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SUMMARY

In the past decade, exciting therapeutic strategies to harness the ubiquitin-proteasome system (UPS) for
degradation of target proteins have emerged. Proximity-inducing modalities are at the center of these stra-
tegies and act by modulating protein-protein interactions. While we are still learning to harvest this approach,
it holds tremendous promise for developing treatments for hitherto undruggable proteins. Here, we discuss
how academic efforts and academic-industrial collaboration have advanced the development of therapeutic
modalities based on the principle of proximity induction. We make a case for forming a global academia-in-
dustry alliance to enhance access to training and expertise while accelerating innovation and translation from

ground-breaking ideas to proof of concept in the clinic.

INTRODUCTION

Proximity induction is a powerful mechanism utilizing small mol-
ecules to reprogram cellular machineries and trigger novel bio-
logical functions. The pharmaceutically best understood
outcome of proximity induction is targeted protein degradation
(TPD). TPD selectively removes disease-relevant proteins by ex-
ploiting cellular degradation systems. It relies on small molecules
to mediate protein-protein interactions between target proteins
and effectors such as E3 ligases, bringing the two in close vicinity
and altering their specificity. This mode of action provides
exciting opportunities to expand the target space beyond what
is druggable now.

Currently, the most pursued modalities in the TPD field are
proteolysis-targeting chimeras (PROTACs') and molecular glue
degraders (MGDs). PROTACs are bifunctional small molecules
that bind E3 ligase and target through separate moieties, without
the need for the two proteins to interact directly (Figure 1). In
contrast, MGDs are monovalent and act as an adhesive—they
bind, often weakly, to only one of the two partners before orches-
trating a ternary complex with the second partner and, hence,
depend on direct interactions between target and effector.
New types of proximity-modulating strategies that go beyond
traditional PROTAC and MGD principles continue to rapidly
emerge, as well as exciting applications of proximity induction
beyond degradation (Table 1).

While mechanisms for intracellular protein degradation via the
ubiquitin-proteasome system (UPS) had been known for some

time, earning the Nobel Prize for Chemistry in 2004, the ability
to hijack this system for therapeutic benefit long remained
elusive. Over the past decade, however, crucial advancements
in the development of protein degraders as therapeutic modality
have energized the TPD field. A small but rising number of clinical
trials®® highlights the advantages of PROTACs over conven-
tional inhibitors (Table 1) raising significant interest from the
pharmaceutical industry. Similar to other ground-breaking new
modalities such as mRNA therapeutics, academic scientists
have been important drivers of innovations in the field. In the
hunt for innovation, drug discovery has undergone a substantial
shift. Nowadays academic institutions play an increasingly crit-
ical role in the early phases of the value chain, with an estimated
30% of approved small-molecule entities having been devel-
oped with contributions of academic scientists or through com-
panies founded by publicly funded academic inventors.” The
challenge remains; however, how academic discoveries can
be best translated into patient benefit.

Discoveries from the TPD community have highlighted the po-
tential for fruitful collaboration between academia and industry
to de-risk and push forward this promising therapeutic modality.
This exemplifies how academia and industry can leverage their
respective strengths and acknowledge each other’s limitations,
while advancing new therapeutic strategies and tackling global
challenges. For both PROTACs and MGDs, significant concerns
were voiced early on with respect to their broad clinical applica-
bility. For PROTACs, these were mainly related to physicochem-
ical properties and high molecular weight. For MGDs, doubts
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Figure 1. Mechanism of action of PROTACs and MGDs
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Both modalities form a ternary complex with target protein and an E3 ligase that initiates target protein ubiquitination, followed by proteasomal degradation

(created with elements from BioRender.com/auxdzv5).

were raised if the success of clinical-stage glue degraders—all
identified by serendipity —could be repeated by rational discov-
ery strategies. De-risking and proving principles for TPD has
relied largely on academic efforts, helping to boost it as a prom-
ising mode of action.

EVOLVING WORLD OF PROTACs: FROM CONCEPT
TO DRUG

In 1999, a patent proposed the idea that a bifunctional small mole-
cule might allow recruitment of a protein to the UPS to trigger tar-
geted degradation.® In 2001, this idea was put into first practice
through a bifunctional molecule named “PROTAC,” comprising
a high-affinity covalent ligand for MetAP-2, joined via a linear
linker to a peptide binder of the SCF* TP E3 ligase.® This
PROTAC mediated ubiquitination of MetAP-2 in vitro and in Xen-
opus laevis eggs.® This and other early PROTACs, while providing
proof of concept, were peptidic in nature and had poor drug-like
properties, limiting their further development. It took another
decade until much smaller, high-affinity, and highly specific
small-molecule ligands to von Hippel-Lindau (VHL)” and a second
ES3 ligase, the Cullin4 RING component cereblon (CRBN) were

Table 1. Advantages of PROTACs and MGDs over conventional
small-molecule inhibitors

Catalytic mechanism of action (sub-stoichiometric amounts needed,
lower doses, potentially lower toxicity)

Targeted degradation of disease-relevant target proteins rather than
transient inhibition (prolonged biologic effect, potentially lower doses
needed)

No high affinity binding needed (especially for MGDs)

Dual layer of specificity (PROTACS)

Tissue specificity may be achieved by utilizing tissue-specific E3
ligases

Applicable to the undruggable proteins lacking accessible
binding sites

Less sensible to point mutations causing resistance mechanisms

developed.®® These E3 ligands enabled design of significantly
improved PROTAC molecules with respect to degradation po-
tency, speed, and selectivity profiles. Four papers published in
spring of 2015 document the ground-breaking nature of this
advancement'®"'® and testify the early roots of academic-indus-
trial collaboration in this field: while many early efforts were purely
academic driven, one involved Arvinas, a biotech spin-out of Yale
University, others a collaboration between GSK, Cellzome, Arvi-
nas, Novartis, and academic institutions. As a news article
stated—it was “prime time for PROTACs.”*

The PROTAC field has since continued to advance at a fast
pace, with major innovations coming from both academia and in-
dustry. An ever-increasing number of intracellular target proteins
have been degraded with PROTACs, and compounds are
currently tested in clinical trials for cancer and other indications.
Diverse discovery chemistry approaches are pursued, from
rational design approaches based on structure'® to automated
chemical synthesis and high-throughput screening of
PROTACs directly in cells in a “direct-to-biology” strategy.'®
Chemistry creativity has expanded functionality to trivalent
PROTACs and beyond,'” macrocyclization,'® light-activation,'®
and other pro-drug strategies,”° covalency at the E3 ligase and
target side,”’**” and conjugation of degraders as cytotoxic
payload for degrader-antibody conjugates (DACs).”® Structural
and mechanistic understanding of PROTAC function has
exploded from pioneering crystallographic studies of VHL-/
CRBN-based ternary complexes®**® to more recent cryoelec-
tron microscopy (cryo-EM) studies involving whole CRL com-
plexes engaged with both target protein and E2-conjugating en-
zymes captured in the process of ubiquitin transfer.?®*” Several
advantages of PROTACs over inhibitors arise from their unique
proximity-inducing mechanism (Table 1).

To degrade hitherto inaccessible targets, PROTAC-recruitable
protein fusion tags for inducible degron strategies were devel-
oped, such as dTAG?® and BromoTag,”® that enable a fast prob-
ing of protein’s biological function and are widely used for
biomedical research in cell lines and in vivo. As the target space
expanded, bio-PROTACs and related protein-based ap-
proaches have allowed the recruitment of different E3 ligases.*°
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The expansion of the clinically relevant E3 ligase space is,
however, one of the big challenges in the field. More than 600
E3 ligases exist, yet the structure, dynamic regulation, and func-
tion of most remain largely uncharacterized. Major efforts have
been directed toward the design of novel E3 ligase ligands,’
albeit to date these efforts have led to only a few effective
PROTAC degraders.®*** All current PROTACs in the clinic where
the ES ligase is known are either CRBN or VHL based, as are
most active molecules reported in literature. Considering that
several companies have not disclosed the E3 ligases recruited
by their compounds, this may soon change. E3 ligase abun-
dance in target tissue is of course a prerequisite for degrader ef-
ficacy. At the same time, tissue-specific expression of yet unex-
ploited E3 ligases holds potential for fewer side effects. Mapping
the human E3 ligome is an ongoing, time intensive, and complex
effort largely performed in academic laboratories. Industrial-ac-
ademic partnerships in this area could substantially accelerate
the speed of translating this knowledge into innovation in drug
development pipelines.

Despite all voiced concerns, PROTACs have been optimized
and shown to be orally bioavailable and efficacious, from animal
models to human patients, and to penetrate and be active in the
central nervous system (CNS) and in the brain.** As PROTACs
need to bind both E3 ligase and target protein, their rise has re-
ignited efforts to discover novel small-molecule-binding ligands
for proteins, including biophysical fragment/ligand screening,*®
fragment profiling in intact cells,*® and DNA-encoded library
(DEL) screening.®” In summary, the PROTAC field remains bright
and wide open for innovation in many aspects from fundamental
understanding of their mechanisms to advancing their design,
development, and delivery as transformative medicines.

MGDs: FROM SERENDIPITY TO INTELLIGENT HUNTING
AND DESIGN

While the term “molecular glue” was coined in the early 1990s,
referring to microbial macrolides (such as FK506, cyclosporin,
and rapamycin),® the mechanism of MGDs was first discovered
through studies on the phytohormone auxin that regulates gene
expression by mediating degradation of transcriptional re-
pressors.*°

The entire concept gained pharmaceutical relevance when the
biological mechanism of thalidomide and analogs (IMiDs, immu-
nomodulatory imide drugs) was revealed —long after the first use
of IMiDs in humans. Seminal, academic-led studies first uncov-
ered that thalidomide targets E3 ligase component CRBN,®
followed by showing that IMIiD binding to CRL4°"EN |eads to
ubiquitination and degradation of, among others, transcription
factors IKZF1/3, rather than inhibition of CRBN.®%4%4! Thijs
was followed by studies that provided structural insights and first
evidence of a broad scope of potential neosubstrates.*” In par-
allel, some aryl sulfonamides, such as indisulam, were found to
hijack CRL4P®AF15 and degrade the splicing factor RBM39.%%44
Together these findings hinted at MGDs being more frequent
than initially thought. Importantly, these first MGDs, whether nat-
ural or synthetic, shared appealing features such as the degra-
dation of some target proteins without binding pockets and the
lack of affinity for at least one of the two proteins involved. In
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addition, IMiDs’ long-standing clinical success in treating blood
cancers already validated the therapeutic potential of glue-medi-
ated degradation strategies. Yet, it remained unclear if MGDs
could be discovered by rational approaches.

