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Small molecule targeted protein degradation via
the UPS: venturing beyond E3 substrate receptors

Renyu Guo, ® Fukang Yang ® and Emily C. Cherney (D}

The ubiquitin proteasome system (UPS) has been successfully hi-jacked by both bifunctional and
monovalent small molecules to affect the degradation of proteins that were once considered undruggable.
This field has primarily focused on the targeted recruitment of proteins to substrate receptors on E3
ubiquitin ligases, which are only one part of the UPS. More recently, the field has begun to explore
recruitment to other types of UPS proteins including E2 ubiquitin-conjugating enzymes, substrate adaptor
proteins within the E3 complex, chaperone proteins that associate with E3s, proteasomal subunits, and
proteasome-associated proteins. While these approaches are relatively nascent compared to more
traditional E3 substrate receptor-based degradation, these approaches are starting to show promise and
could offer unique advantages. This review will cover key findings in small molecule UPS-mediated targeted
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Introduction

Over the past two decades, the field of targeted protein
degradation (TPD) has expanded exponentially driven by the
promise of event-driven pharmacology.”? This field aims to
target proteins that were previously deemed undruggable due
to lack of enzymatic function, scaffolding effects, and/or lack
of druggable binding sites by either marking them for
degradation or recruiting to native degradation machinery.
Proteins can be marked for degradation with small molecules
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protein degradation (TPD) affected by co-opting proteins beyond traditional E3 substrate receptors.

via a variety of approaches including hydrophobic tagging
(HyT), intercepting partially folded proteins to mimic
misfolding, and triggering oligomerization.> Proteins can
also be recruited to myriad degradation machinery spanning
the ubiquitin proteasome system (UPS) and autophagy-
lysosome system. Targeted recruitment can be achieved using
bifunctional molecules (e.g. targeting chimeras (TACs))
encompassing PROTACs, LYTACs, MoDE-As, AUTACs,
AUTOTACS, ATTECs, AbTACs, KineTACs, RIPTACs, DENTACs,
CHAMPs, IFLDs, CIDEs, IUDs, and more.®® Targeted
recruitment can also be achieved with monovalent small
molecules, typically referred to as molecule glue degraders
(MGDs), that facilitate protein-protein interactions (PPIs)
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between a protein of interest and degradation machinery.
While MGDs most frequently co-opt cereblon with
immunomodulatory imide drugs (IMiDs) or cereblon E3
ligase modulatory drugs (CELMoDs), MGDs have also been
found to facilitate PPIs with other E3s.’

The UPS involves a complex cascade (Fig. 1A). The
fundamental components of this system include ubiquitin, E1
ubiquitin-activating enzymes, E2 ubiquitin-conjugating
enzymes, E3 ubiquitin ligases, and the proteasome itself,
which can exist in several assembly states and degrade
ubiquitinated targets. Within these components lie individual
subunits. For instance, the Cullin RING family of E3 ligases
(CRLs) can consist of RING-box (Rbx), Cullin (Cul), substrate
adaptor, and substrate receptor proteins (Fig. 1B).
Additionally, this RING complex requires neddylation with
NEDDS for activation.*®** The 26S proteasome is also a multi-
protein complex that consists of two 19S regulatory particles
and one 20S core particle which contain dozens of subunits
between them (Fig. 1C). Beyond these, there are a range of
proteins that associate with these UPS components including
deubiquitinating enzymes (DUBs) and chaperone proteins.
The complexity of this system as well as its interplay with
other biological pathways is seemingly endless, but advances
are being made in our understanding of the UPS constantly.
These advances in understanding, coupled with the drive to
push the boundaries of TPD, are the sources of inspiration for
the novel TPD approaches discussed in this review.

