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ABSTRACT

Targeted protein degradation has emerged as a transformative pharmacological approach that exploits the ubiquitin-
proteasome system to eliminate disease-relevant proteins rather than merely inhibiting their function. Two principal
classes of degraders have advanced rapidly: proteolysis-targeting chimeras (PROTACs) and molecular glues. PROTACs
are heterobifunctional molecules that simultaneously bind a target protein and an E3 ubiquitin ligase, inducing
proximity-dependent ubiquitination and subsequent proteasomal degradation. Molecular glues, by contrast, are small
molecules that modify the surface of an E3 ligase or target protein to promote or enhance protein-protein interactions
leading to degradation. This review critically examines the design, mechanism, and clinical progress of PROTACs and
molecular glues through early 2024. Key PROTAC programs targeting the estrogen receptor, androgen receptor,
Bruton’s tyrosine kinase, and other oncogenic drivers have entered clinical trials, with early data demonstrating
degradation and preliminary efficacy. Molecular glues, exemplified by the immunomodulatory imide drugs thalidomide,
lenalidomide, and pomalidomide, have validated the clinical potential of induced proximity, and next-generation glues
targeting additional ligases and substrates are in development. Challenges include oral bioavailability, permeability,
selectivity, acquired resistance, and the need for robust biomarkers of target engagement and degradation. Future
directions include expanding the repertoire of E3 ligases, improving tissue selectivity, and applying degradation to
previously undruggable proteins. Overall, targeted protein degradation represents a paradigm shift in drug discovery,
with the potential to address therapeutic targets beyond the reach of conventional inhibitors.
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1 INTRODUCTION

Traditional small-molecule drugs and monoclonal antibodies typically function by binding to a target protein and
inhibiting its activity. However, many disease-relevant proteins, including transcription factors, scaffolding proteins,
and proteins with multiple functions, lack suitable binding pockets or are not amenable to inhibition alone. Targeted
protein degradation offers an alternative approach by redirecting the ubiquitin-proteasome system to selectively
eliminate a protein of interest. This strategy can remove the entire protein, including its scaffolding and enzymatic
functions, potentially yielding more profound and sustained biological effects than inhibition.
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Proteolysis-targeting chimeras (PROTACSs) are heterobifunctional molecules composed of a target-binding ligand, an E3
ligase ligand, and a linker. By bringing the target protein into proximity with an E3 ligase, PROTACs facilitate the transfer
of ubiquitin to the target, marking it for proteasomal degradation. The first PROTACs were reported in 2001, but it was
not until the development of small-molecule E3 ligase ligands, such as those for von Hippel-Lindau and cereblon, that
the field accelerated. Molecular glues, in contrast, are monovalent small molecules that stabilize or induce interactions
between an E3 ligase and a target protein. The thalidomide analogs lenalidomide and pomalidomide are the best-known
molecular glues, redirecting cereblon to degrade transcription factors IKZF1 and IKZF3, which accounts for their
efficacy in multiple myeloma.

This review examines the current state of PROTACs and molecular glues, focusing on design principles, mechanisms,
clinical progress through early 2024, and the challenges that must be addressed for broader therapeutic application.

2 THE UBIQUITIN-PROTEASOME SYSTEM AND INDUCED PROXIMITY

The ubiquitin-proteasome system is the primary pathway for selective protein degradation in eukaryotic cells. Proteins
destined for degradation are tagged with polyubiquitin chains, which are recognized by the 26S proteasome.
Ubiquitination involves three enzymes: E1 (ubiquitin-activating), E2 (ubiquitin-conjugating), and E3 (ubiquitin ligase).
E3 ligases confer substrate specificity by binding both the E2-ubiquitin complex and the substrate. There are over 600
E3 ligases in humans, but only a handful have been exploited for targeted protein degradation, including cereblon, von
Hippel-Lindau, MDM2, and IAPs.

The concept of induced proximity underpins both PROTACs and molecular glues. PROTACs simultaneously engage the
target and an E3 ligase, forming a ternary complex. This complex is stabilized by favorable protein-protein interactions,
and the target is ubiquitinated on surface lysines. Because PROTACs act catalytically—releasing the target after
ubiquitination and engaging another molecule—they can achieve degradation at substoichiometric concentrations. The
efficiency of degradation depends on the cooperativity of ternary complex formation, the surface lysine availability, and
the orientation of the ubiquitin transfer.

Molecular glues bind to a single protein, often the E3 ligase, and create a new surface that recruits a neosubstrate. They
do not require a binding pocket on the target and can degrade proteins considered undruggable by conventional
occupancy-based inhibitors. The immunomodulatory imide drugs bind to cereblon and induce degradation of IKZF1
and IKZF3, which are transcription factors without enzymatic activity. This mechanism was discovered retrospectively
after lenalidomide’s clinical use.