Proof of principle for rationally tuning degradation specificity
by adapting the glue compound emerged from CRL4CREN and
its degradation of diverse zinc-finger substrates, ultimately
paving the way for development of compounds that specifically
caused IKZF2 degradation.*>*® Subsequent approaches illus-
trated that MGDs are not only discovered fortuitously.*”**® For
example, in 2019 biochemical screening was coupled with struc-
ture-based optimization to find MGDs that restore the interaction
of CRL1PTRCP with mutant p-catenin.*® Soon after, other studies
reported the discovery of structurally different cyclin K (CycK)
MGDs.?°*? In 2021, new CRBN-based MGDs were rationally
discovered by positive selection screens to identify degraders
of IKZF1.%®

Molecular understanding of IMiDs and aryl sulfonamides
raised the question whether other E3 ligases could be recruited
via MGDs. A Novartis Biomedical Research team explored
whether known VHL ligands harbor MGD potential.>* This led
to the surprising finding that a complex of VHL, Elongin B, and
Elongin C (VBC) could be glued to the protein cysteine dioxyge-
nase 1 (CDO1) in a compound-dependent manner. Other ap-
proaches successfully explored dynamic tracing of ligase abun-
dance® or cell morphological profiling®® for MGD discovery. It is
noteworthy that these initial proof-of-concept experiments al-
lowed to parse fundamental insights in ligase regulation into
high-throughput assay formats without focusing on a predefined
target space.

We have seen innovation in target-focused MGD discovery
approaches, which is an area driven so far largely by industrial-
academic collaborations between Broad/Harvard scientists
and Novartis Biomedical Research. Leveraging the power of
DEL selections, cooperative, VHL-dependent degraders of
BRD4 and BRD9 could be identified.””°® These compounds
structurally resembled more closely PROTACs than conven-
tional MGDs. What remains to be seen is how much additional
chemical optimization will be required in ensuing hit-to-lead
campaigns and to which extent the relatively high molecular
weight of these compounds can be reduced. Another strategy
for target-centric MGD discovery is to generate chemical deriv-
atives of target binders (warheads), thereby chemically adapting
to the surface topology of the target protein. This has led to
novel, highly cooperative degraders of the gene control factor
ENL.°° Some parts of the molecule that form the covalent anchor
and extrude from the binding pocket appear to be transferrable
and can be grafted onto a suite of structurally varied inhibitors
with retained target degradation potency.®*"

In addition to focused strategies for identifying MGD candi-
dates, mechanistic studies of serendipitously identified de-
graders have often revealed unanticipated and differentiated
molecular mechanisms of action. The BCL6 degrader BI-
3802°? was shown to function through drug-induced polymeri-
zation of BCLS6 into filaments, thereby facilitating their degrada-
tion by the E3 ligase SIAH1.5° The monovalent BRD2/4 degrader
GNE-0011,°" a propargyl-amine analog of BET inhibitor JQ1,
and later-designed MMH1 and MMH2 analogs, were shown to
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Table 2. Proximity-inducing modalities that reprogram distinct cellular machinery to achieve a broad range of biological outcomes

Recruited effectors Modalities

Targets

Reprogrammed

mechanisms Biological effect

ES3 ubiquitin ligase proteolysis-targeting chimera (PROTAC)
molecular glue degrader (MGD)
degrader-antibody conjugate (DAC)
molecular glue-antibody conjugate (MAC)*°

Deubiquitinase deubiquitinase-targeting chimera

(DUBTAC)

intracellular proteins

intracellular proteins

ubiquitination degradation

deubiquitination stabilization

Kinase phosphorylation-inducing chimeric small intracellular proteins phosphorylation modulation of

molecule (PHICS)"® signaling
pathways

Phosphatase phosphorylation-targeting chimera intracellular proteins dephosphorylation modulation of
(PhosTAC)"" signaling
phosphatase-recruiting chimera (PhoRC)"? pathways
affinity-directed phosphatase
(AdPhosphatase)”®

Histone acetylation-targeting chimera (AceTAC)"* intracellular proteins acetylation gene regulation

acetyltransferase

Lysine acetylation tagging system (AceTAG)"®

acetyltransferase

Lysosomal-targeting  lysosome-targeting chimera (LYTAC)

extracellular proteins

lysosomal trafficking/  degradation

receptors (LTRs) endocytosis
LC3/GABARAP autophagy-targeting chimera (AUTAC) intracellular proteins or  autophagy degradation
autophagosome-tethering compounds organelles
(ATTECs)
Cell surface/ proteolysis-targeting antibody (PROTAB) membrane-associated ubiquitination degradation
membrane- proteins
bound ES3 ligases
Transcription transcriptional/epigenetic chemical epigenetic modifiers localization cell death signaling
factors or inducers of proximity (TCIPs)
cancer drivers
Diverse small-molecule-nanobody conjugate intracellular proteins/ dimerization relocation, signaling,

inducer of proximity (SNACIP)

structures

transport, ferroptosis

leverage the surface complementarity between BRD2/4 and the
E3 ligase DCAF16 to covalently cross-react and consequently
induce BRD2/4 degradation.®® This approach of “template-as-
sisted covalency” could be expanded to stabilize and function-
alize additional interactions between targets and E3 ligases
where an underpinning surface complementarity is given, but
where interactions are too transient to cause target ubiquitina-
tion in absence of the compound.®® A complementary strategy
to leverage such intrinsic protein-E3 ligase interactions is via in-
tramolecular bivalent glues (IBGs),®” which function by bridging
two domains of the target protein in cis, thereby nucleating a
basal E3 ligase interaction. The common denominator of these
studies is that they frequently rely on integrating unbiased ap-
proaches, such as genome-scale CRISPR screens, with focused
biochemical reconstitutions and structural and biophysical in-
vestigations of the underlying ternary complex.

In summary, MGDs remain a vibrant and expanding arena for
innovation, extending from basic molecular insights to the
development of transformative medical treatments. Yet, the
challenge to design MGDs tailored for specific targets remain
at the cutting edge of the field, with this clearly being an area

where early-stage academic-industrial collaborations will be
highly synergistic.

NEW MODALITIES OF INDUCED PROXIMITY

In recent years, several strategies for direct-to-proteasome de-
graders have emerged. A study from Genentech suggested a
hitherto unknown TDP mechanism involving direct recruitment
of target proteins to the 26S proteasome without requiring E3
ligase-dependent ubiquitination.®® An improved understanding
of the fundamental regulation of the 26S proteasome will
advance direct degradation concepts that “cut out the middle
man.” Rapid benchmarking of this and other emerging modal-
ities again offers exciting opportunities for joint industrial-aca-
demic collaborations.

Expanding the concept of proximity induction beyond TPD,
other modalities have emerged that recruit different types
of enzymes to a target protein, thereby achieving other defined
biological outcomes, tailored to specific therapeutic needs
(Table 2). They could, for example, enhance protein levels
and/or activity, or modulate other post-translational protein
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modifications (PTMs). Moreover, innovative proximity-inducing
approaches allow for targeting protein populations such as
extracellular and cell surface proteins, thereby further expanding
the therapeutic scope.

A team from UC Berkeley and Novartis Biomedical Research
published deubiquitinase-targeting chimeras (DUBTACs) as a
strategy designed to selectively stabilize proteins by harnessing
the cell’s deubiquitination machinery.”® DUBTACs function simi-
larly to PROTACS, but recruit a deubiquitinase instead of an E3
ligase. By removing ubiquitin chains from targeted proteins,
DUBTACSs help prevent their degradation, making the approach
particularly useful in diseases where protein loss or dysfunction
is a factor.””""®

While PROTACs and DUBTACs modulate the ubiquitination
and thus stability of target proteins, other strategies have
emerged to manipulate PTMs such as phosphorylation or acet-
ylation of proteins, thereby potentially altering protein activation
status transiently and precisely control target protein activity,
influencing critical cellular processes such as apoptosis or pro-
liferation (Table 2). Similarly, small molecule-nanobody conju-
gate inducers of proximity (SNACIPs) have been developed to
redirect specific endogenous proteins to a desired intracellular
location”® and transcriptional/epigenetic chemical inducers of
proximity (TCIPs) to (re-)direct endogenous transcriptional regu-
lators, such as transcriptional kinases or transcription factors, to
therapeutic target genes.®®®" Such approaches demonstrate
the potential of induced-proximity technology for precise spatial
control over endogenous protein activity, impacting processes
such as cell division and signaling.

Targets can also be directed to the lysosome to achieve effi-
cient degradation, thereby expanding the scope beyond pro-
teins to other cellular structures. Substrates can reach the lyso-
somes by endocytosis or autophagy—both pathways are
exploited for proximity-induced degradation. For example, lyso-
some-targeting chimeras (LYTACs) specifically target extracel-
lular and membrane proteins by recruiting lysosome-shuttling re-
ceptors, such as cation-independent mannose-6-phosphate
receptor (CI-M6PR) or transferrin receptor (TfR), to a target
protein facilitating its lysosomal delivery.®>®* Additionally,
LYTACs have been developed for recruiting asialoglycoprotein
receptors (ASGPRs)®® and insulin-like growth factor 2 receptors
(IGF2Rs).%°

Autophagy-targeting chimeras (AUTACSs) or autophagosome-
tethering compounds (ATTECs) harness autophagy to target
large structures like aggregated proteins, organelles, or patho-
gens to the lysosome. AUTACs label substrates with an "S-gua-
nylation" marker, promoting Lys63-linked polyubiquitination
recognized by cellular autophagy receptors, which then recruit
the autophagosome.®” On the other side, ATTEC approaches
are using LC3/GABARAP binders to induce proximity of sub-
strates to the autophagy-lysosome system leading to their
degradation).

