J c I The Journal of Clinical Investigation

Induced protein degradation for therapeutics: past, present, and
future

Hojong Yoon, ..., Yen-Der Li, Benjamin L. Ebert

J Clin Invest. 2024;134(1):e175265. https://doi.org/10.1172/JCI175265.

The concept of induced protein degradation by small molecules has emerged as a promising therapeutic strategy that is
particularly effective in targeting proteins previously considered “undruggable.” Thalidomide analogs, employed in the
treatment of multiple myeloma, stand as prime examples. These compounds serve as molecular glues, redirecting the
CRBN E3 ubiquitin ligase to degrade myeloma-dependency factors, IKZF1 and IKZF3. The clinical success of thalidomide
analogs demonstrates the therapeutic potential of induced protein degradation. Beyond molecular glue degraders,

several additional modalities to trigger protein degradation have been developed and are currently under clinical
evaluation. These include heterobifunctional degraders, polymerization-induced degradation, ligand-dependent
degradation of nuclear hormone receptors, disruption of protein interactions, and various other strategies. In this Review,
we will provide a concise overview of various degradation modalities, their clinical applications, and potential future
directions in the field of protein degradation.

Find the latest version:

https://jci.me/175265/pdf



http://www.jci.org
http://www.jci.org/134/1?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI175265
http://www.jci.org/tags/2?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/175265/pdf
https://jci.me/175265/pdf?utm_content=qrcode

The Journal of Clinical Investigation

REVIEW

Induced protein degradation for therapeutics:

past, present, and future

Hojong Yoon,"? Justine C. Rutter,"? Yen-Der Li,"? and Benjamin L. Ebert"??

'Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, Massachusetts, USA. 2Cancer Program, Broad Institute of MIT and Harvard, Cambridge, Massachusetts, USA. *Howard Hughes

Medical Institute, Boston, Massachusetts, USA.

Introduction

Small molecule-induced protein degradation is a rapidly develop-
ing mode of therapeutic activity in which ubiquitin ligases are redi-
rected to induce selective degradation of target proteins. Several
degraders were used clinically before their mechanism of action
was recognized (1-3), including thalidomide and its derivatives
(4). Following the devastating consequences of thalidomide use
during pregnancy in the 1950s that resulted in teratogenicity (5),
thalidomide and its close analogs, lenalidomide and pomalido-
mide, were developed and approved for the treatment of multiple
myeloma (6, 7) and del(5q) myelodysplastic syndrome (MDS) (8).
The discovery of the mechanism of action of these degraders has
opened new avenues for development of new therapeutics, includ-
ing drugs that target transcription factors that have been difficult
to inhibit in the past. The therapeutic potential of targeted protein
degradation now encompasses a range of diverse mechanisms,
including induced protein polymerization, degron exposure by
disrupting protein-protein interactions, and allosteric shifts in
protein structure.

Thalidomide analogs function as “molecular glue” degraders,
small molecules that stabilize the interface between the E3 ubig-
uitin ligase and its “neosubstrate” protein that normally does not
interact with the ligase, thereby promoting their ubiquitination
and degradation in a drug-dependent manner. These analogs
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The concept of induced protein degradation by small molecules has emerged as a promising therapeutic strategy that is
particularly effective in targeting proteins previously considered “undruggable.” Thalidomide analogs, employed in the
treatment of multiple myeloma, stand as prime examples. These compounds serve as molecular glues, redirecting the CRBN
E3 ubiquitin ligase to degrade myeloma-dependency factors, IKZF1and IKZF3. The clinical success of thalidomide analogs
demonstrates the therapeutic potential of induced protein degradation. Beyond molecular glue degraders, several additional
modalities to trigger protein degradation have been developed and are currently under clinical evaluation. These include
heterobifunctional degraders, polymerization-induced degradation, ligand-dependent degradation of nuclear hormone
receptors, disruption of protein interactions, and various other strategies. In this Review, we will provide a concise overview of
various degradation modalities, their clinical applications, and potential future directions in the field of protein degradation.

induce proximity between cereblon (CRBN), a substrate receptor
of CRL4C®N ubiquitin ligase complex, and two transcription fac-
tors, IKZF1 and IKZF3 (9-11). As a result, the degradation of these
master lymphoid transcription factors, which were previously con-
sidered undruggable owing to the lack of ligandable active sites,
results in anticancer activity in multiple myeloma and other B cell
malignancies (6, 7, 12). By circumventing the limitations of classi-
cal inhibitors and expanding the repertoire of druggable proteins,
induced protein degradation holds great potential for treating a
wide range of diseases (Figure 1).