3 PROTACDESIGN AND OPTIMIZATION

3.1 Components of PROTACs

A PROTAC consists of three parts: a ligand for the target protein, a ligand for an E3 ligase, and a linker. Target ligands
are often derived from known inhibitors, but they need not be potent inhibitors—only binders—since degradation
rather than inhibition is the goal. E3 ligase ligands include small molecules for von Hippel-Lindau (VHL), cereblon
(thalidomide analogs), MDM2 (nutlin derivatives), and IAP (smac mimetics). The linker connects the two ligands and
must be optimized for length, rigidity, and chemical composition to maximize ternary complex formation and minimize
steric clashes.

3.2 Properties and Challenges

Early PROTACs were large (molecular weight > 1000 Da) and had poor cell permeability and oral bioavailability, limiting
their drug-likeness. The development of smaller, more rigid linkers and the use of cereblon-based ligands (which are
more drug-like) have improved properties. However, PROTACs still often violate Lipinski’s rules and face challenges in
achieving systemic exposure after oral administration. Medicinal chemists have made progress by optimizing linker
composition (e.g., incorporating piperazine, triazole, or macrocyclic elements) and by using structure-based design
informed by ternary complex crystal structures.

3.3 Selectivity and Off-Target Degradation

Because PROTACs can degrade proteins that are not the intended target if they form stable ternary complexes,
selectivity must be carefully characterized. Proteomics approaches, such as mass spectrometry-based degradation
profiling, are used to identify unintended degradation events. The choice of target ligand and linker can influence
selectivity, and the development of covalent or mutant-selective PROTACs is an active area.
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4 MOLECULAR GLUES: MECHANISMS AND DESIGN

4.1 Cereblon Modulators

Cereblon is a component of the CRL4*CRBN E3 ubiquitin ligase complex. Thalidomide, lenalidomide, and pomalidomide
bind to cereblon and alter its substrate specificity, leading to degradation of IKZF1 and IKZF3. This accounts for their
anti-myeloma and immunomodulatory activity. Structural studies revealed that these drugs occupy a shallow pocket in
cereblon and create a new binding surface that recruits the zinc finger transcription factors. This discovery has inspired
the search for novel cereblon modulators with different neosubstrate profiles.

4.2 Beyond Cereblon: Other E3 Ligases

Molecular glues that recruit other E3 ligases are being developed. Examples include aryl sulfonamides that stabilize the
interaction between DCAF15 and the splicing factor RBM39, leading to RBM39 degradation, and compounds that target
DCAF11 or DDB1. The discovery of new molecular glues often relies on phenotypic screening followed by target
deconvolution, as rational design is challenging due to the subtle nature of induced interactions. Advances in chemical
proteomics and high-throughput screening have accelerated the identification of novel glues.

4.3 Advantages and Limitations

Molecular glues are generally smaller and more drug-like than PROTACs, with better oral bioavailability and
pharmacokinetic properties. They can degrade proteins lacking conventional ligand-binding pockets. However, rational
design is difficult because the interactions are often low-affinity and context-dependent. The discovery of new glues has
been largely serendipitous, and predicting neosubstrates remains a major challenge.

5 CLINICAL PROGRESS OF PROTACS

5.1 Androgen Receptor Degraders

ARV-110 (bavdegalutamide) is an oral PROTAC targeting the androgen receptor. It was the first PROTAC to enter clinical
trials. Phase 1/2 data in metastatic castration-resistant prostate cancer showed declines in prostate-specific antigen
and evidence of androgen receptor degradation. However, responses were modest, and the program was discontinued
in 2023 due to strategic prioritization. ARV-766, a next-generation androgen receptor PROTAC, is being evaluated with
promising early results. These programs provide important proof of concept for oral PROTAC delivery and clinical
degradation.

5.2 Estrogen Receptor Degraders

ARV-471 (vepdegestrant) is an oral PROTAC targeting the estrogen receptor. Phase 1/2 trials in heavily pretreated
ER+/HER2- breast cancer demonstrated degradation of the estrogen receptor and clinical benefit, including partial
responses. A phase 3 trial comparing vepdegestrant to fulvestrant was initiated, and combinations with CDK4/6
inhibitors are being explored. This program represents the most advanced PROTAC in clinical development.

5.3 Bruton’s Tyrosine Kinase Degraders

PROTACs targeting BTK, such as NX-2127 and BGB-16673, are being evaluated in B-cell malignancies, including chronic
lymphocytic leukemia and mantle cell lymphoma. BTK degraders may overcome resistance mutations (e.g., C481S) that
limit covalent BTK inhibitors. Early clinical data have shown degradation of BTK and clinical responses, including in
patients with prior BTK inhibitor therapy.