An alternative approach for degrading proteins present in the
cell membrane is the use of proteolysis-targeting antibodies
(PROTABS), which employ hetero-bispecific chimeric antibodies
designed to connect E3 ligases with undesired cell surface pro-
teins, such as oncogenic receptors.?®° This interaction pro-
motes the oligomerization and ubiquitylation of these proteins,
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facilitating their internalization and degradation via the lysosomal
pathway. PROTABSs are not only highly specific but also effec-
tively bypass the challenge of intracellular compound delivery
and offer a method to degrade cell membrane proteins that are
considered undruggable.

Leveraging the well-established concept and modality of anti-
body-drug conjugates (ADCs), DACs take advantage of the
specificity of antibodies, coupling them with heterobifunctional
degraders.®° This targeted delivery not only minimizes collateral
damage of the cytotoxic agent to healthy cells but also can
enhance compound penetration and protein degradation in the
targeted tissue, with preclinical studies demonstrating up to a
1,000-fold improvement in efficacy and therapeutic windows.
Several DACs are progressing through clinical stages.

The major next challenge for new tools inducing proximity lays
in developing specific chemical ligands to recruit target proteins
to a chosen mediator or effector (e.g., E3 ligase, DUB, kinase,
and phosphatase) while retaining catalytic activity of the latter.

Al MEETS PROXIMITY INDUCTION

Designing heterobifunctional compounds remains challenging,
especially when aiming for oral bioavailability.”’ Therapeutic
application of PROTACs has initially been limited by issues like
poor cell permeability/uptake, suboptimal pharmacokinetics
and pharmacodynamics associated with their high molecular
weight, as well as the restricted scope of addressable targets.
However, recent advancements have addressed many of these
limitations, and numerous PROTACs now demonstrate oral effi-
cacy and even CNS/blood-brain barrier penetration, expanding
their potential for treating CNS disorders.”*> While progress
has been substantial, some challenges persist, particularly in
optimizing drug-like properties, diversifying target option, and
confirming or elucidating new bona fide mechanisms but also
regarding the identification of effectors (ligases, phosphatases,
etc.) to enhance therapeutic versatility.

Since its inception, the field of proximity induction has been
highly multi-disciplinary, involving chemical and structural
biology, biochemistry and cell biology, pharmacology and me-
dicinal chemistry, as well as computational biology. Discoveries
will continue to emerge from phenotypic cellular screens and
structural elucidations, driven by increasing insights into com-
pound-enabled protein-protein interactions. The extent to which
these are hardwired and can be reprogrammed specifically with
small-molecule compounds remains at the center of the field.
For leveraging the growing body of experimental data, however,
computational approaches are becoming more than just power-
ful acceleratory tools, with first applications for MGD discovery
already emerging by virtually mining the CRBN target space.”
Al/machine learning (ML)-driven platforms are being increasingly
applied to drug design and are thus expected to have a signifi-
cant impact on the fields of TPD and proximity induction as
well. Virtual screening efforts, in silico prioritization of E3-target
pairs, generative models for ligand design, Al and ML models in-
terpreting wet lab screening data, Al-aided ligand prediction,
and hit identification all are already accelerating discoveries.”>°”

AlphaFold2 was already successfully leveraged for com-
puter-aided design of endocytosis-triggering binding proteins
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(EndoTags).?® Within the fast-evolving landscape of computa-
tional tools such as AlphaFold3 or Boltz-2, this area is sure to
gain even more momentum.®>'% Synergy of computational
and experimental approaches is likely to play an important role
in advancing discoveries in the field. Integration of additional
large-scale datasets into multi-modal foundation models will
further refine our ability to predict actionable protein interfaces
and to design molecular glues that stabilize them for therapeutic
applications. Predicting dynamics of protein interactions, how-
ever, remains a major challenge that is at the cutting edge of cur-
rent simulation capabilities. In the future, emerging technologies
such as time-resolved cryo-EM and dynamics-informed Al may
improve the quality of these predictions. Given the wealth of
non-public structural, dynamic small-molecule data in industry,
this would be particularly fruitful area for academia/industry
collaboration.

UNITING FORCES FOR ACCELERATED TRANSLATION

Over 10 years after the pivotal disclosures of VHL- and CRBN-
based ligands for PROTACs and the glue-based mechanism of
action of IMiDs, clinical validation is well underway, and over
90 biotech and large pharma companies claim to operate in
the broad field of TPD. Looking back, academia-industry collab-
orations have tremendously accelerated the field, while an enor-
mous amount of venture funding fueled R&D efforts in emerging
companies. Academic TPD hot spots developed into vibrant
ecosystems driven by fruitful collaborations, attracting more in-
vestment to achieve the shared goal of bringing the promising
action mode into the clinic. Big biopharma deals followed rapidly
and exponentially, allowing numerous spin-out companies to
advance through clinical phases and enabling large pharmaceu-
tical companies to capitalize on the opportunity.

The strength of industrial drug discovery lies undoubtedly in its
vast experience, its professional infrastructure, the resources
available, and the high level of scrutiny ultimately needed to
get a drug to patients. It is after all typically the biopharma indus-
try that advances drugs through the clinic to the bedside. Yet,
failure rates in drug discovery are high in all phases of the preclin-
ical and clinical development process. Particularly in cases with
no existing clinical proof of concept, the risk of potential failure,
wasting precious time and resources, is a substantial threat to
any business case.

Academic research has historically been slowed down by
limited resources and the range of expertise required to drive
new modalities forward, yet it offers an important advantage
that industry usually lacks: having the freedom to explore
previously untrodden experimental avenues as well as having
the required time to pursue them. This provides a high potential
to develop disruptive ideas. Therefore, it is not surprising
that academic-industrial interests came together in many flavors
to drive the TPD field forward: by joint discovery platforms or
partnerships (e.g., between Yale/University of Cambridge/
GSK, between Boehringer Ingelheim/University of Dundee, UC
Berkeley/Novartis, Dana-Farber Cancer Institute/Deerfield man-
agement, etc.), by spinning out or reorienting previously spun-
out companies (e.g., Arvinas/Yale, Nurix Therapeutics/UCSF
and UC Berkeley/UC San Francisco, C4 Therapeutics/Harvard,
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Monte Rosa Therapeutics/Institute of Cancer Research/Cancer
Research UK, Friedrich Miescher Institute/Novartis, Proxygen/
CeMM, Amphista Therapeutics/Dundee), or by pulling heavy ac-
ademic advice into venture-funded companies (e.g., Kymera
Therapeutics, VantAl, Zenith Therapeutics, Lyterian Therapeu-
tics). While these efforts were mostly based in the US, hotspots
of academic-industrial collaboration in Europe emerged early on
in Vienna, Dundee, and Basel, and more recently Barcelona,
Frankfurt, and Lausanne came on board by accruing a critical
mass of academic expertise, infrastructure, institutional, and
third-party funding. Research efforts into TPD at these European
sites are highly complementary with a distinct focus and exper-
tise at each hub (Figure 2). A shared feature of all sites, however,
is the existence of a broad range of tightly integrated academic
disciplines needed to succeed in understanding and advancing
proximity-inducing drugs, from medicinal chemistry, structural
biology, and biophysics to biochemistry, cell biology, bioinfor-
matics, and preclinical capabilities.

The lineup of PROTACs and MGDs advancing through clinical
trials®® highlights the effectiveness and impact of these collabo-
rative ecosystems. The insights generated by academic mecha-
nistic research, e.g., on the action of IMiDs, have also helped to
better understand how undesired off-target effects can poten-
tially be addressed.'?"1%?

ESTABLISHING AN ACADEMIC-INDUSTRY ALLIANCE

Individual collaborations between scientists working at aca-
demic hubs have been highly productive in the past, proving
that the entire TPD community would benefit from tightening
the so-far loose links between the different centers. Until now,
however, there have not yet been large-scale international con-
sortia to facilitate efforts and fuel innovation in TPD and the
broader field of proximity induction. The initiation of such net-
works is a natural task of academic hubs and different highly
successful role models exist in other areas of biomedical
research. The Cancer Dependency Map (DepMap) Consortium
is a public-private partnership run by the Broad Institute (Cam-
bridge, USA) dedicated to systematically catalog cancer vulner-
abilities and providing the research community with key datasets
as well as analytical and visualization tools. Industry partners can
nominate compounds for screening and get access to the portal
for interrogating their private datasets.

EUbOpen was a public-private partnership funded under the
EU Innovative Medicines Initiative (IMI) from 2020 to 2025 with
the main objective to assemble an open access chemogenomic
compound library and establish an infrastructure to identify and
characterize chemical probes and binding ligands with a focus
on E3 ubiquitin ligases.

EU-OPENSCREEN was established as a European Research
Infrastructure Consortium (ERIC) in 2018, integrating high-ca-
pacity screening resources across nine European countries,
providing chemical biology tools and data resources for early-
stage drug discovery. For collaborations with industry, a pre-
competitive open innovation model is used. The consortium it-
self has been a partner in numerous EU-funded projects.

To fully realize the benefits of the still largely uncharted space
of proximity induction and develop needed technologies,
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Dundee, UK

EPFL

“Center of
Molecular Design
in Medicine

Lausanne, Switzerland

PROY{IDRUGS

Frankfurt am Main, Germany

The network fosters innovation in proximity in-
duction. By uniting experts in academia and
industry, it aims to accelerate translation and
connect researchers in Europe and beyond.

IRB*

BARCELONA

Barcelona, Spain

Vienna, Austria

AITHYRA

Integrated platforms for structural & mechanistic studies

Multiomics profiling & phenotype integration

Cellular uptake & carrier systems

Degrader candidate development & benchmarking

Building data resources & Al-driven approaches for proximity modulator design
Innovation hubs for academic/industrial collaborations

Pipelines for broadening the proximity modulator toolbox (MGDs, PROTACS, & beyond)

platforms, and databases, we see similar exciting opportunities
for global collaborative alliances, where academics across disci-
plines and countries join forces, together with industrial scien-
tists and founders of spin-off companies, with the purpose of
accelerating early drug discovery, technology transfer, and
educating the next generation of researchers. As outlined above,
looking back into the history of the still young field of TPD and
proximity induction, there are multiple examples supporting the
validity of such an approach. As a field, we have already
embraced many initiatives—best-practice guidelines, work-
shops, conferences, webinar series, networking groups (e.g.,
the “Women in TPD and Induced Proximity” initiative)—that
can serve as stepping stones to catalyze professional alliances.