Molecular glues exist in nature. The plant growth hormone
auxin is a naturally occurring molecule that induces proximity
between the SCF™! ubiquitin ligase and Aux/IAA transcrip-
tional repressors, leading to their degradation (13). Molecular
glues with pharmacologic activity beyond degradation predate
the discovery of thalidomide analogs. In the early 1990s, it was
discovered that two immunosuppressants, cyclosporin A and
FK506, induce protein-protein interactions between cyclophi-
lin-calcineurin and FKBP12-calcineurin, respectively (14, 15).
These interactions inhibit the phosphatase activity and immune
activation function of calcineurin, effectively functioning as
“molecular glue inhibitors.”

A central challenge in the field of induced protein degradation
is the rational design of small-molecule degraders. To address such
a challenge, heterobifunctional degraders, also known as proteol-
ysis targeting chimeras (PROTACs) (16, 17), were developed. Het-
erobifunctional degraders chemically link a compound that binds
a ubiquitin ligase and another that binds a target protein, which
effectively recruits a ubiquitin ligase into close proximity with the
target protein, leading to polyubiquitination and proteasomal deg-
radation of the target. Many heterobifunctional degraders target-
ing disease-relevant proteins have been developed, and a first wave
of such molecules has entered clinical trials (18-21).
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Figure 1. Traditional small-molecule inhibitors as compared with degraders. Traditional small-mole-
cule inhibitors often act by blocking the catalytic function of the targeted protein of interest (POI). POls
that lack ligandable enzymatic sites have historically posed a challenge for drug discovery, earning such
proteins the label of “undruggable.” Induced protein degradation, in which a small molecule facilitates
the degradation of a POI, has emerged as a powerful strategy to target undruggable proteins. Degrader
molecules not only expand the druggable proteome, but also enable elimination of all functions of the
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ligands at all times to inhibit the target
protein. In contrast, degraders operate
through “event-driven” pharmacolo-
gy, in which a transient binding event is
sufficient to trigger ubiquitination and
subsequent degradation of the target pro-
tein (24). As a result, a single degrader
molecule can facilitate repeated rounds
of activity, enabling the elimination of
multiple proteins per molecule (25). Fol-
lowing degradation, restoration of protein
function requires resynthesis of the pro-
tein, which confers sustained efficacy rel-
ative to inhibitors. Biologically, degraders
remove all activity of a protein, including
scaffolding function, while enzyme inhib-
itors remove activity of the protein while
the protein remains intact (26).
Degraders can leverage the pro-
tein-protein interface between a target
protein and E3 ligase, enabling remark-
able target specificity (27). Moreover,

:

degraded protein, both enzymatic and scaffolding. Ub, ubiquitin.

Over the past decade, major strides have been made in under-
standing mechanisms of induced protein degradation, and many
therapeutic applications are being explored. This Review provides
an overview of induced protein degradation, discusses its appli-
cation and challenges as a therapeutic approach, examines the
various modalities of protein degradation induced by small mol-
ecules, and considers the potential implications for developing
novel therapeutic strategies.

Pharmacological manipulation of the ubiquitin-
proteasome system

The majority of induced protein degradation engages the ubiqui-
tin-proteasome system. This pathway leverages a posttranslation-
al modification - the covalent attachment of ubiquitin to a sub-
strate protein through the coordinated, sequential activity of three
classes of enzymes (22). First, an E1 ubiquitin-activating enzyme
utilizes ATP to adenylate ubiquitin and establish a thioester bond
between ubiquitin and the E1 enzyme. Then, the E1 enzyme trans-
fers the ubiquitin to an E2 ubiquitin-conjugating enzyme. Finally,
an E3 ubiquitin ligase recognizes a substrate protein and facilitates
the transfer of ubiquitin from the E2 enzyme to a lysine residue in
the substrate protein. This ubiquitination process can be iterated,
resulting in the polyubiquitination of substrate proteins, leading
to a variety of cellular responses, with the most common outcome
being proteasomal degradation (23). A small molecule that induc-
es proximity between a target protein and an E3 ligase can redirect
the ligase to ubiquitinate the target protein.

Induced protein degradation by small molecules leads to dis-
tinct pharmacologic properties compared with other drugs (Figure
2). Traditional enzyme inhibitors exhibit “occupancy-driven” phar-
macology, in which therapeutic activity requires presence of the

this protein-protein interface can enable
recruitment of proteins without a high-af-
finity drug-binding pocket, including
transcription factors, splicing factors, and
various scaffolding proteins (28). Therefore, degraders substantial-
ly expand the druggable space for small-molecule drug discovery.
Additionally, degraders can exhibit remarkable target specificity by
requiring a substantial protein-protein interface between a target
protein and a specific E3 ligase and by leveraging multiple layers of
selectivity in the ubiquitin-proteasome machinery.