Within the UPS-directing bifunctional degrader space (i.e.
PROTACs), the vast majority of focus has been on recruitment
to proteins within E3 complexes that directly interact with
substrates endogenously (yellow proteins in Fig. 1). These
types of targets include substrate receptors like CRBN and
VHL, as well as monomeric E3s like cIAP and MDM2.
Recruitment to substrate receptors has also been the most
successful and validated approach for degradation via
bifunctional recruitment with multiple assets in clinical
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trials."” Despite this success, only a small handful of the
hundreds of substrate receptors within E3 ubiquitin ligases
have been co-opted. This has created intense interest in
attempting to expand the chemical toolbox of E3 ligase
substrate receptor ligands. Several different approaches have
been implemented to prioritize which of the hundreds of
potential substrate receptor targets to pursue, and these
approaches have been thoroughly reviewed elsewhere.™
Considerations include essentiality to address resistance
mechanisms, tissue or cell type specificity for context-specific
degradation, sub-cellular localization, induction within a
specific disease context, confirmed ability to degrade
endogenous substrates as opposed to facilitating a
translocation or other alternative events, and more general
assessments for target tractability such as druggability.'*"®
While most efforts focus on these substrate receptors based
on their known propensity to form PPIs and target proteins
for degradation, they represent only one of many types of
proteins that work in concert within the UPS.

Herein, we will explore TPD efforts to co-opt UPS proteins
beyond E3 substrate receptors. These efforts will be discussed
in the order in which the UPS targets appear in the pathway
(Fig. 1D): E2 ubiquitin-conjugating enzymes, non-substrate
receptor E3  components, E3-associated proteins, the
proteasome itself, and, lastly, proteasome associated proteins.
While the details of co-opting these novel UPS targets may be
less understood, many of the chemical tools and approaches
established for validating degrader targets and interrogating
mechanism of action (MoA) for substrate receptor-based
degraders translate.””'® The assays developed for assessing
degradation of both tagged and endogenous proteins of
interest (e.g. BRD4 and AR) are still foundational for profiling
novel degraders. The chemical tools for interrogating
neddylation dependence and proteasome dependence are still
critical for validating a proposed MoA." Demonstrating target
engagement, ternary complex formation, genetic validation
through knock-down/out, and reconstituting ubiquitination in
an in vitro setting build confidence that a degrader is working
through the implicated UPS machinery.>*>* Proteomics is still
key for assessing degradation selectivity.>* > Despite the
preliminary nature of some of the studies reviewed below, they
still provide a window into how innovative leaders in TPD are
looking to push the boundaries of the field into new space and
inspire others in the field to do the same in unique,
unprecedented ways.

Co-opting E2 ubiquitin-conjugating
enzymes

Humans have ~40 ubiquitin-conjugating enzymes (E2s),
which function to transfer ubiquitin (Ub) or ubiquitin-like
(Ubl) proteins from an ubiquitin-activating enzyme (E1) to a
substrate protein on E3 ubiquitin ligase (Fig. 1A) either
directly or via the E3 (Fig. 1B).>® Additionally, E2s can directly
engage substrate proteins in the absence of E3s.””2° All E2s
contain one, highly conserved core catalytic (UBC) domain

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 A. The UPS pathway. B. E3 ligase families and modes of endogenous substrate recognition. C. The 26S proteasome machinery. D. Overview
of non-substrate receptor UPS components targeted with small molecules (SMs) for TPD that will be discussed in this review.
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Fig. 2 A. BAY 11-7082 and NSC697923 are covalent inhibitors of UBE2N that modify the catalytically active Cys85 within the UBC domain. B.
EN450 is a covalent ligand that modifies allosteric Cys111 on UBE2D and induces degradation of NF-kB via a molecule glue mechanism. C. EN67
also modifies Cys111 on UBE2D. This ligand was incorporated into PROTACs NF90 and NF500C targeting BRD4 and AR respectively.
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that contains an active site cysteine. The C-terminal
carboxylate of Ub is conjugated to this E2 active site cysteine
in an El-catalyzed, ATP-driven transthiolation reaction.*
Subsequently, Ub can be transferred to a nucleophilic residue
(typically lysine, though transfer to non-lysine residues has
been observed) on a target protein through aminolysis.*

