mechanism.
A retrospective analysis of the clinical attrition of recent TPD

drugs revealed several systematic failures. The first involves the
unpredictability of cross-species pharmacokinetics. Because most
degraders reside in the bRo5 chemical space, their favorable
absorption, distribution, metabolism, and excretion (ADME)
profiles in rodent models frequently fail to translate to humans,
leading to insufficient target tissue exposure or rapid clearance
[176]. For instance, VHL-recruiting PROTACs—ranging from the
foundational BRD4 degrader MZ1 to the recently characterized
BRM degrader A947—frequently encounter significant cross-
species PK translation issues. Due to their high molecular weight
and large polar surface area, these bRo5 molecules are prime
substrates for hepatic transporters. In preclinical rat models, they
typically exhibit exceptionally high systemic clearance and poor
plasma exposure, driven largely by rapid biliary excretion. This
mechanism was explicitly demonstrated in recent studies of bile
duct-cannulated (BDC) rats treated with A947 [177]. However,
because the expression levels and transport capacities of
canalicular efflux transporters (e.g., P-glycoprotein and MRP2)
are much more extensive in rodents than in humans, the high
clearance observed in rats often misrepresents the actual PK
profile in higher species, thereby complicating the standard in
vitro-to-in vivo extrapolation. The second challenge is mechanism-
based tissue toxicity. Degraders relying on ubiquitously expressed
E3 ligases are prone to induce on-target/off-tumor toxicity in
healthy organs, underscoring the necessity of developing tissue-
specific ligase ligands or antibody-coupled degraders. For
example, the BCL-XL PROTAC DT2216 was strategically designed
to recruit VHL rather than CRBN to degrade BCL-XL. While
conventional BCL-XL inhibitors (such as navitoclax) cause dose-
limiting thrombocytopenia because of the essential role of this
protein in platelet survival, DT2216 significantly spares platelets
because VHL is expressed at low levels in these cells [141]. This
case highlights how leveraging the differential tissue distribution
of E3 ligases can effectively decouple potent antitumor efficacy
from systemic toxicity, a critical consideration for the clinical
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translation of bRo5 degraders. Finally, the rapid emergence of
acquired resistance poses a major hurdle. Many programs stall
shortly after the initial deep degradation is achieved, and is
predominantly driven by the active downregulation of E3 ligases
or the upregulation of drug efflux pumps by tumor cells, rather
than simple target mutations [178]. For instance, prolonged
exposure to the BRD4 degraders ARV-771 or dBET6 rarely induces
mutations in the target protein itself; instead, resistance typically
stems from genomic alterations in the E3 ligase machinery, such
as the loss of CUL4B or functional mutations in DDB1 and CRBN.
Beyond ligase inactivation, tumors can also upregulate DUBs, such
as USP7, which effectively “strip” the polyubiquitin chains from the
recruited target protein, thereby neutralizing the degradative
effect of the PROTAC. These noncanonical resistance pathways
suggest that the clinical durability of bRo5 degraders depends
heavily on the functional integrity of the cellular ubiquitin‒
proteasome system. Given these inherent risks, the traditional Go/
No-Go clinical criteria, which are typically dictated by tolerability
(MTD and dose-limiting toxicity), are not fully applicable to TPD. A
more stringent and rational “Go” threshold for degraders should
require the molecule to induce and sustain a biologically
meaningful depth of target protein degradation (typically
>80%–90%, depending on the target’s pathogenic threshold)
throughout the dosing interval at safe doses well below the MTD,
without triggering the hook effect. If a candidate fails to display
this deep and durable degradation potential early on, despite
favorable tolerability, the program should be deprioritized and
redirected toward fundamental structural or formulation optimi-
zation [87].

CONCLUSIONS AND FUTURE PERSPECTIVES
The advent of TPD represents a fundamental shift in modern
pharmacology, transitioning drug development from an “occu-
pancy-driven” inhibition mode to “event-driven” protein degrada-
tion. As detailed in this review, TPD has expanded the actionable
proteome by enabling therapeutic interventions against targets
previously considered “undruggable,” including proteins lacking
well-defined active sites or exhibiting high intracellular stability.
The field has progressed rapidly, evolving from the elucidation

of the mechanism of the UPS to increasingly sophisticated,
rational degrader design. While heterobifunctional PROTACs
established the paradigm by hijacking E3 ligases such as CRBN
and VHL, the TPD landscape has diversified substantially. The
resurgence of molecular glues, transitioning from chance observa-
tions toward structure-guided and mechanism-guided discovery,
offers a complementary route to modulate protein–protein
interfaces with potentially improved pharmacokinetic properties.
Furthermore, the development of non-UPS-dependent technolo-
gies, including LYTACs, AUTACs, and ATTECs, leveraging lysosomal
and autophagy pathways, has unlocked the degradation of
extracellular, membrane-bound, and aggregated proteins.
Despite these significant advances, the clinical application of

TPD still faces tangible challenges. The physicochemical properties
of many PROTACs continue to challenge oral exposure and
blood–brain barrier penetration. Moreover, the plasticity of the
cancer genome poses an inevitable risk of adaptive resistance,
arising from E3 ligase downregulation, rewiring of the ubiquitina-
tion machinery, or broader alterations in degradation pathways.
In the future, next-generation protein degraders are anticipated

to evolve along three convergent directions. First, scaling the E3
ligase toolbox beyond conventional CRBN and VHL toward tissue-
specific or tumor-essential E3 ligases will be critical for mitigating
on-target toxicity and overcoming drug resistance. Second,
modality innovation will further broaden the target scope and
simplify drug design. While emerging platforms such as CPPTACs
and MedTACs address complex membrane targets, a paradigm
shift toward “destabilizing inhibitors” is also gaining momentum.

Recent studies have revealed that monovalent small molecules
can be rationally designed to induce target thermodynamic
instability and disrupt chaperone interactions, thereby super-
charging native proteolytic circuits to drive degradation without
explicit E3 ligase recruitment [179]. Third, a transition toward
precision degradation is expected to accelerate. Logic-gated and
controllable degraders, including photoresponsive agents and
dual-function molecules that couple degradation with inhibition,
may provide tighter spatiotemporal control and raise the barriers
to resistance.
In summary, TPD has matured from a chemical biology concept

to an increasingly clinically relevant therapeutic strategy. Through
the continuous integration of structural biology, chemical
proteomics, and advanced drug delivery systems, protein
degradation therapies are poised to redefine the paradigms of
drug development, offering transformative treatments across
cancer, neurodegeneration, and other disease areas.
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