Protein degradation modalities

CRBN-based molecular glue degraders. Thalidomide was first mar-
keted in Germany in 1957 as the only nonbarbiturate sedative
and antiemetic to treat nausea during pregnancy (29). The drug
was thought to be highly safe, as rodents displayed no toxicity
even after administration of very high doses (30). Only after the
introduction of thalidomide into widespread clinical use in many
countries was it recognized that thalidomide is a powerful terato-
gen. Over a four-year period, thalidomide use resulted in nearly
10,000 infants born with birth defects, including phocomelia (5),
before the drug was removed from the market in 1961. Follow-
ing new discoveries about the biological activity of thalidomide,
thalidomide was tested in a variety of clinical settings and had
efficacy for the treatment of multiple myeloma, resulting in FDA
approval in 2006 (31). However, the molecular target of thalido-
mide was not elucidated until 2010 when the E3 ligase CRBN was
identified as the primary target using thalidomide-linked affinity
purification beads (11).

In 2014, it was found that lenalidomide acts as a molecular
glue, redirecting CRBN to IKZF1/3, master lymphoid transcrip-
tional factors, for degradation (9, 10). Lenalidomide also targets
CKla for degradation (32). CKla is encoded by a gene within the
common deleted region for del(5q) MDS. Its haploinsufficient
expression sensitizes cells to lenalidomide therapy, providing a
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mechanistic basis for the therapeutic window of lenalidomide
in del(5q) MDS. Notably, lenalidomide treatment has resulted in
complete cytogenetic remission in approximately 50% of patients
with MDS and achieving transfusion independence in around
70% of patients with del(5q) MDS patients (33, 34).

Although considerable progress has been made in under-
standing the therapeutic mechanism of action of thalidomide
and its analogs, the cause of thalidomide syndrome remained
unknown. One possibility is the presence of neosubstrates that are
only expressed during specific developmental stages, and degra-
dation of such substrates might result in the observed birth defect.
To investigate this hypothesis, a quantitative mass spectrometry
approach was employed, utilizing human embryonic stem cells
as a model system (35). This study identified SALL4 as a novel
neosubstrate that undergoes degradation by CRBN-thalidomide.
SALL4 is an embryonic transcription factor known to play a cru-
cial role in the development of fetal limbs during embryogenesis
and is genetically associated with embryopathies (36). Notably,
loss-of-function mutations in SALL4 are associated with human
congenital birth defects, and the clinical manifestation of these
mutations significantly overlaps with thalidomide-induced phoc-
omelia. A SALL4 mouse model with these mutations also exhibit-
ed either early embryonic lethality or defects in early embryonic
development and organogenesis (37). Further genetic studies in
nonhuman primates or rabbits would provide valuable insights
into the consequence of SALL4 degradation in thalidomide-
induced embryopathies.

Each of the neosubstrates that are degraded by thalidomide
analogs share a common structural motif known as a “structural
degron,” which consists of a -hairpin loop with a glycine residue
located at a conserved position (38-41). Many zinc finger proteins
possess this conserved f-hairpin held together by zinc-coordi-
nating Cys,-His, (C2H2) residues. To explore potential neosub-
strates among zinc finger-containing proteins, a comprehensive
genetic approach was performed to define the human zinc finger
“degrome” (40). This systematic screening of the human C2H2
zinc finger proteome led to the identification of several novel zinc
fingers that can be targeted by thalidomide analogs. Structural
analysis of these degrons and subsequent computational dock-
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Figure 2. Comparison of inhibitors and degraders in pharmacology.
Inhibitors rely on occupancy-driven pharmacology, which requires
high drug concentrations to maintain sufficient occupancy and

block the activity of proteins (occupancy-driven pharmacology).In
contrast, degraders exhibit pharmacology through transient binding
events that are sufficient for initiating ubiquitylation (event-driven
pharmacology). These transient events can be repeated, enabling the
degradation of multiple copies of the protein with substoichiometric
drug concentrations. Consequently, degraders demonstrate superior
pharmacology compared with traditional inhibitors. Ub, ubiquitin.

ing studies revealed that a wide range of zinc fingers with varying
amino acid sequences have the potential to bind the drug-CRBN
interface in the presence of different thalidomide derivatives (40).
One specific example is the degradation of IKZF2 by thalidomide
analogs (41, 42). IKZF2 functions as a transcription factor critical
for maintaining the function and stability of regulatory T cells,
and its loss promotes the secretion of proinflammatory cytokines
and enhances antitumor immune responses (41). IKZF2 degraders
have entered clinical trials for cancer immunotherapy (42).