E2s have been targeted with both large and small
molecule strategies. While somewhat outside of the scope of
this review, BioPROTACs, which replace a natural substrate
recognition domain with a peptide that recognizes a protein
of interest, have recently been extended to work through not
only E3s, but also E2s.*> Small molecule E2 binders typically
function via covalent modification of the catalytic cysteine.
Two examples of inhibitors that covalently target the catalytic
Cys85 in UBE2N through a conjugate addition reaction are
BAY 11-7082 and NSC697923 (Fig. 2A).** BAY 11-7082 was
shown to inhibit not only UBE2N but also other E2 enzymes
as well as the proteasome.** In contrast, NSC697923 was
found to be specific for UBE2N because of additional
occupancy of a cleft in the active site that is not accessible in
other E2s.>® These types of E2 ligands, however, cause E2 loss
of function (as evidenced by NF-xB downregulation), and
prevent Ub transfer onto the E2. Therefore, these ligands
presumably could not be leveraged for the targeted
recruitment and degradation of a protein of interest.

Instead of targeting E2s through covalent modification of
the active cysteine on UBE2N to downregulate NF-«B, the
Nomura group recently reported a covalent molecular glue
degrader that directly recruits NF-kB through allosteric
cysteines on UBE2D.?® In this study, they identified a cysteine
reactive covalent ligand EN450 through a phenotypic screen
based on impairment of HAP1 cell viability. The authors
conjectured that EN450 induces the proximity of a target
protein with a component of the CUL4A/RBX1/NEDDS
ubiquitin-proteasome system because the inhibition of HAP1
proliferation was found to be both neddylation and
proteasome dependent. Further chemoproteomic profiling
revealed covalent interaction of EN450 with 81 cysteines
including a single UPS target cysteine: the allosteric Cys111
in UBE2D. Quantitative proteomics profiling with tandem
mass tagging (TMT)-based upon treatment with EN450
showed only NF-«xB1 was significantly downregulated.
Pulldown studies demonstrated that EN450 promoted ternary
complex formation between UBE2D1 and NF-kB1.
Ubiquitination of NF-xB1 could be reconstituted in a
biochemical setting, but only in the presence of a CUL4A/
RBX1/NEDD8 complex. One possible explanation for this is
the need for the E2 to be in complex with E3 machinery to be
activated for Ub transfer. While authors proposed NF-kB1 as
the putative degradation target via a molecule glue
mechanism, they recognize several limitations in their
studies. Their studies do not definitively confirm the
mechanism is via direct recruitment of the substrate to the
E2 bypassing the E3. EN450 contains a potentially
promiscuous covalent warhead and it is unclear from a
structural standpoint why this warhead would have good
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selectivity against the catalytic Cys85 vs. allosteric cysteines
on E2 enzymes.”” Inhibition via covalent modification of the
catalytic Cys85 on E2s, such as UBE2N, (vide infra) has
previously been shown to impact NF-«xB signaling. This
precedent further complicates the interpretation of the
observed results.