While it is essential to maintain the established close ties within
each of the regional ecosystems, connecting academic centers
across regions opens opportunities for the expansion of the
broader field of proximity induction. Especially at early stages
of the discovery cycle, the sharing of valuable resources, infor-
mation, and expertise will deliver significant benefits to all part-
ners involved and allow for the development of innovative con-
cepts and expansion of research capabilities. For example, by
leveraging and co-developing digital and experimental platforms,
these collaborations can help promote novel drug modalities
across the field. In addition, the integration of academic insights
into the drug discovery process can be particularly valuable for
emerging drug modalities that require specialized knowledge.

Looking ahead, we envision to go far beyond our own current
efforts and engage with the broader community within and
beyond Europe. In a first step, we aspire to secure both public
and private funding to better connect our relevant centers and
interested groups.

We envision this model to unify academic strengths and
ensure that academic drug discovery remains a highly attractive

3018 Molecular Cell 85, August 21, 2025

partner. Such a multi-center network could go significantly
further in developing modalities and has the combined resources
and expertise akin to a medium size pharma company. The goal
of this network would not be to develop market-ready drugs, or
compete with industry, but to share resources and knowledge to
excel at our core tasks: training the next generation of re-
searchers and scientific leaders, exploring innovative therapeu-
tic approaches, and ensuring a smooth transfer into application.
Exploratory bench time, in the end, is a key strength of academic
research. Many novel approaches require prolonged exploration
and multiple angles to assess their viability, and academic
models and alliances are well positioned to explore these. We
envision that these alliances will be particularly productive in
developing needed technological approaches and integrating
existing platforms, e.g., in effector-target matching (wet lab
and in silico driven); in benchmarking novel effectors, ligands,
compounds, and assays; in exploring alternative modes of prox-
imity induction; and in developing in vivo models, e.g., to study
mechanism of transport across biological barriers.

In initiating such an alliance, we are driven by our common un-
derstanding of academic constraints, as well as benefits/re-
wards emerging from spinning out and collaborating with private
entities to create a vibrant ecosystem. Such ecosystem will favor
discoveries that frequently only materialize at a certain scale.
Moreover, such an alliance will have a potential to bring together
the best from both worlds (academia and industry) leading to
more efficient development of new therapeutics and their suc-
cessful clinical use. We call upon colleagues from both academia
and industry to join the effort.

AUTHOR CONTRIBUTIONS

Conceptualization and writing, A.C., I.D., K.K., C.M.-R., N.H.T., and G.E.W.



Molecular Cell

DECLARATION OF INTERESTS

I.D. is a founder/shareholder of Vivlion GmbH and a member of its scientific
advisory board. I.D. is a member of the scientific advisory board of the Boeh-
ringer Ingelheim Foundation, the expert committee (for international research
leader grants) of the Novo Nordisk Foundation, and of the advisory board of
Cell and Molecular Cell. 1.D. was a founder and consultant of Caraway Thera-
peutics Inc. The Mayor-Ruiz lab has received or receives research funding
from Almirall and Aelin Tx. C.M.-R. is part of the SAB of Avammune Tx. G.E.
W. is scientific founder and shareholder of Proxygen and Solgate Therapeutics
and shareholder of Cellgate Therapeutics. G.E.W. is on the Scientific Advisory
Board of Proxygen and Nexo Therapeutics. The Winter laboratory has
received research funding from Pfizer. The A.C. laboratory at the University
of Dundee receives or has received sponsored research support from Almirall,
Amgen, Amphista Therapeutics, Boehringer Ingelheim, Eisai, GSK, Merck
KGaA, Nurix Therapeutics, Ono Pharmaceuticals, and Tocris-BioTechne. A.
C. is a scientific founder and shareholder of Amphista Therapeutics, a com-
pany that is developing TPD therapeutic platforms. A.C. is on the Scientific
Advisory Board of ProtOS Bio. G.E.W., C.M-R, and A.C. are inventors on
several patents and patent applications covering small-molecule degraders
and degrader discovery approaches. K.K. is a founder, shareholder, and
part-time employee (Head of Business Development, 20%) of Vivlion GmbH.
N.H.T. has consulted for Monte Rosa, Boehringer Ingelheim, Astra Zeneca,
Ridgeline Therapeutics, Red Ridge Bio, and is a founder and shareholder of
Zenith Therapeutics. The N.H.T. lab receives funding from Merck KG, Astra
Zeneca, as well as Novartis.

REFERENCES

1. PROTAC is aregistered trademark of Arvinas Operations, Inc. The term is
used here as abbreviation for the chemical class of bifunctional degrader
molecules.

2. Tsai, .M., Nowak, R.P., Ebert, B.L., and Fischer, E.S. (2024). Targeted
protein degradation: from mechanisms to clinic. Nat. Rev. Mol. Cell
Biol. 25, 740-757. https://doi.org/10.1038/s41580-024-00729-9.

3. Vetma, V., O’Connor, S., and Ciulli, A. (2025). Development of PROTAC
Degrader Drugs for Cancer. Annu. Rev. Cancer Biol. 9, 119-140. https://
doi.org/10.1146/annurev-cancerbio-061824-105806.

4. Kinch, M.S., Horn, C., Kraft, Z., and Schwartz, T. (2020). Expanding roles
for academic entrepreneurship in drug discovery. Drug Discov. Today
25, 1905-1909. https://doi.org/10.1016/j.drudis.2020.09.004.

5. Kenten, J.H., and Roberts, S.F. (1999). Controlling protein levels in eu-
caryotic organisms.

6. Sakamoto, K.M., Kim, K.B., Kumagai, A., Mercurio, F., Crews, C.M., and
Deshaies, R.J. (2001). Protacs: chimeric molecules that target proteins to
the Skp1-Cullin-F box complex for ubiquitination and degradation. Proc.
Natl. Acad. Sci. USA 98, 8554-8559. https://doi.org/10.1073/pnas.
141230798.

7. Buckley, D.L., Van Molle, |, Gareiss, P.C., Tae, H.S., Michel, J., Noblin, D.
J., Jorgensen, W.L., Ciulli, A., and Crews, C.M. (2012). Targeting the von
Hippel-Lindau E3 ubiquitin ligase using small molecules to disrupt the
VHL/HIF-1alpha interaction. J. Am. Chem. Soc. 734, 4465-4468.
https://doi.org/10.1021/ja209924v.

8. Ito, T., Ando, H., Suzuki, T., Ogura, T., Hotta, K., Imamura, Y., Yamagu-
chi, Y., and Handa, H. (2010). Identification of a primary target of thalid-
omide teratogenicity. Science 327, 1345-1350. https://doi.org/10.1126/
science.1177319.

9. Fischer, E.S., B6hm, K., Lydeard, J.R., Yang, H., Stadler, M.B., Cavadini,
S., Nagel, J., Serluca, F., Acker, V., Lingaraju, G.M., et al. (2014). Struc-
ture of the DDB1-CRBN E3 ubiquitin ligase in complex with thalidomide.
Nature 572, 49-53. https://doi.org/10.1038/nature13527.

10. Bondeson, D.P., Mares, A., Smith, |.E.D., Ko, E., Campos, S., Miah, A.H.,
Mulholland, K.E., Routly, N., Buckley, D.L., Gustafson, J.L., et al. (2015).
Catalytic in vivo protein knockdown by small-molecule PROTACs. Nat.
Chem. Biol. 171, 611-617. https://doi.org/10.1038/nchembio.1858.

11. Ly, J., Qian, Y., Altieri, M., Dong, H., Wang, J., Raina, K., Hines, J., Win-
kler, J.D., Crew, A.P., Coleman, K., et al. (2015). Hijacking the

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

25.

26.

¢? CellPress

OPEN ACCESS

E3 Ubiquitin Ligase Cereblon to Efficiently Target BRD4. Chem. Biol.
22, 755-763. https://doi.org/10.1016/j.chembiol.2015.05.009.

Winter, G.E., Buckley, D.L., Paulk, J., Roberts, J.M., Souza, A., Dhe-Pa-
ganon, S., and Bradner, J.E. (2015). DRUG DEVELOPMENT. Phthalimide
conjugation as a strategy for in vivo target protein degradation. Science
348, 1376-1381. https://doi.org/10.1126/science.aab1433.

Zengerle, M., Chan, K.H., and Ciulli, A. (2015). Selective Small Molecule
Induced Degradation of the BET Bromodomain Protein BRD4. ACS
Chem. Biol. 70, 1770-1777. https://doi.org/10.1021/acschembio.
5b00216.

Deshaies, R.J. (2015). Protein degradation: Prime time for PROTACs.
Nat. Chem. Biol. 11, 634-635. https://doi.org/10.1038/nchembio.1887.

Farnaby, W., Koegl, M., Roy, M.J., Whitworth, C., Diers, E., Trainor, N.,
Zollman, D., Steurer, S., Karolyi-Oezguer, J., Riedmueller, C., et al.
(2019). BAF complex vulnerabilities in cancer demonstrated via struc-
ture-based PROTAC design. Nat. Chem. Biol. 15, 672-680. https://doi.
org/10.1038/s41589-019-0294-6.

Hendrick, C.E., Jorgensen, J.R., Chaudhry, C., Strambeanu, I.I., Bra-
zeau, J.F., Schiffer, J., Shi, Z., Venable, J.D., and Wolkenberg, S.E.
(2022). Direct-to-Biology Accelerates PROTAC Synthesis and the Evalu-
ation of Linker Effects on Permeability and Degradation. ACS Med.
Chem. Lett. 13, 1182-1190. https://doi.org/10.1021/acsmedchemlett.
2c00124.

Imaide, S., Riching, K.M., Makukhin, N., Vetma, V., Whitworth, C.,
Hughes, S.J., Trainor, N., Mahan, S.D., Murphy, N., Cowan, A.D., et al.
(2021). Trivalent PROTACs enhance protein degradation via combined
avidity and cooperativity. Nat. Chem. Biol. 17, 1157-1167. https://doi.
org/10.1038/s41589-021-00878-4.