Notably, various nonzinc finger proteins possessing the
B-hairpin structural degron can also be recruited to the CRBN
surface using structurally diverse thalidomide analogs. CRBN
modulators such as eragidomide (CC-90009) effectively recruit
and degrade GSPT1, which functions as a translation termination
factor (43, 44). In clinical trials, eragidomide had some efficacy for
the treatment of relapsed or refractory acute myeloid leukemia.
However, the observed toxicity has raised concerns about its ben-
efit-to-risk profile, casting doubt on its prospects for ongoing clin-
ical development (45). These advances in CRBN-based molecular
glue degrader discovery highlight the potential of harnessing the
B-hairpin loop, which is highly abundant in the human proteome,
expanding the repertoire of potential CRBN neosubstrates and
offering new therapeutic opportunities.

One puzzling aspect of thalidomide analogs is their lack
of activity and teratogenicity in murine models (46), despite
a conserved capacity of thalidomide to bind to human and
mouse CRBN (47). The sequence of human CRBN divergences
from the mouse sequence at specific amino acid residues on
the surface of mouse CBRN that prevent recruitment of neo-
substrates due to steric hindrance (32). Substitution of Ile391
in mouse CRBN with the corresponding human valine residue
(I391V) enables the degradation of IKZF1/3 and CKla, by tha-
lidomide, lenalidomide, and pomalidomide both in vitro and in
vivo (48). Degradation of GSPT1 by CC-885 requires human-
ization of an additional residue (V380E) (48, 49). Genetically
engineered murine models have been generated, including
a single amino acid germline knockin that enables degrada-
tion of IKZF1, IKZF3, and CKla (CRBN®") and a model that
enables degradation of GSPT1 as well (CRBNV380E/191V) (48 49).
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These humanized Crbn mouse models are of paramount impor-
tance, particularly in that many studies evaluating the toxicity
of CRBN-based degraders have relied on nonhumanized Crbn
mice. These models serve as ideal tools to assess both in vivo
efficacy and toxicity of this class of drugs.

Laboratory and clinical studies have provided insights into resis-
tance mechanisms to thalidomide analogs. Aberrant expression
or genetic alterations in the degradation machinery, such as muta-
tions in CRL4*N components and associated cullin-ring ligase
machinery, cause resistance to thalidomide analogs (50). Inactivat-
ing mutations in CRBN, including missense mutations within the
drug-binding domain and surrounding surfaces, have been identi-
fied in many patients with myeloma treated with thalidomide ana-
logs (51-53). Epigenetic inactivation of CRBN has been observed
in patients with refractory multiple myeloma (54). Resistance can
arise not only through mechanisms that attenuate the degradation
of target proteins but also via modulation of downstream effectors
and shifts in cellular dependencies. For instance, the degradation of
CKla induced by lenalidomide, which results in p53 activation, also
leads to a positive selective pressure for p53-mutant hematopoietic
cells, thereby causing resistance to lenalidomide (55, 56). In addi-
tion to the resistance mechanism of thalidomide analogs, poten-
tial resistance mechanisms from CRBN-based heterobifunctional
degraders have been investigated using deep mutational scanning.
This approach identified several potential hot spot mutations adja-
cent to the CRBN warhead binding site, which are also found in
patients treated with thalidomide analogs (57). Interestingly, in pre-
clinical studies with a CDK12-targeting heterobifunctional degrad-
er, it was observed that resistance mutations can emerge on the
target protein rather than in the E3 ligase. This suggests a potential

*FDA-approved therapeutic

mechanism through which cells might evade the target degradation
(58). Preclinical models have also revealed that cancer cells may
upregulate the expression of alternative substrates, thereby pre-
venting degradation of crucial substrates involved in oncogenesis
(59). Alternatively, resistance may arise through direct upregulation
of target substrates. Confirmation from clinical data is required to
validate these preclinical results.

Other molecular glue degraders. The principles of molecular
glue degraders have been extended with the identification of addi-
tional E3 ligases that can be modulated with small molecules. One
such example is indisulam, an aryl-sulfonamide anticancer agent,
which induces degradation of an RNA splicing factor RBM39 by the
CRLA4PAS E3 ligase (60, 61). In comparison to thalidomide ana-
logs, indisulam demonstrates remarkable selectivity in quantitative
mass spectrometry, specifically targeting only RBM39 and RBM23
for degradation (62). Further biochemical and structural analyses
revealed that relatively weak affinity of indisulam to DCAF15 is still
capable of inducing the formation of a DCAF15-indisulam-RBM39
complex through extensive protein-protein interfaces (62-64),
which leads to highly selective RBM39 degradation. The degra-
dation of RBM39 by indisulam results in considerable splicing
defects, making hematopoietic and lymphoid cell lines particularly
susceptible to indisulam treatment (65). Moreover, studies high-
lighted the sensitivity of neuroblastoma cell lines to RBM39 degra-
dation by indisulam, suggesting potential clinical implications for
targeting spliceosome in neuroblastoma treatment (66).