Following this study, the Nomura group also incorporated
UBE2D covalent modifiers into bifunctional degraders to
investigate their ability to recruit and degrade target
proteins.*® The authors initially prepared bifunctional
degraders linking EN450 and the BRD4 inhibitor JQ1, but
observed very weak degradation of only the short form of
BRD4. Considering EN450 was discovered through a
phenotypic screening as opposed to a targeted screen, they
performed a direct covalent binder screening against
recombinant human UBE2D C85S protein and identified
EN67 (Fig. 2C). Similarly, EN67 also targeted Cys111
according to LCMS/MS experiments and did not inhibit
functional activity of UBE2D to ubiquitinate TP53 in a
reconstituted ubiquitination assay. PROTACs were prepared
by linking EN67 and JQ1 with different linkers, and 4-carbon
linked NF90 selectively degraded short isoform BRD4 over
long isoform in both HEK293T and MDA-MB-231 cells. To
further support on-target degradation effects, knockdown of
all four UBE2D family members ablated degradation.
However, knockdown could also be affecting the activity of
the E3s that UBE2D family members interact with, so the
observed degradation rescue effects could still potentially be
indirect/off-target. Additionally, 7-carbon linked linker
androgen accepter (AR) degrader NF500C was synthesized by
linking EN67 with the ARV-110 AR ligand.*® In AR-positive
LNCaP prostate cancer cells, NF500C showed reasonable
degradation and the result was further supported by TMT-
based quantitative proteomic profiling. Most surprisingly,
non-reactive analogs of the above PROTACs that lacked the
covalent warhead maintained measurable activity in both
UBE2D binding and degradation assays. This result is
difficult to rationalize in the context of the originally
proposed mechanism which outlines recruitment via covalent
modification of Cys111 on UBE2D.

Co-opting E3 substrate adaptors

Cullin-RING ligases (CRLs) consist of four main components: a
RING-box (RBX) that binds to an E2, a scaffolding cullin, a
substrate adaptor that connects the substate receptor to the
cullin, and a substrate receptor that binds directly to a
substrate protein (Fig. 1B). Adaptor proteins for different
cullins include SKP1 (Cull), EloB/C (Cul2/5), BTB (Cul3), and
DDB1 (Cul4). Each adaptor can host dozens of different
substrate receptors, some of which can form protein-protein
interactions (PPIs) with multiple substrate proteins. These
adaptor proteins are generally essential and do not have
redundancy with other adaptors the way that some non-
essential substrate receptors do. Co-opting substrate adaptors
not only has the advantage of bypassing substrate receptors,

This journal is © The Royal Society of Chemistry 2025
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but also can avoid resistance mechanisms of non-essential
substrate receptors like CRBN.'>*' To date, two of these
adaptor proteins have been targeted for TPD: DDB1 and SKP1.

Damage specific DNA binding protein 1 (DDB1), as its
name suggests, was initially found to be involved in the
nucleotide excision repair pathway.’” Besides several other
functions,” DDB1 is a core component of a ubiquitin-E3
ligase complex and serves as an adapter protein between
Cullin 4A (Cul4A) and over 20 CUL4-associated factors
(DCAFs) to target substrates for ubiquitination.** It should be
noted that adaptor proteins like DDB1 and EloB/C are known
to directly interact with viral proteins to trigger
ubiquitination and degradation.*’

In a systematic drug sensitivity study of 4518 clinical and
pre-clinical drugs across 578 cell lines and E3 ligase mRNA
level correlations, CR8, a cyclin-dependent kinase (CDK)
inhibitor, was found to be dependent upon DDB1 based on
CRISPR-mediated inactivation (Fig. 3A).*® Quantitative
proteomic profiling showed cyclin K was the only protein
consistently and significantly downregulated with CR8
treatment. The observed down regulation was determined to be
NEDDylation and proteasome dependent which indicated
cullin ring ligase (CRL) involvement, as the process was rescued
by MLN4924 (a neddylation inhibitor) and MG132 (a
proteasome inhibitor). However, no DCAFs were implicated in
genetic screens. Indeed, only other components of the Cul4
ligase assembly were identified. Co-immunoprecipitation (IP)
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and in vitro ubiquitination assays suggested that the RBX1-
CUL4A-DDB1 ligase core alone is sufficient to drive robust
ubiquitination of cyclin K, adding support to the CRISPR
screen results. Finally, a ternary X-ray structure confirmed that
the CDK12-bound form of CR8 induces the formation of a
complex between CDK12 and DDB1 (Fig. 3A). It also confirmed
direct binding of cyclin K to CDK12, which would then be
poised for ubiquitination and degradation. This structure
shows CR8 can bypass the need for an endogenous substrate
receptor and instead co-opt CDK12 to act as a “neosubstrate
receptor”. Around this time, related structures, such as
dCeMM3 (Fig. 3A), were uncovered utilizing comparative
profiling of drugs in hyponeddylated cells.*’” In this report,
authors demonstrate the ability of dCeMM3 to bypass a
substrate receptor and induce dimerization between CDK12
and DDBI1, confirm that UBE2Z and UBE2G1 are the necessary
priming and extending E2s, and show that UBA6 is the main
E1 responsible for degradation.