Testa, A., Hughes, S.J., Lucas, X., Wright, J.E., and Ciulli, A. (2020).
Structure-Based Design of a Macrocyclic PROTAC. Angew. Chem. Int.
Ed. Engl. 59, 1727-1734. https://doi.org/10.1002/anie.201914396.

Reynders, M., Matsuura, B.S., Bérouti, M., Simoneschi, D., Marzio, A.,
Pagano, M., and Trauner, D. (2020). PHOTACs enable optical control
of protein degradation. Sci. Adv. 6, eaay5064. https://doi.org/10.1126/
sciadv.aay5064.

Liu, J., Chen, H., Liu, Y., Shen, Y., Meng, F., Kaniskan, H.0., Jin, J., and
Wei, W. (2021). Cancer Selective Target Degradation by Folate-Caged
PROTACs. J. Am. Chem. Soc. 743, 7380-7387. https://doi.org/10.
1021/jacs.1c00451.

Zhang, X., Crowley, V.M., Wucherpfennig, T.G., Dix, M.M., and Cravatt,
B.F. (2019). Electrophilic PROTACs that degrade nuclear proteins by
engaging DCAF16. Nat. Chem. Biol. 15, 737-746. https://doi.org/10.
1038/s41589-019-0279-5.

Gabizon, R., Shraga, A., Gehrtz, P., Livnah, E., Shorer, Y., Gurwicz, N.,
Avram, L., Unger, T., Aharoni, H., Albeck, S., et al. (2020). Efficient Tar-
geted Degradation via Reversible and Irreversible Covalent PROTACs.
J. Am. Chem. Soc. 142, 11734-11742. https://doi.org/10.1021/jacs.
9b13907.

Pillow, T.H., Adhikari, P., Blake, R.A., Chen, J., Del Rosario, G., Desh-
mukh, G., Figueroa, I., Gascoigne, K.E., Kamath, A.V., Kaufman, S.,
et al. (2020). Antibody Conjugation of a Chimeric BET Degrader Enables
in vivo Activity. ChemMedChem 15, 17-25. https://doi.org/10.1002/
cmdc.201900497.

. Gadd, M.S,, Testa, A,, Lucas, X., Chan, K.H., Chen, W., Lamont, D.J.,

Zengerle, M., and Ciulli, A. (2017). Structural basis of PROTAC coopera-
tive recognition for selective protein degradation. Nat. Chem. Biol. 13,
514-521. https://doi.org/10.1038/nchembio.2329.

Nowak, R.P., DeAngelo, S.L., Buckley, D., He, Z., Donovan, K.A., An, J.,
Safaee, N., Jedrychowski, M.P., Ponthier, C.M., Ishoey, M., et al. (2018).
Plasticity in binding confers selectivity in ligand-induced protein degra-
dation. Nat. Chem. Biol. 74, 706-714. https://doi.org/10.1038/s41589-
018-0055-y.

Crowe, C., Nakasone, M.A., Chandler, S., Craigon, C., Sathe, G., Ta-
tham, M.H., Makukhin, N., Hay, R.T., and Ciulli, A. (2024). Mechanism
of degrader-targeted protein ubiquitinability. Sci. Adv. 70, eado6492.
https://doi.org/10.1126/sciadv.ado6492.

Molecular Cell 85, August 21, 2025 3019



https://doi.org/10.1038/s41580-024-00729-9
https://doi.org/10.1146/annurev-cancerbio-061824-105806
https://doi.org/10.1146/annurev-cancerbio-061824-105806
https://doi.org/10.1016/j.drudis.2020.09.004
https://doi.org/10.1073/pnas.141230798
https://doi.org/10.1073/pnas.141230798
https://doi.org/10.1021/ja209924v
https://doi.org/10.1126/science.1177319
https://doi.org/10.1126/science.1177319
https://doi.org/10.1038/nature13527
https://doi.org/10.1038/nchembio.1858
https://doi.org/10.1016/j.chembiol.2015.05.009
https://doi.org/10.1126/science.aab1433
https://doi.org/10.1021/acschembio.5b00216
https://doi.org/10.1021/acschembio.5b00216
https://doi.org/10.1038/nchembio.1887
https://doi.org/10.1038/s41589-019-0294-6
https://doi.org/10.1038/s41589-019-0294-6
https://doi.org/10.1021/acsmedchemlett.2c00124
https://doi.org/10.1021/acsmedchemlett.2c00124
https://doi.org/10.1038/s41589-021-00878-4
https://doi.org/10.1038/s41589-021-00878-4
https://doi.org/10.1002/anie.201914396
https://doi.org/10.1126/sciadv.aay5064
https://doi.org/10.1126/sciadv.aay5064
https://doi.org/10.1021/jacs.1c00451
https://doi.org/10.1021/jacs.1c00451
https://doi.org/10.1038/s41589-019-0279-5
https://doi.org/10.1038/s41589-019-0279-5
https://doi.org/10.1021/jacs.9b13907
https://doi.org/10.1021/jacs.9b13907
https://doi.org/10.1002/cmdc.201900497
https://doi.org/10.1002/cmdc.201900497
https://doi.org/10.1038/nchembio.2329
https://doi.org/10.1038/s41589-018-0055-y
https://doi.org/10.1038/s41589-018-0055-y
https://doi.org/10.1126/sciadv.ado6492

¢? CellPress

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

OPEN ACCESS

Liwocha, J., Li, J., Purser, N., Rattanasopa, C., Maiwald, S., Krist, D.T.,
Scott, D.C., Steigenberger, B., Prabu, J.R., Schulman, B.A., et al.
(2024). Mechanism of millisecond Lys48-linked poly-ubiquitin chain for-
mation by cullin-RING ligases. Nat. Struct. Mol. Biol. 37, 378-389.
https://doi.org/10.1038/s41594-023-01206-1.

Nabet, B., Roberts, J.M., Buckley, D.L., Paulk, J., Dastjerdi, S., Yang, A.,
Leggett, A.L., Erb, M.A., Lawlor, M.A., Souza, A., et al. (2018). The dTAG
system for immediate and target-specific protein degradation. Nat.
Chem. Biol. 14, 431-441. https://doi.org/10.1038/s41589-018-0021-8.

Bond, A.G., Craigon, C., Chan, K.H., Testa, A., Karapetsas, A., Fasimoye,
R., Macartney, T., Blow, J.J., Alessi, D.R., and Ciulli, A. (2021). Develop-
ment of BromoTag: A "Bump-and-Hole"-PROTAC System to Induce
Potent, Rapid, and Selective Degradation of Tagged Target Proteins.
J. Med. Chem. 64, 15477-15502. https://doi.org/10.1021/acs.jmed-
chem.1c01532.

Lim, S., Khoo, R., Peh, K.M., Teo, J., Chang, S.C., Ng, S., Beilhartz, G.L.,
Melnyk, R.A., Johannes, C.W., Brown, C.J., et al. (2020). bioPROTACs as
versatile modulators of intracellular therapeutic targets including prolifer-
ating cell nuclear antigen (PCNA). Proc. Natl. Acad. Sci. USA 117, 5791-
5800. https://doi.org/10.1073/pnas.1920251117.

Ishida, T., and Ciulli, A. (2021). E3 Ligase Ligands for PROTACs: How
They Were Found and How to Discover New Ones. SLAS Discov. 26,
484-502. https://doi.org/10.1177/2472555220965528.

Hickey, C.M., Digianantonio, K.M., Zimmermann, K., Harbin, A., Quinn,
C., Patel, A., Gareiss, P., Chapman, A., Tiberi, B., Dobrodziej, J., et al.
(2024). Co-opting the E3 ligase KLHDC?2 for targeted protein degradation
by small molecules. Nat. Struct. Mol. Biol. 37, 311-322. https://doi.org/
10.1038/s41594-023-01146-w.

Schréder, M., Renatus, M., Liang, X., Meili, F., Zoller, T., Ferrand, S.,
Gauter, F., Li, X., Sigoillot, F., Gleim, S., et al. (2024). DCAF1-based
PROTACs with activity against clinically validated targets overcoming
intrinsic- and acquired-degrader resistance. Nat. Commun. 15, 275.
https://doi.org/10.1038/s41467-023-44237-4.

Hornberger, K.R., and Araujo, E.M.V. (2023). Physicochemical Property
Determinants of Oral Absorption for PROTAC Protein Degraders.
J. Med. Chem. 66, 8281-8287. https://doi.org/10.1021/acs.jmedchem.
3c00740.

Michaelides, I.N., and Collie, G.W. (2023). E3 Ligases Meet Their Match:
Fragment-Based Approaches to Discover New E3 Ligands and to Un-
ravel E3 Biology. J. Med. Chem. 66, 3173-3194. https://doi.org/10.
1021/acs.jmedchem.2c01882.

Offensperger, F., Tin, G., Duran-Frigola, M., Hahn, E., Dobner, S., Ende,
C.W.A,, Strohbach, J.W., Rukavina, A., Brennsteiner, V., Ogilvie, K., et al.
(2024). Large-scale chemoproteomics expedites ligand discovery and
predicts ligand behavior in cells. Science 384, eadk5864. https://doi.
org/10.1126/science.adk5864.

Li, A.S.M., Kimani, S., Wilson, B., Noureldin, M., Gonzalez-Alvarez, H.,
Mamai, A., Hoffer, L., Guilinger, J.P., Zhang, Y., von Rechenberg, M.,
et al. (2023). Discovery of Nanomolar DCAF1 Small Molecule Ligands.
J. Med. Chem. 66, 5041-5060. https://doi.org/10.1021/acs.jmedchem.
2c02132.

Schreiber, S.L. (2021). The Rise of Molecular Glues. Cell 184, 3-9. https://
doi.org/10.1016/j.cell.2020.12.020.

Tan, X., Calderon-Villalobos, L.I.A., Sharon, M., Zheng, C., Robinson, C.
V., Estelle, M., and Zheng, N. (2007). Mechanism of auxin perception by
the TIR1 ubiquitin ligase. Nature 446, 640-645. https://doi.org/10.1038/
nature05731.