Molecular glue degraders of cyclin K facilitate interaction
between an E3 ligase adaptor protein, DDB1, and CDK12. CDK12
natively binds to cyclin K to form a functional complex (67) and
maintains this interaction when engaged in the drug-induced
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complex of DDB1-CDK12. As a result, CDK12 fills a new role as
a neosubstrate receptor that presents cyclin K for ubiquitination
(68-70). Structural studies revealed that the CDK inhibitor CR8
binds the active site of CDK12 and bridges the CDK12-DDBI1
interface (68, 71). Importantly, the compound-induced complex
mimics the overall architecture of a typical CRL4 E3 ligase com-
plex. Here, CDK12 serves as a “neo-substrate receptor,” acting as
a surrogate for DCAFs and facilitating efficient ubiquitin trans-
fer to cyclin K and subsequently triggering its degradation. The
structure highlighted that CDK12 forms extensive protein-protein
interactions (~2,100 A? with DDB1 (68), enabling many CDK12
inhibitors, despite their distinct chemical structures, to induce the
same type of CDK12-DDBI interaction and cyclin K degradation
(68-70,72,73). The study also demonstrated that subtle modifica-
tion to the solvent-exposed moiety of a kinase inhibitor can confer
molecular glue activity by engaging another E3 ligase to the target
protein (74). Notably, this concept extends beyond gluing target
proteins and E3 ligases, as it can be applied to other effector pro-
teins, providing neomorphic pharmacology.

While previously described molecular glues do not form cova-
lent bonds, covalent molecular glue degraders such as GNE11/
MMH]1 have been identified that induce degradation of BRD4
through interaction with DCAF16 (75). These degraders consist of
a target-binding moiety, JQ1, with an appended electrophile. In the
absence of BRD4, these degraders are unable to interact effective-
ly with DCAF16. However, in the presence of BRD4, the degraders
utilize BRD4 as a template to facilitate the covalent modification of
the cysteine residue in DCAF16. This “template-assisted” covalent
modification of DCAF16 promotes the formation of BRD4-DCAF16
complex, leading to the ubiquitination and subsequent degradation
of BRD4. It is noteworthy that these covalent degraders exhibit a
sustained degradation response by remaining bound to the ubiquitin
ligase for an extended duration (75). The study also demonstrates
that the potency and specificity of covalent molecular glue degraders
can be adjusted by modulating the reactivity of the electrophilic war-
head. These findings illustrate the unique properties and potential
clinical benefits of covalent molecular glue degraders.

Heterobifunctional degraders. Conceptually, heterobifunctional
degraders contain two chemical entities, one that binds target protein
and another that binds an E3 ligase, as initially described in a patent
filed in 1999 (76), followed by a publication in 2001 (16). Significant
advances were made in 2015 with the development of high-affinity
ligands for E3 ligase, such as CRBN- or VHL-based heterobifunction-
al degraders (18-20). It is important to note that the design of these
degraders is relatively straightforward, and any nonfunctional ligand
capable of binding to target proteins can be repurposed as a highly
functional degrader (26). These features greatly expand the range of
substrates that can be targeted through induced degradation.

Heterobifunctional degraders have several inherent challeng-
es regarding their pharmacokinetic properties that are mainly
attributed to their relatively high molecular weights (77). These
challenges include poor solubility, limited cell permeability, and
metabolic instability. Overcoming these issues requires significant
efforts in optimizing warheads for both a target and an E3 ligase
and the design of a linker. Moreover, the “hook effect” can occur
when a heterobifunctional degrader reaches high concentrations,
resulting in the saturation of binding to either the E3 ligase or the
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target. This effect leads to the formation of either a degrader-li-
gase or a degrader-target “binary” complex instead of the desired
“ligase-degrader-target” ternary complex that promotes degrada-
tion of the target, ultimately culminating in a reduction of degra-
dation activity (78). Consequently, careful optimization of dosing
is crucial in clinical settings. Notwithstanding these challenges,
extensive research has led to meaningful advancements, and het-
erobifunctional degraders with various therapeutic applications
are now being evaluated in clinical trials (79).

The most advanced molecule in clinical trials is ARV-471,
an estrogen receptor-targeting (ER-targeting) heterobifunction-
al degrader (80). ER degradation using selective ER degraders
(SERDs) has proven clinically efficacious for the treatment of breast
cancer, but incomplete degradation by SERDs often limits response
(81). ARV-471 shows superior ER degradation and is also orally
available (82), providing additional benefits to patients. Ongoing
clinical trials are investigating its efficacy as monotherapy or in
combination with CDK4/6 inhibitors for patients with metastatic
breast cancer (80).