Since these initial DDB1-CDK12 molecular glues were
reported, various structural changes on the same pyrazolo[4,3-
d]pyrimidine core that preserve degradation activity have also
been reported.*®*° In addition, modifications on other pan-
CDK inhibitors such as dinaciclib and AT-7519 revealed that
they can also function as cyclin K molecular glue degraders.’®
Other groups have found 5-methylthiazol-2-amine derivatives
also behave as glue degraders of cyclin K through the same
recruitment mechanism.”*> With the understanding of the

A Y ey
NooNC \ CDK12
A coKi2| Ny hinge | cDK12
N | /> binder
HO N N HN commom structure
N of all cyclin K
HN - gluing degraders
\ 7/ DDB1| moiety Ar IDDB1
CR8
HN cl
H N\
N ,—< N
)—s o
N dCeMM3
B

BRD4 Ligand
Ja1 cl

\
N O N

DDB1 Ligand
() 0 MM-02-57

MM-02-08

Fig. 3 A. CR8, a CDK inhibitor, leads to the degradation of cyclin K via a molecular glue degrader mechanism through the recruitment of CDK12
directly to DDB1. B. Other reported reversible and covalent ligands of DDB1 were subsequently incorporated into bifunctional degraders.
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binding models, an evaluation of 91 candidate degraders in
structural, biophysical and cellular studies reveal all
compounds acquire glue activity via simultaneous CDK12
binding and engagement of DDB1 interfacial residues.>® All
molecular glues maintained hinge binding interactions with
CDK12 and interacted with Arg928 on DDB1.

The extension of DDB1l-based MGDs to bifunctional
PROTACs has also been explored (Fig. 3B). In 2020, Winter
and coworkers filed a patent containing potential DDB1
ligands to recruit neosubstrates.’* Bifunctional degraders
with BRD4 ligands or CDK ligands were prepared and
degradation was observed. However, it is not clear exactly
where the ligands are binding (DDB1, CUL4, or the interface
between the two) based on chemoproteomics, pulldown
studies, and mTurbo. In the same year, a patent from Liu
and coworkers also claimed nitrothiazole-based DDB1
ligands that demonstrated weak binding by SPR (Kp = 5-60
uM).>> These were also incorporated into PROTACs that
demonstrated degradation against several therapeutic targets,
including P300 and CBP, in a UPS-dependent manner. The
Nomura group identified a covalent binder MM-02-57 that
targets Cys173 on DDB1 using activity-based protein profiling
(ABPP) and cysteine chemoproteomic screening.”® PROTACs
against BRD4 were prepared and MM-02-08 selectively
degraded short BRD4 isoform over long isoform in a
proteasome, NEDDylation, and DDB1l-dependent manner.
MM-03-73, an AR-DDB1 based bifunctional degrader, could
similarly degrade AR in corresponding cell lines.