Krénke, J., Udeshi, N.D., Narla, A., Grauman, P., Hurst, S.N., McConkey,
M., Svinkina, T., Heckl, D., Comer, E., Li, X., et al. (2014). Lenalidomide
causes selective degradation of IKZF1 and IKZF3 in multiple myeloma
cells. Science 343, 301-305. https://doi.org/10.1126/science.1244851.

Lu, G., Middleton, R.E., Sun, H., Naniong, M., Ott, C.J., Mitsiades, C.S.,
Wong, K.K., Bradner, J.E., and Kaelin, W.G., Jr. (2014). The myeloma
drug lenalidomide promotes the cereblon-dependent destruction of
Ikaros proteins. Science 343, 305-309. https://doi.org/10.1126/sci-
ence.1244917.

3020 Molecular Cell 85, August 21, 2025

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Molecular Cell

Sievers, Q.L., Petzold, G., Bunker, R.D., Renneville, A., Stabicki, M., Lid-
dicoat, B.J., Abdulrahman, W., Mikkelsen, T., Ebert, B.L., and Thom4, N.
H. (2018). Defining the human C2H2 zinc finger degrome targeted by
thalidomide analogs through CRBN. Science 362, eaat0572. https://
doi.org/10.1126/science.aat0572.

Han, T., Goralski, M., Gaskill, N., Capota, E., Kim, J., Ting, T.C., Xie, Y.,
Williams, N.S., and Nijhawan, D. (2017). Anticancer sulfonamides target
splicing by inducing RBM39 degradation via recruitment to DCAF15. Sci-
ence 356, eaal3755. https://doi.org/10.1126/science.aal3755.

Uehara, T., Minoshima, Y., Sagane, K., Sugi, N.H., Mitsuhashi, K.O., Ya-
mamoto, N., Kamiyama, H., Takahashi, K., Kotake, Y., Uesugi, M., et al.
(2017). Selective degradation of splicing factor CAPERalpha by anti-
cancer sulfonamides. Nat. Chem. Biol. 13, 675-680. https://doi.org/10.
1038/nchembio.2363.

Matyskiela, M.E., Lu, G., Ito, T., Pagarigan, B., Lu, C.C., Miller, K., Fang,
W., Wang, N.Y., Nguyen, D., Houston, J., et al. (2016). A novel cereblon
modulator recruits GSPT1 to the CRL4(CRBN) ubiquitin ligase. Nature
535, 252-257. https://doi.org/10.1038/nature18611.

Wang, E.S., Verano, A.L., Nowak, R.P., Yuan, J.C., Donovan, K.A., Eleu-
teri, N.A., Yue, H., Ngo, K.H., Lizotte, P.H., Gokhale, P.C., et al. (2021).
Acute pharmacological degradation of Helios destabilizes regulatory
T cells. Nat. Chem. Biol. 17, 711-717. https://doi.org/10.1038/s41589-
021-00802-w.

Kozicka, Z., and Thom4, N.H. (2021). Haven't got a glue: Protein surface
variation for the design of molecular glue degraders. Cell Chem. Biol. 28,
1032-1047. https://doi.org/10.1016/j.chembiol.2021.04.009.

Domostegui, A., Nieto-Barrado, L., Perez-Lopez, C., and Mayor-Ruiz, C.
(2022). Chasing molecular glue degraders: screening approaches.
Chem. Soc. Rev. 57, 5498-5517. https://doi.org/10.1039/d2cs00197g.

Simonetta, K.R., Taygerly, J., Boyle, K., Basham, S.E., Padovani, C., Lou,
Y., Cummins, T.J., Yung, S.L., von Soly, S.K., Kayser, F., et al. (2019).
Prospective discovery of small molecule enhancers of an E3 ligase-sub-
strate interaction. Nat. Commun. 70, 1402. https://doi.org/10.1038/
s41467-019-09358-9.

Mayor-Ruiz, C., Bauer, S., Brand, M., Kozicka, Z., Siklos, M., Imrichova,
H., Kaltheuner, I.H., Hahn, E., Seiler, K., Koren, A., et al. (2020). Rational
discovery of molecular glue degraders via scalable chemical profiling.
Nat. Chem. Biol. 716, 1199-1207. https://doi.org/10.1038/s41589-020-
0594-x.

Stabicki, M., Kozicka, Z., Petzold, G., Li, Y.D., Manojkumar, M., Bunker,
R.D., Donovan, K.A., Sievers, Q.L., Koeppel, J., Suchyta, D., et al. (2020).
The CDK inhibitor CR8 acts as a molecular glue degrader that depletes
cyclin K. Nature 585, 293-297. https://doi.org/10.1038/s41586-020-
2374-x.

Kozicka, Z., Suchyta, D.J., Focht, V., Kempf, G., Petzold, G., Jentzsch,
M., Zou, C., Di Genua, C., Donovan, K.A., Coomar, S., et al. (2024).
Design principles for cyclin K molecular glue degraders. Nat. Chem.
Biol. 20, 93-102. https://doi.org/10.1038/s41589-023-01409-z.

Koduri, V., Duplaquet, L., Lampson, B.L., Wang, A.C., Sabet, A.H., Ish-
oey, M., Paulk, J., Teng, M., Harris, |.S., Endress, J.E., et al. (2021). Tar-
geting oncoproteins with a positive selection assay for protein degraders.
Sci. Adv. 7, eabd6263. https://doi.org/10.1126/sciadv.abd6263.

Tutter, A., Buckley, D., Golosov, A.A., Ma, X., Shu, W., McKay, D.J.J.,
Darsigny, V., Dovala, D., Beckwith, R., Solomon, J., et al. (2025).
A small-molecule VHL molecular glue degrader for cysteine dioxyge-
nase 1. Nat. Chem. Biol. Epub ahead of print. https://doi.org/10.
1038/s41589-025-01936-x.

Hanzl, A., Casement, R., Imrichova, H., Hughes, S.J., Barone, E., Testa,
A., Bauer, S., Wright, J., Brand, M., Ciulli, A., et al. (2023). Functional
E3 ligase hotspots and resistance mechanisms to small-molecule
degraders. Nat. Chem. Biol. 19, 323-333. https://doi.org/10.1038/
s41589-022-01177-2.

Ng, A., Offensperger, F., Cisneros, J.A., Scholes, N.S., Malik, M., Villanti,
L., Rukavina, A., Ferrada, E., Hannich, J.T., Koren, A., et al. (2023). Dis-
covery of Molecular Glue Degraders via Isogenic Morphological Profiling.
ACS Chem. Biol. 18, 2464-2473. https://doi.org/10.1021/acschembio.
3c00598.


https://doi.org/10.1038/s41594-023-01206-1
https://doi.org/10.1038/s41589-018-0021-8
https://doi.org/10.1021/acs.jmedchem.1c01532
https://doi.org/10.1021/acs.jmedchem.1c01532
https://doi.org/10.1073/pnas.1920251117
https://doi.org/10.1177/2472555220965528
https://doi.org/10.1038/s41594-023-01146-w
https://doi.org/10.1038/s41594-023-01146-w
https://doi.org/10.1038/s41467-023-44237-4
https://doi.org/10.1021/acs.jmedchem.3c00740
https://doi.org/10.1021/acs.jmedchem.3c00740
https://doi.org/10.1021/acs.jmedchem.2c01882
https://doi.org/10.1021/acs.jmedchem.2c01882
https://doi.org/10.1126/science.adk5864
https://doi.org/10.1126/science.adk5864
https://doi.org/10.1021/acs.jmedchem.2c02132
https://doi.org/10.1021/acs.jmedchem.2c02132
https://doi.org/10.1016/j.cell.2020.12.020
https://doi.org/10.1016/j.cell.2020.12.020
https://doi.org/10.1038/nature05731
https://doi.org/10.1038/nature05731
https://doi.org/10.1126/science.1244851
https://doi.org/10.1126/science.1244917
https://doi.org/10.1126/science.1244917
https://doi.org/10.1126/science.aat0572
https://doi.org/10.1126/science.aat0572
https://doi.org/10.1126/science.aal3755
https://doi.org/10.1038/nchembio.2363
https://doi.org/10.1038/nchembio.2363
https://doi.org/10.1038/nature18611
https://doi.org/10.1038/s41589-021-00802-w
https://doi.org/10.1038/s41589-021-00802-w
https://doi.org/10.1016/j.chembiol.2021.04.009
https://doi.org/10.1039/d2cs00197g
https://doi.org/10.1038/s41467-019-09358-9
https://doi.org/10.1038/s41467-019-09358-9
https://doi.org/10.1038/s41589-020-0594-x
https://doi.org/10.1038/s41589-020-0594-x
https://doi.org/10.1038/s41586-020-2374-x
https://doi.org/10.1038/s41586-020-2374-x
https://doi.org/10.1038/s41589-023-01409-z
https://doi.org/10.1126/sciadv.abd6263
https://doi.org/10.1038/s41589-025-01936-x
https://doi.org/10.1038/s41589-025-01936-x
https://doi.org/10.1038/s41589-022-01177-2
https://doi.org/10.1038/s41589-022-01177-2
https://doi.org/10.1021/acschembio.3c00598
https://doi.org/10.1021/acschembio.3c00598

Molecular Cell

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

Liu, S., Tong, B., Mason, J.W., Ostrem, J.M., Tutter, A., Hua, B.K., Tang,
S.A., Bonazzi, S., Briner, K., Berst, F., et al. (2023). Rational Screening for
Cooperativity in Small-Molecule Inducers of Protein—Protein Associa-
tions. J. Am. Chem. Soc. 145, 23281-23291. https://doi.org/10.1021/
jacs.3c08307.

Mason, J.W., Chow, Y.T., Hudson, L., Tutter, A., Michaud, G., Westphal,
M.V., Shu, W., Ma, X., Tan, Z.Y., Coley, C.W., et al. (2024). DNA-encoded
library-enabled discovery of proximity-inducing small molecules. Nat.
Chem. Biol. 20, 170-179. https://doi.org/10.1038/s41589-023-01458-4.