Heterobifunctional degraders can exhibit unique pharmacolo-
gy by targeting multiple proteins, which leads to a synergistic effect
on certain disease types. NX-2127, a BTK-targeting, CRBN-based
heterobifunctional molecule, not only degrades its primary target
BTK, but also concurrently downregulates IKZF1 and IKZF3 levels
through CRBN ligand (83). This dual action results in T cell acti-
vation and IL-2 production, contributing an additional anticancer
activity in B cell lymphomas. NX-2127 is currently being evaluated
in patients with relapsed or refractory B cell malignancies (84).

As with other degraders, heterobifunctional degraders target
not only the enzymatic activities of proteins, but also their scaffold-
ing functions. For example, IRAK4 is a kinase that activates both
IL-1 family receptor and Toll-like receptor inflammatory signaling
(85). IRAK4 also serves as a scaffolding protein, playing a criti-
cal role in maintaining the Myd88-IRAK4-IRAK1/2 myddosome
complex and facilitating downstream inflammatory signaling (86).
Despite links to various indications, such as arthritis, atheroscle-
rosis, systemic lupus erythematosus, psoriasis, and more (87), the
inhibition of IRAK4 kinase activity has shown limited efficacy (88).
KT-474, a heterobifunctional degrader targeting IRAK4, exhibits
superior efficacy compared with IRAK4 kinase inhibitors by abol-
ishing both the kinase and scaffolding functions of IRAK4 (89).

A degrader’s activity depends on the presence of the coopted
E3 ligase. Consequently, spatial control of degrader pharmacol-
ogy may be achieved by recruiting E3 ligases with tissue- or dis-
ease-specific expression. BCL-X| an antiapoptotic protein, is a
well-validated cancer target with overexpression observed in sev-
eral solid tumors and leukemia cells. However, inhibiting BCL-X
results in on-target thrombocytopenia, which limits the clinical
development of BCL-X, inhibitors (90-92). By exploiting the fact
that VHL is poorly expressed in platelets, DT-2216, a VHL-based
heterobifunctional degrader, exhibits substantial BCL-X, degra-
dation in cancer cells while having minimal effect on platelets,
rescuing the compound from on-target and dose-limiting toxicity
(93). This approach also provides the potential to convert inhibi-
tors with toxic adverse effects into selective degraders by engag-
ing E3 ligases that are adequately expressed in the cells involved
in diseases rather than in normal cells. DT2216 is currently under
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investigation in clinical trials for the treatment of relapsed or
refractory solid tumors and hematological malignancies.

In addition to the compounds introduced above, several other
heterobifunctional degraders are currently undergoing clinical evalu-
ation, highlighting the potential of this modality in drug development.

Polymerization-induced degradation. Induced polymeriza-
tion-dependent degradation offers an alternative mechanism for
achieving small molecule-induced protein degradation, as exem-
plified by the case of BCL6. BCL6 is a master regulator of germinal
center B cells and a critical oncogene in non-Hodgkin’s lympho-
mas (94, 95). In 2017, a series of highly structurally similar BCL6
inhibitors was developed, including BI-3802, which induced prote-
asomal degradation of BCL6 (96). Further investigation revealed
a novel and unexpected mechanism of degradation in which the
small molecule induces polymerization and subsequent ubiquiti-
nation and degradation of BCL6 (97). Upon binding of BI-3802 to
the BTB domain of BCL6, the solvent-exposed hydrophobic moi-
ety of BI-3802 induces interaction with the BTB domain of anoth-
er BCL6 protein. Due to the symmetry of BCL6, BI-3802 induces
bidirectional polymerization of BCL6, leading to the formation of
higher-order assembly of an elongated, helical polymer of BCL6.
In theory, this process could be iterated and result in the formation
of an infinite polymer chain. BCL6 is an endogenous substrate of
SIAH1 E3 ligase, and as polymerization occurs, SIAH1 is recruited
more efficiently to the polymerized BCL6. This leads to enhanced
SIAH1-dependent ubiquitination of BCL6, ultimately resulting in
degradation of BCL6. Degradation of BCL6 promotes significant
induction of expression of BCL6-repressed genes and antiprolifer-
ative effects BCL6-dependent lymphoma cell lines (96).