S-phase kinase associated protein 1 (SKP1) is the adaptor
protein of the SCF (RBX1-CUL1-Skpl-F box protein) ligase
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complex (Fig. 4A).%” Early studies showed CRL1-SKP1 auto-
degradation of F-box substrate receptor proteins, suggesting
the potential of SKP1 to directly recruit neosubstrates and
bypass F-box proteins.”® Further support for bypassing F-box
proteins was provided by Thoma and co-workers who applied
covalent functionalization followed by E3 electroporation
(COFFEE) in live cells.”® They directly attached the kinase
inhibitor dasatinib onto SKP1 (at both Cys120 and Cys159) via
covalent maleimide-thiol chemistry (Fig. 4B). Degradation of
multiple kinase targets of dasatinib was then demonstrated
after introducing the modified SKP1-dasatinib chimera into live
cells with electroporation. The Nomura group discovered
another cysteine-reactive covalent recruiter, EN884, that targets
Cys159 of SKP1 using covalent chemoproteomic approaches
(Fig. 4C).*° Encountering synthetic challenges, the pyridine
nitrogen atom of EN884 was replaced with CH for PROTAC
preparation. With linker and corresponding TBM attached on
the meta position, the authors observed desired degradation
against BRD4 and AR. As was observed in the E2 example
highlighted in Fig. 2C (vide supra), non-covalent versions of
these SKP1-based PROTACs maintained SKP1 binding and
degradation activity, which is, again, difficult to rationalize
with the proposed mechanism. Two other small-molecule
ligands have been reported to inhibit SKP1, which may provide
opportunities for TPD purposes.®¢>

Co-opting E3-associated proteins

Heat shock proteins (HSPs) function as chaperone proteins
to protect cells from outside stress, including exposure to
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Fig. 4 A. Canonical SKP1, Cullin, F-box containing (SCF) complex for SKP1-containing E3 ligases. B. Covalent functionalization followed by E3
electroporation (COFFEE) of SKP1 with dasatinib-derived electrophiles demonstrates the ability to directly recruit substrates to SKP1 for
degradation bypassing the need for F-box substrate receptor proteins. C. A covalent ligand that modifies Cys160 on SKP1, which was incorporated

into bifunctional degraders of BRD4 and AR.
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cold, UV light, and during wound healing or tissue
remodeling.®® In particular, they can stabilize new proteins to
ensure correct folding and fold proteins that were damaged
due to cell stress. In addition to participating in protein
folding, HSPs can also recognize misfolded proteins and
accelerate their degradation through the UPS. About 30% of
human E3 ubiquitin ligases were found to bind to HSP90,
thus recruiting neosubstrates to HSP90 could be an
alternative approach to indirectly recruit to E3s to cause
TPD.** Beyond HSP90, other E3-associated HSPs like HSP70
may be amenable to hi-jacking, though no reports of HSP70-
based bifunctional degraders have emerged at this time.*>®’

As opposed to E3 ligands, which are relatively scarce, over
20 clinical and pre-clinical HSP90 inhibitors have been
reported representing a wide range of chemotypes.®® Ying
and coworkers were the first to exploit these ligands in their
CHAperone-mediated protein degradation (CHAMP) platform.
They selected several different reported HSP90 ligands
including SNX2112 (ref. 69) and ganetespib (STA-9090)"° for
the HSP90 binding motif and prepared CHAMPs against
various targets including BRD4,”"”> KRAS-G12C,”* KRAS-
G12D”* and ERK5 (ref. 75) (Fig. 5A).

Other groups in academia have since reported on
leveraging known HSP90 inhibitors to co-opt HSP90 for TPD
(Fig. 5B). Li and co-workers used EC144 (a derivative of
BIIB021) as the HSP90 ligand and incorporated it into
bifunctional molecules, which they dubbed heat shock
protein 90 (HSP90)-mediated targeting chimeras (HEMTACs),
with the clinical CDK4/6 inhibitor palbociclib.”® They
observed CDK4/6 degradation in B16F10 cells and substantial
tumor growth inhibition (TGI) in a B16F10 xenograft model
in 57BL/6] mice with both 20 and 40 mg kg™ IP QD dosing
of HEMTAC 26. While efficacy was superior compared to the
HPS90 inhibitor BIIB021 alone, the bifunctional degraders
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were not benchmarked to palbociclib in the efficacy study.
Notably, the authors also demonstrated preliminary support
for potential tumor-selective effects due to the overexpression
of both HSP90 and CDK4/6 in tumors. Qin and co-workers
attached various AR ligands to ganetespib-derived HSP90
ligands with a variety of linkers and observed
antiproliferative activity in both LNCaP and 22RV1 cells, the
latter of which is Enzalutamide resistant and expresses a
resistance-associated truncated variant of full-length AR: AR-
v7.”7 One key finding was that extracellular HSP90 seemed to
facilitate the uptake of these bifunctional degraders. SQA-710
showed ~50% TGI in a LNCap xenograft model in Balb/c
nude mice with 5 mg kg™ IP QoD dosing. Intriguingly, both
AR-FL and AR-V7 downregulation was observed. It is unclear
how the V7 form, which lacks the canonical binding site for
AR antagonists, would be recruited directly to HSP90 with
these bifunctional molecules, so perhaps an alternative
mechanism is responsible.