Shaum, J.B., Steen, E.A., Mufioz i Ordofio, M., Wenge, D.V., Cheong, H.,
Hunkeler, M., Bilotta, E.M., Rutter, Z., Barta, P.A., Milosevich, N., et al.
(2024). High-throughput diversification of protein-ligand surfaces to
discover chemical inducers of proximity. Preprint at bioRxiv. https://
doi.org/10.1101/2024.09.30.615685.

Toriki, E.S., Papatzimas, J.W., Nishikawa, K., Dovala, D., Frank, A.O.,
Hesse, M.J., Dankova, D., Song, J.-G., Bruce-Smythe, M., Struble, H.,
et al. (2023). Rational Chemical Design of Molecular Glue Degraders.
ACS Cent. Sci. 9, 915-926. https://doi.org/10.1021/acscentsci.2c01317.

Lim, M., Cong, T.D., Orr, L.M., Toriki, E.S., Kile, A.C., Papatzimas, J.W.,
Lee, E., Lin, Y., and Nomura, D.K. (2024). DCAF16-Based Covalent
Handle for the Rational Design of Monovalent Degraders. ACS Cent.
Sci. 70, 1318-1331. https://doi.org/10.1021/acscentsci.4c00286.

Kerres, N., Steurer, S., Schlager, S., Bader, G., Berger, H., Caligiuri, M.,
Dank, C., Engen, J.R., Ettmayer, P., Fischerauer, B., et al. (2017). Chem-
ically Induced Degradation of the Oncogenic Transcription Factor BCL6.
Cell Rep. 20, 2860-2875. https://doi.org/10.1016/j.celrep.2017.08.081.

Stabicki, M., Yoon, H., Koeppel, J., Nitsch, L., Roy Burman, S.S., Di
Genua, C., Donovan, K.A., Sperling, A.S., Hunkeler, M., Tsai, J.M.,
et al. (2020). Small-molecule-induced polymerization triggers degrada-
tion of BCL6. Nature 588, 164-168. https://doi.org/10.1038/s41586-
020-2925-1.

Blake, R. (2019). GNE-0011, a novel monovalent BRD4 degrader. Cancer
Res. 79, 4452.

Li, Y.-D., Ma, M.W., Hassan, M.M., Hunkeler, M., Teng, M., Puvar, K.,
Rutter, J.C., Lumpkin, R.J., Sandoval, B., Jin, C.Y., et al. (2024). Tem-
plate-assisted covalent modification underlies activity of covalent molec-
ular glues. Nat. Chem. Biol. 20, 1640-1649. https://doi.org/10.1038/
s41589-024-01668-4.

Hughes, S.J., Stec, W.J., Davies, C.T.R., McGarry, D., Williams, A., Del
Barco Barrantes, |., Harris, R., Owens, D.D.G., Fawcett, A., Hellicar, J.,
et al. (2025). Selective degradation of BRD9 by a DCAF16-recruiting tar-
geted glue: mode of action elucidation and in vivo proof of concept. Pre-
print at bioRxiv. https://doi.org/10.1101/2024.12.31.630899.

Hsia, O., Hinterndorfer, M., Cowan, A.D., Iso, K., Ishida, T., Sundara-
moorthy, R., Nakasone, M.A., Imrichova, H., Schétz, C., Rukavina, A.,
et al. (2024). Targeted protein degradation via intramolecular bivalent
glues. Nature 627, 204-211. https://doi.org/10.1038/s41586-024-
07089-6.

Bashore, C., Prakash, S., Johnson, M.C., Conrad, R.J., Kekessie, I.A.,
Scales, S.J., Ishisoko, N., Kleinheinz, T., Liu, P.S., Popovych, N., et al.
(2023). Targeted degradation via direct 26S proteasome recruitment.
Nat. Chem. Biol. 79, 55-63. https://doi.org/10.1038/s41589-022-
01218-w.

Poudel, Y.B., Thakore, R.R., and Chekler, E.P. (2024). The New Frontier:
Merging Molecular Glue Degrader and Antibody-Drug Conjugate Modal-
ites To Overcome Strategic Challenges. J. Med. Chem. 67, 15996-
16001. https://doi.org/10.1021/acs.jmedchem.4c01289.

Siriwardena, S.U., Munkanatta Godage, D.N.P., Shoba, V.M., Lai, S., Shi,
M., Wu, P., Chaudhary, S.K., Schreiber, S.L., and Choudhary, A. (2020).
Phosphorylation-Inducing Chimeric Small Molecules. J. Am. Chem. Soc.
142, 14052-14057. https://doi.org/10.1021/jacs.0c05537.

. Hu, Z., Chen, P.H., Li, W., Douglas, T., Hines, J., Liu, Y., and Crews, C.M.

(2023). Targeted Dephosphorylation of Tau by Phosphorylation Targeting
Chimeras (PhosTACs) as a Therapeutic Modality. J. Am. Chem. Soc.
https://doi.org/10.1021/jacs.2¢c11706.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

¢? CellPress

OPEN ACCESS

Yamazoe, S., Tom, J., Fu, Y., Wu, W., Zeng, L., Sun, C., Liu, Q., Lin, J.,
Lin, K., Fairbrother, W.J., et al. (2020). Heterobifunctional Molecules
Induce Dephosphorylation of Kinases-A Proof of Concept Study.
J. Med. Chem. 63, 2807-2813. https://doi.org/10.1021/acs.jmedchem.
9b01167.

Simpson, L.M., Fulcher, L.J., Sathe, G., Brewer, A., Zhao, J.F., Squair, D.
R., Crooks, J., Wightman, M., Wood, N.T., Gourlay, R., et al. (2023). An
affinity-directed phosphatase, AdPhosphatase, system for targeted pro-
tein dephosphorylation. Cell Chem. Biol. 30, 188-202.e6. https://doi.org/
10.1016/j.chembiol.2023.01.003.

Kabir, M., Sun, N., Hu, X., Martin, T.C., Yi, J., Zhong, Y., Xiong, Y., Kanis-
kan, H.U., Gu, W., Parsons, R., et al. (2023). Acetylation Targeting
Chimera Enables Acetylation of the Tumor Suppressor p53. J. Am.
Chem. Soc. 145, 14932-14944. https://doi.org/10.1021/jacs.3c04640.

Wang, W.W., Chen, L.Y., Wozniak, J.M., Jadhav, A.M., Anderson, H.,
Malone, T.E., and Parker, C.G. (2021). Targeted Protein Acetylation in
Cells Using Heterobifunctional Molecules. J. Am. Chem. Soc. 743,
16700-16708. https://doi.org/10.1021/jacs.1c07850.

Henning, N.J., Boike, L., Spradlin, J.N., Ward, C.C., Liu, G., Zhang, E.,
Belcher, B.P., Brittain, S.M., Hesse, M.J., Dovala, D., et al. (2022). Deu-
biquitinase-targeting chimeras for targeted protein stabilization. Nat.
Chem. Biol. 18, 412-421. https://doi.org/10.1038/s41589-022-00971-2.

Liu, J., Hu, X., Luo, K., Xiong, Y., Chen, L., Wang, Z., Inuzuka, H., Qian, C.,
Yu, X., Xie, L., et al. (2024). USP7-Based Deubiquitinase-Targeting Chi-
meras Stabilize AMPK. J. Am. Chem. Soc. https://doi.org/10.1021/
jacs.4c02373.

Liu, J., Yu, X., Chen, H., Kaniskan, H.U., Xie, L., Chen, X., Jin, J., and Wei,
W. (2022). TF-DUBTACs Stabilize Tumor Suppressor Transcription Fac-
tors. J. Am. Chem. Soc. 144, 12934-12941. https://doi.org/10.1021/jacs.
2c04824.

Sun, X., Zhou, C., Xia, S., and Chen, X. (2023). Small molecule-nanobody
conjugate induced proximity controls intracellular processes and modu-
lates endogenous unligandable targets. Nat. Commun. 74, 1635. https://
doi.org/10.1038/s41467-023-37237-x.

Gourisankar, S., Krokhotin, A., Ji, W., Liu, X., Chang, C.Y., Kim, S.H., Li,
Z., Wenderski, W., Simanauskaite, J.M., Yang, H., et al. (2023). Rewiring
cancer drivers to activate apoptosis. Nature 620, 417-425. https://doi.
org/10.1038/s41586-023-06348-2.

Sarott, R.C., Gourisankar, S., Karim, B., Nettles, S., Yang, H., Dwyer, B.
G., Simanauskaite, J.M., Tse, J., Abuzaid, H., Krokhotin, A., et al. (2024).
Relocalizing transcriptional kinases to activate apoptosis. Science 386,
eadI5361. https://doi.org/10.1126/science.adl5361.

Banik, S.M., Pedram, K., Wisnovsky, S., Ahn, G., Riley, N.M., and Ber-
tozzi, C.R. (2020). Lysosome-targeting chimaeras for degradation of
extracellular proteins. Nature 584, 291-297. https://doi.org/10.1038/
s41586-020-2545-9.

Ramadas, B., Kumar Pain, P., and Manna, D. (2021). LYTACs: An
Emerging Tool for the Degradation of Non-Cytosolic Proteins. Chem-
MedChem 176, 2951-2953. https://doi.org/10.1002/cmdc.202100393.

Chen, X., Zhou, Y., Zhao, Y., and Tang, W. (2023). Targeted degradation
of extracellular secreted and membrane proteins. Trends Pharmacol.
Sci. 44, 762-775. https://doi.org/10.1016/j.tips.2023.08.013.

Zhu, L., Zhou, Y., Zhang, B., Luo, Y., Fang, C., Yan, X., Cai, Y., Jiang, L.,
and Ge, J. (2023). Conjugation with glucagon like peptide-1 enables tar-
geted protein degradation. Bioorg. Chem. 741, 106908. https://doi.org/
10.1016/j.bioorg.2023.106908.

Mikitiuk, M., Barczynski, J., Bielski, P., Arciniega, M., Tyrcha, U., Hec, A.,
Lipinska, A.D., Rychtowski, M., Holak, T.A., and Sitar, T. (2023). IGF2
Peptide-Based LYTACs for Targeted Degradation of Extracellular and
Transmembrane Proteins. Molecules 28, 7519. https://doi.org/10.3390/
molecules28227519.