Another example of drug-induced polymerization is arse-
nic trioxide (ATO), which is approved for the treatment of acute
promyelocytic leukemia (APL) in combination with all-trans ret-
inoic acid (ATRA). The therapeutic efficacy of ATO is attributed
to its induced degradation effect of the promyelocytic leukemia-
retinoic acid receptor o (PML-RARA) oncogenic fusion protein,
thereby relieving the block in myeloid differentiation of leuke-
mic cells (98). Mechanistically, ATO binds to cysteine residues in
zinc fingers of the PML protein, leading to polymerization of both
PML and the PML-RARA fusion protein (99). Polymerized PML
increases interaction with the small ubiquitin-like protein modi-
fier-conjugating (SUMO-conjugating) enzyme UBCY, resulting in
increased SUMOylation of PML. This SUMOylation recruits the
SUMO-dependent E3 ligase RNF4 to PML, triggering its ubiquiti-
nation and subsequent degradation (100). The unique mode of
action described above, wherein the degrader only interacts with
the target protein and does not make any direct contact with the
involved E3 ligase, results in exceptional specificity by preventing
the undesired induction of neosubstrate targeting.

Ligand-induced degradation of cognate nuclear hormone recep-
tors. Nuclear hormone receptors (NHRs) constitute a family of
ligand-regulated transcription factors that play a crucial role
in regulating a spectrum of biological processes ranging from
embryonic development to cellular differentiation, reproduction,
immunity, and metabolism (101-103). In response to ligands,
NHRs alter transcriptional programs and, in many cases, are sub-
sequently degraded via the ubiquitin-proteasome system (104),
including thyroid hormone receptor (105), progesterone receptor
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(106), ER (107), glucocorticoid receptor (GR) (108), and PPARy
(109). NHRs share a modular structural organization composed
of a flexible N-terminal domain, a highly conserved zinc finger
DNA-binding domain, and a C-terminal ligand-binding domain
whose ligand-dependent conformational state mediates binding
of transcriptional coregulators (110). UBR5, a HECT-domain E3
ligase, degrades several NHRs in response to ligands through rec-
ognition of a degron within the ligand-exposed hydrophobic cleft
of the C-terminal ligand-binding domain. Transcriptional coact-
ivators, including members of the nuclear receptor coactivator
(NCOA) family, bind the same ligand-exposed cleft as UBRS5, thus
coupling receptor activation with its subsequent degradation (111).

NHRs are widely targeted, as demonstrated by the abundance
of small molecules targeting ER (112), AR (113), RARA (114), GR
(115), PPARYy (116), and FXR (117, 118). SERDs include fulvestrant
and elacestrant, both of which are FDA approved for the treat-
ment of ER-positive breast cancer. The mechanism of SERD-me-
diated degradation depends on the chemical moieties present
within the compound. SERDs with acrylic acid side chains induce
UBR5-mediated degradation, while SERDs with basic amino
side chains employ a distinct E3 ligase, RNF111 (111). Given the
success of SERDs in clinics, there have been analogous efforts to
develop selective androgen receptor degraders to address andro-
gen antagonist resistance in prostate cancers (119). Retinoids,
including ATRA, are a mainstay treatment for APL, inducing deg-
radation of the fusion protein, PML-RARA (104). Importantly,
degradation of the fusion protein is required for the therapeutic
effect of retinoids in APL (120).

Disruption of protein interactions. Protein degradation can
also be triggered by disrupting existing protein interactions with
small molecules, exposing a natural degron for an E3 ligase.
For example, HSP90 is a molecular chaperone protein that
cooperates with HSP70 and other cochaperones to facilitate
ATP-dependent refolding of a breadth of denatured client pro-
teins. Inhibitors of HSP90 decrease the association of HSP90
with client proteins, disrupting folding, leading to proteasomal
degradation (121, 122). The utility of HSP9O0 inhibition as a spe-
cific degrader therapeutic is limited, given the large number of
HSP9O0 client proteins. In addition to direct HSP90 inhibition,
several kinase inhibitors block recruitment of HSP90 and its
cochaperone CDC37, thereby promoting misfolding and subse-
quent degradation (123, 124).

Small molecules that disrupt a native protein complex can
promote exposure of protein surfaces with otherwise concealed
degrons. For example, menin functions as a scaffolding cofactor
for the histone methyltransferase MLL, which plays a critical role
in the regulation of MLL-rearranged leukemia (125). Menin inhibi-
tors disrupt the menin/MLL interaction, rendering menin suscep-
tible to recruitment of an E3 ligase (126). Similarly, EZH2, a mem-
ber of the PRC2 complex can undergo degradation upon treatment
with an EZH2 inhibitor. Binding of the inhibitor to EZH2 results in
its dissociation from the PRC2 complex, facilitating its recognition
by CHIP and subsequent proteasomal degradation (127).

Therapeutic targeting of endogenous induced protein degradation
mechanisms. Insights into the mechanisms governing endogenous
protein degradation present opportunities for pharmacological
intervention. Several cell state changes rely on the inducible activ-
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ity of the ubiquitin proteasome system, such as response to hypox-
ia (128), oxidative stress (129), and nutrient levels (130), providing
opportunities for therapeutics.