Direct recruitment to the proteasome

The proteasome is the most essential and complex
component of the UPS. It is also the machinery that
ultimately causes protein degradation.”® It is ubiquitously
expressed and consists of a barrel-shaped proteolytic core
(20S) which can be capped by two 19S regulatory particles to
form the 26S proteasome (Fig. 6A).”>*" The 19S recognizes
ubiquitinated proteins, deubiquitinates them, and starts to
unfold them to feed them into 20S for degradation. The 19S
consists of two subcomplexes: a ring base that contains six
ATPase subunits (Rptl to Rpt6) which connect the 19S to the
20S and a lid of non-ATPase subunits (Rpnl to Rpni3)
involved in substrate recognition and deubiquitination. The
20S contains four stacked rings: two outer rings comprised of
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Fig. 5 A. Schematic of how E3 associated chaperone proteins could be exploited for TPD along with structures of HSP90 inhibitors
exploited for TPD efforts. B. Bifunctional degraders reported subsequently for the degradation of CDK4/6 and AR (respectively) with

demonstrated in vivo efficacy.
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o subunits (al to a7) that create a “gate” for protein entry
and two inner rings comprised of 8 subunits (B1 to B7) that
form the proteolytically active sites.

While the canonical mechanism for proteasomal
degradation involves recognition of a ubiquitinated substrate,
evidence  of ubiquitin-independent degradation in
endogenous settings has been presented.®®> The ability for
a protein to be degraded in a ubiquitin-independent manner
is hypothesized to potentially be reliant upon intrinsically
disordered regions (IDRs) as well as patches of
hydrophobicity. Indeed, direct recruitment to the 20S is one
mechanism by which hydrophobic tag-based protein
degradation (HyT-PD) is reported to occur.®® Several
examples of artificially induced proximity to the proteasome
have also demonstrated ubiquitin-independent proteasomal
degradation. Wilmington and Matouschek collaborated to
discover that chemical inducers of dimerization (CIDs) can
induce proteasomal degradation in the absence of ubiquitin
by inducing proximity to the proteasome with a Ubl
domain.?” Janse and coworkers also demonstrated
ubiquitin-independent  degradation through induced
proximity (Fig. 6B).*® By fusing Fprl with proteasomal
subunits Rpn2, Rpn10, and Rpt5, and fusing Tor with the
target protein His3, rapamycin can induce dimerization.
Authors found that induced proximity with Rpn10 caused
His3 degradation, but induced proximity with Rpn2 or Rpt5
did not. Authors also attempted fusions with several other
subunits, but found them to be lethal presumably because
they inhibited functional proteasome assembly. Rpn13 is a
ubiquitin receptor within the lid of the 19S that recognizes
ubiquitinated proteins marked for degradation. More
recently, induced proximity to the proteasomal subunit
Rpn13 via a HaloTagging approach also led to the successful

1872 | RSC Med. Chem., 2025, 16, 1865-1878

degradation of BRD2 upon surveying a small set of PEG-
based linker lengths (Fig. 6C).%°

Recruiting directly to the proteasome to affect TPD would
bypass several of the complex cascades required of more
traditional PROTACs that target E3 substrate receptor
proteins (see Fig. 7 inset). E3 ligase assembly, substrate
receptor occupancy of the necessary adaptors, Ub transfer
geometry, the requirement of a suitable lysine on the protein
of interest, and competing de-ubiquitination from
deubiquitinases (DUBs) could, in theory, become non-issues.
Tissue and sub-cellular co-localization between the E3 and
the protein of interest would likely also be non-issues due to
the ubiquitous expression of proteasomes. While efforts to
recruit to the proteasome are comparatively less developed
than recruitment to E3 substrate receptors, several groups
have recognized the potential of this approach and have
demonstrated it is feasible.