Takahashi, D., Moriyama, J., Nakamura, T., Miki, E., Takahashi, E., Sato,
A., Akaike, T., Itto-Nakama, K., and Arimoto, H. (2019). AUTACs: Cargo-
Specific Degraders Using Selective Autophagy. Mol. Cell 76, 797-810.
e10. https://doi.org/10.1016/j.molcel.2019.09.009.

Molecular Cell 85, August 21, 2025 3021



https://doi.org/10.1021/jacs.3c08307
https://doi.org/10.1021/jacs.3c08307
https://doi.org/10.1038/s41589-023-01458-4
https://doi.org/10.1101/2024.09.30.615685
https://doi.org/10.1101/2024.09.30.615685
https://doi.org/10.1021/acscentsci.2c01317
https://doi.org/10.1021/acscentsci.4c00286
https://doi.org/10.1016/j.celrep.2017.08.081
https://doi.org/10.1038/s41586-020-2925-1
https://doi.org/10.1038/s41586-020-2925-1
http://refhub.elsevier.com/S1097-2765(25)00619-7/sref64
http://refhub.elsevier.com/S1097-2765(25)00619-7/sref64
https://doi.org/10.1038/s41589-024-01668-4
https://doi.org/10.1038/s41589-024-01668-4
https://doi.org/10.1101/2024.12.31.630899
https://doi.org/10.1038/s41586-024-07089-6
https://doi.org/10.1038/s41586-024-07089-6
https://doi.org/10.1038/s41589-022-01218-w
https://doi.org/10.1038/s41589-022-01218-w
https://doi.org/10.1021/acs.jmedchem.4c01289
https://doi.org/10.1021/jacs.0c05537
https://doi.org/10.1021/jacs.2c11706
https://doi.org/10.1021/acs.jmedchem.9b01167
https://doi.org/10.1021/acs.jmedchem.9b01167
https://doi.org/10.1016/j.chembiol.2023.01.003
https://doi.org/10.1016/j.chembiol.2023.01.003
https://doi.org/10.1021/jacs.3c04640
https://doi.org/10.1021/jacs.1c07850
https://doi.org/10.1038/s41589-022-00971-2
https://doi.org/10.1021/jacs.4c02373
https://doi.org/10.1021/jacs.4c02373
https://doi.org/10.1021/jacs.2c04824
https://doi.org/10.1021/jacs.2c04824
https://doi.org/10.1038/s41467-023-37237-x
https://doi.org/10.1038/s41467-023-37237-x
https://doi.org/10.1038/s41586-023-06348-2
https://doi.org/10.1038/s41586-023-06348-2
https://doi.org/10.1126/science.adl5361
https://doi.org/10.1038/s41586-020-2545-9
https://doi.org/10.1038/s41586-020-2545-9
https://doi.org/10.1002/cmdc.202100393
https://doi.org/10.1016/j.tips.2023.08.013
https://doi.org/10.1016/j.bioorg.2023.106908
https://doi.org/10.1016/j.bioorg.2023.106908
https://doi.org/10.3390/molecules28227519
https://doi.org/10.3390/molecules28227519
https://doi.org/10.1016/j.molcel.2019.09.009

¢? CellPress

88.

89.

90.

91.

92.

93.

94,

95.

OPEN ACCESS

Cotton, A.D., Nguyen, D.P., Gramespacher, J.A., Seiple, |.B., and Wells,
J.A. (2021). Development of Antibody-Based PROTACSs for the Degrada-
tion of the Cell-Surface Immune Checkpoint Protein PD-L1. J. Am. Chem.
Soc. 143, 593-598. https://doi.org/10.1021/jacs.0c10008.

Marei, H., Tsai, W.K., Kee, Y.S., Ruiz, K., He, J., Cox, C., Sun, T., Penika-
lapati, S., Dwivedi, P., Choi, M., et al. (2022). Antibody targeting of E3
ubiquitin ligases for receptor degradation. Nature 670, 182-189.
https://doi.org/10.1038/s41586-022-05235-6.

Hong, K.B., and An, H. (2023). Degrader-Antibody Conjugates: Emerging
New Modality. J. Med. Chem. 66, 140-148. https://doi.org/10.1021/acs.
jmedchem.2c01791.

Goracci, L., Desantis, J., Valeri, A., Castellani, B., Eleuteri, M., and Cru-
ciani, G. (2020). Understanding the Metabolism of Proteolysis Targeting
Chimeras (PROTACSs): The Next Step toward Pharmaceutical Applica-
tions. J. Med. Chem. 63, 11615-11638. https://doi.org/10.1021/acs.
jmedchem.0c00793.

Gregory, J.A., Hickey, C.M., Chavez, J., and Cacace, A.M. (2024). New
therapies on the horizon: Targeted protein degradation in neuroscience.
Cell Chem. Biol. 37, 1688-1698. https://doi.org/10.1016/j.chembiol.
2024.08.010.

Ma, J., Randall, M.P., Lu, M., Chen, L., Geng, H., Kumar, A., Malla, S.,
Noviski, M., Rountree, R., and Rubenstein, J.L. (2024). BTK Degradation
As a Novel Therapeutic Strategy in Relapsed CNS Lymphoma: Proof of
Concept Studies in Intracranial Patient-Derived, Rodent Models. Blood
144, 2988. https://doi.org/10.1182/blood-2024-211266.

Petzold, G., Gainza, P., Annunziato, S., Lamberto, I., Trenh, P., McAllis-
ter, L.A., DeMarco, B., Schwander, L., Bunker, R.D., Zlotosch, M., et al.
(2025). Mining the CRBN target space redefines rules for molecular glue-
induced neosubstrate recognition. Science 389, eadt6736. https://doi.
org/10.1126/science.adt6736.

Li, F., Hu, Q., Zhang, X., Sun, R, Liu, Z., Wu, S., Tian, S., Ma, X., Dai, Z.,
Yang, X., et al. (2022). DeepPROTACs is a deep learning-based targeted

3022 Molecular Cell 85, August 21, 2025

96.

97.

98.

99.

100.

101.

102.

Molecular Cell

degradation predictor for PROTACs. Nat. Commun. 713, 7133. https://
doi.org/10.1038/s41467-022-34807-3.

Duran-Frigola, M., Cigler, M., and Winter, G.E. (2023). Advancing Tar-
geted Protein Degradation via Multiomics Profiling and Artificial Intelli-
gence. J. Am. Chem. Soc. 145, 2711-2732. https://doi.org/10.1021/
jacs.2c11098.

Ward, J.A., Perez-Lopez, C., and Mayor-Ruiz, C. (2023). Biophysical and
Computational Approaches to Study Ternary Complexes: A’Cooperative
Relationship’ to Rationalize Targeted Protein Degradation. ChemBio-
Chem 24, e202300163. https://doi.org/10.1002/cbic.202300163.

Huang, B., Abedi, M., Ahn, G., Coventry, B., Sappington, I., Tang, C.,
Wang, R., Schlichthaerle, T., Zhang, J.Z., Wang, Y., et al. (2025).
Designed endocytosis-inducing proteins degrade targets and amplify
signals. Nature 638, 796-804. https://doi.org/10.1038/s41586-024-
07948-2.

Abramson, J., Adler, J., Dunger, J., Evans, R., Green, T., Pritzel, A., Ron-
neberger, O., Willmore, L., Ballard, A.J., Bambrick, J., et al. (2024). Accu-
rate structure prediction of biomolecular interactions with AlphaFold 3.
Nature 630, 493-500. https://doi.org/10.1038/s41586-024-07487-w.

Passaro, S., Corso, G., Wohlwend, J., Reveiz, M., Thaler, S., Somnath, V.
R., Getz, N., Portnoi, T., Roy, J., Stark, H., et al. (2025). Boltz-2: Towards
Accurate and Efficient Binding Affinity Prediction. Preprint at bioRxiv.
https://doi.org/10.1101/2025.06.14.659707.

Matyskiela, M.E., Couto, S., Zheng, X., Lu, G., Hui, J., Stamp, K., Drew,
C., Ren, Y., Wang, M., Carpenter, A, et al. (2018). SALL4 mediates tera-
togenicity as a thalidomide-dependent cereblon substrate. Nat. Chem.
Biol. 74, 981-987. https://doi.org/10.1038/s41589-018-0129-x.

Donovan, K.A., An, J., Nowak, R.P., Yuan, J.C., Fink, E.C., Berry, B.C.,
Ebert, B.L., and Fischer, E.S. (2018). Thalidomide promotes degradation
of SALL4, a transcription factor implicated in Duane Radial Ray syn-
drome. eLife 7, €38430. https://doi.org/10.7554/eLife.38430.


https://doi.org/10.1021/jacs.0c10008
https://doi.org/10.1038/s41586-022-05235-6
https://doi.org/10.1021/acs.jmedchem.2c01791
https://doi.org/10.1021/acs.jmedchem.2c01791
https://doi.org/10.1021/acs.jmedchem.0c00793
https://doi.org/10.1021/acs.jmedchem.0c00793
https://doi.org/10.1016/j.chembiol.2024.08.010
https://doi.org/10.1016/j.chembiol.2024.08.010
https://doi.org/10.1182/blood-2024-211266
https://doi.org/10.1126/science.adt6736
https://doi.org/10.1126/science.adt6736
https://doi.org/10.1038/s41467-022-34807-3
https://doi.org/10.1038/s41467-022-34807-3
https://doi.org/10.1021/jacs.2c11098
https://doi.org/10.1021/jacs.2c11098
https://doi.org/10.1002/cbic.202300163
https://doi.org/10.1038/s41586-024-07948-2
https://doi.org/10.1038/s41586-024-07948-2
https://doi.org/10.1038/s41586-024-07487-w
https://doi.org/10.1101/2025.06.14.659707
https://doi.org/10.1038/s41589-018-0129-x
https://doi.org/10.7554/eLife.38430

	Opportunities in proximity modulation: Bridging academia and industry
	Introduction
	Evolving world of PROTACs: From concept to drug
	MGDs: From serendipity to intelligent hunting and design
	New modalities of induced proximity
	AI meets proximity induction
	Uniting forces for accelerated translation
	Establishing an academic-industry alliance
	Author contributions
	Declaration of interests
	References