Hypoxia-inducible factor 1 o (HIFla) is a transcription factor
that plays a crucial role in cellular adaptation to low oxygen levels.
Under normoxia, specific proline residues of HIF1a are hydroxylated
by prolyl hydroxylase domain (PHD) enzymes, which are then recog-
nized by the CRL2M! E3 ligase complex, ultimately leading to deg-
radation of HIF1a (128). Elucidation of this mechanism enabled the
development of prolyl hydroxylase inhibitors that stabilize HIFla.
This, in turn, stimulates erythropoietin synthesis and provides a
therapeutic opportunity in certain forms of anemia (131).

Another inducible transcription factor, NRF2, plays a critical
role in combating oxidative insults, including those arising from
inflammation and metabolic toxicity. Under normal conditions,
NRF?2 is rapidly ubiquitinated by the CRL3**#"* E3 ligase, leading
to swift degradation by the proteasome. KEAPI, a protein-rich in
cysteine residues, is susceptible to modification and subsequent
inactivation by reactive oxygen species. During oxidative stress,
the inactivation of KEAP1 enhances NRF2 stability, enabling the
transcriptional activation of downstream survival and adaptation
programs (129, 132). There is substantial pharmacological interest
in developing NRF2 activators as a protective measure against a
variety of diseases where inflammation and oxidative stress play a
key role in pathogenesis. Many of such compounds act as electro-
philes, facilitating NRF2 activation by reacting with and inactivat-
ing KEAP1 (133). Dimethyl fumarate is a notable example that is
currently employed in clinical practice to treat relapsing-remitting
multiple sclerosis (134).

Prolyl hydroxylase inhibitors and KEAPI inactivators each act
to suppress degradative events induced by specific cell states, there-
by stabilizing downstream substrates. In addition, there may be
pharmacologic opportunities to reenforce endogenous degradation
pathways by mimicking the cell state where the ligase is active.

Concluding remarks

Recent breakthroughs in induced protein degradation have ushered
in a new era in small-molecule drug discovery, unlocking pharma-
cologic access to targets once deemed “undruggable” and mark-
edly improving the clinical landscape in several diseases. Small
molecule-mediated modulation of degradation can be achieved
through many modalities, including the direct formation of new
surfaces between substrate and E3 ligase (i.e., molecular glues, het-
erobifunctional degraders), drug-induced changes in protein state
(i.e., polymerization, degron exposure), and indirect regulation
of endogenous degradation pathways (Figure 3). The potential of
this new era is only just beginning to unfold, with new strategies to
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induce protein degradation for an expanding repertoire of recently
identified and highly promising novel drug targets.

Historically, the discovery of small-molecule degraders has large-
ly been serendipitous. However, with the conceptual framework of
induced protein degradation and an improved understanding of the
underlying mechanisms, the identification of small-molecule degrad-
ersis gaining momentum. This acceleration has been fueled by parallel
advances in several fields, most notably in proteomics, genetic screen-
ing, biochemical assays, and structural biology. Quantitative proteom-
ics has contributed substantially to this acceleration by enabling evalu-
ation of the specificity of degrader molecules across the proteome, and
genetic screening technologies have elucidated multiple mechanisms
of induced protein degradation. Biochemical assays to evaluate induc-
ible protein interaction, such as time-resolved fluorescence assays,
can rigorously characterize small molecule-induced ternary complex
formation. In addition to the progress in structural biology using cryo-
electron microscopy, advances in artificial intelligence-based protein
structure prediction tools could provide an opportunity to mine for
degrader molecules computationally. Continued technological prog-
ress in these areas and others promises to unveil new and intriguing
findings related to protein degradation, laying the groundwork for the
rational design of degrader therapeutics.

Several exciting new possibilities for pharmacological inter-
vention have emerged from the field of proximity-induced tar-
geted protein degradation. The concept of protein degradation
induced by neomorphic protein-protein interactions has inspired
a broader field of induced-proximity modulators. Recently, sever-
al induced proximity-driven approaches have been reported, such
as deubiquitinase-targeting chimeras (135), lysosome-targeting
chimeras (136), phosphorylation-inducing small molecules (137),
tricomplex inhibitors of KRas (138), and more (139).

In summary, the field of induced protein degradation has
made meaningful progress, but opportunities are only beginning
to be explored to harness a wider range of E3 ligases, identify new
small-molecule degraders, and explore alternative mechanisms
for induced protein degradation. These efforts, coupled with the
advancement of induced proximity-driven pharmacology beyond
degradation, offer the potential to expand the druggability of pre-
viously intractable disease-modifying protein targets.
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