5.4  Other Targets

Additional PROTACs in early clinical trials target IRAK4, STAT3, BRD9, and mutant KRAS. These programs are exploring
degradation of transcription factors and other challenging targets. While most are phase 1, they demonstrate the
broadening scope of degradation-based therapies.

6 CLINICAL PROGRESS OF MOLECULAR GLUES

The immunomodulatory imide drugs lenalidomide, pomalidomide, and thalidomide are approved for multiple
myeloma, myelodysplastic syndromes, and other conditions. Their mechanism as molecular glues was recognized after
approval. Next-generation cereblon modulators with distinct neosubstrate profiles are in clinical development,
including iberdomide and mezigdomide, which are more potent degraders of IKZF1/IKZF3 and are being evaluated in
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relapsed or refractory multiple myeloma. These agents may overcome resistance to lenalidomide and provide deeper
responses.

Beyond cereblon, molecular glues targeting other E3 ligases are in early clinical testing. For example, RMC-4630, a SHP2
inhibitor, is not a glue, but compounds like indisulam (an aryl sulfonamide) that degrade RBM39 via DCAF15 have been
studied clinically, although development has been challenging. Newer glues are emerging from screening platforms.

7 CHALLENGES AND LIMITATIONS

7.1  Oral Bioavailability and Permeability

PROTACs are typically larger and more polar than conventional small molecules, leading to poor oral absorption and
limited brain penetration. Optimization of physicochemical properties is essential. Some PROTACs have achieved
sufficient oral exposure, but this remains a hurdle for many targets.

7.2  Selectivity and Off-Target Effects

Both PROTACs and molecular glues can induce unintended protein degradation. Cereblon modulators can degrade
multiple neosubstrates, leading to pleiotropic effects. Rigorous proteomic profiling is required to assess selectivity.
Tissue-specific E3 ligases may improve targeting, but most current ligases are ubiquitously expressed.

7.3 Resistance

Resistance to degraders can occur through mutations in the target protein that reduce ternary complex formation,
upregulation of drug efflux pumps, or alterations in the ubiquitin-proteasome system. In multiple myeloma, resistance
to lenalidomide involves cereblon mutations, target downregulation, or pathways bypassing IKZF degradation.
Combination strategies and next-generation degraders may overcome resistance.

7.4 Safety and Toxicities

Degradation of essential proteins or off-target degradation can cause toxicities. For example, cereblon modulators can
cause neutropenia and teratogenicity. On-target degradation of proteins with critical functions in normal tissues
requires careful therapeutic windows. Long-term safety data are needed.

7.5 Biomarkers and Pharmacodynamics

Assessing target engagement and degradation in patients is challenging. Peripheral blood mononuclear cells or tumor
biopsies are used, but tissue-specific degradation may not be reflected. Development of positron emission tomography
tracers or mass spectrometry-based assays will aid dose selection and response prediction.

8 FUTURE PERSPECTIVES

The field of targeted protein degradation is expanding rapidly. Future directions include:

e Expanding the E3 ligase repertoire: Only a handful of the >600 human E3 ligases have been exploited. New
ligands for tissue-specific or disease-specific ligases could improve selectivity.

e Tissue-selective degradation: Engineering PROTACs with targeting moieties (e.g, antibody-PROTAC
conjugates) to deliver degraders to specific cells.

e Degrading “undruggable” targets: Transcription factors, scaffolding proteins, and aggregated proteins (e.g., tau,
alpha-synuclein) are attractive targets.

e Combination therapies: Combining degraders with inhibitors, immunotherapies, or other modalities may
enhance efficacy and overcome resistance.

e Covalent and reversible PROTACs: Covalent target engagement may improve degradation of challenging
proteins.

e C(linical translation: More phase 2/3 data are needed to establish the therapeutic index and determine where
degraders fit in treatment algorithms.

The success of ARV-471, BTK degraders, and next-generation cereblon modulators will be pivotal. If favorable, these
could validate the approach and catalyze investment in additional programs.
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CONCLUSION

PROTACs and molecular glues represent a new pharmacological paradigm that leverages the cell's own degradation
machinery to eliminate disease-relevant proteins. PROTACs have entered clinical trials with promising early data,
particularly for estrogen receptor and BTK, demonstrating that oral, systemic protein degradation is feasible. Molecular
glues, exemplified by immunomodulatory imide drugs, have already transformed multiple myeloma therapy and
continue to evolve. Challenges in drug-like properties, selectivity, resistance, and safety remain, but the potential to
address previously undruggable targets is substantial. Continued research into E3 ligase biology, ternary complex
structure, and clinical pharmacodynamics will be critical. Targeted protein degradation is poised to become a
cornerstone of modern drug discovery.
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