Bashore and coworkers discovered a potent, cell
permeable macrocyclic peptide MC1 that binds to Rpni
(PSMD2) (Fig. 7). Cryo-EM guided the incorporation of
MC1 into BRD4 ligand-linked Chemical Inducers of
Degradation (CIDEs) that maintained both Rpnl and BRD4
binding as well as cellular permeability. Degradation of
BRD4 in HEK293 cells was found to be proteasome
dependent as well as dependent upon Rpn1 binding based
on a negative control for MC1 possessing p-amino acids and
BRD4 binding via competition experiments conducted in
the presence of a BET inhibitor.

Rpnll (PSMD14) is an essential DUB in the lid subcomplex
of the 198.°" 1t is a zinc-based metalloprotease responsible for
cleaving ubiquitin from polyubiquitinated proteins before they
enter the 20S. Orthosteric inhibitors for Rpn11 were identified
by Deshaies and Cohen by screening a metal-binding

This journal is © The Royal Society of Chemistry 2025
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pharmacophore library and subsequent optimization of an
8-thioquinoline hit leading to the identification of capzimin
(Fig. 7).>°* Ciulli and coworkers then incorporated these
bidentate ligands into bifunctional molecules targeting proteins
including BRD4 (11JQ15 and 11JQ16) and kinases while
capping the thiol as a thioester prodrug, presumably to enhance
cellular permeability.”* Degradation of BRD2, 3, and 4 was
observed to be proteasome dependent upon co-treatment with
bortezomib, and competition studies with JQ1 and capzimin
provided further support to the proposed mechanism. Finally,
they demonstrated that the bifunctional degraders maintained
binding to Rpnll by isothermal calorimetry (ITC). Ternary
complex formation to validate a direct recruitment event
between Rpn11 and BRD4 was not reported.

Rpn13 (ADMR1) is a non-essential ubiquitin receptor on the
198.”> While several covalent or peptidic Rpn13 inhibitors have
been previously reported, an acid-containing non-covalent ligand
TCL-1 which binds weakly to Rpn13's Pru domain was recently
disclosed (NMR Kp ~ 26 uM).”* % Interestingly, the acid did not
prove essential for binding as the ester was reported to retain
binding. Using this acid as a functional group for elaboration,
Rpni3-based bypassing E3 targeting chimeras (ByeTACs)
containing JQ1 (TEC3 and TEC4) were prepared and evaluated
(Fig. 7)."°° Mechanistic studies show degradation is proteasome
dependent, ubiquitin-independent, and Rpn 13 dependent. Once
again, however, ternary complex formation is not shown.

In addition to the dozens of essential subunits within the
26S proteasome, there are also multiple types of proteasome-
associated proteins.'” Among these are proteasome-associated
DUBs including USP14 and UCH37 (UCHLS5).'®> USP14 and
UCH37 are both cysteine-based DUBs associated with the 19S:
USP14 associates with proteasomal subunit Rpn1 (PSMD2) and
UCH37 associates with proteasomal subunit Rpn13. Interests in

This journal is © The Royal Society of Chemistry 2025

DUBs as therapeutic targets implicated in human cancers and
neurodegenerative diseases have motivated the pursuit of DUB
inhibitors.’® The roughly 100 DUBs present in humans can be
broadly categorized into two families: cysteine proteases and
metalloproteases. In contrast to Rpn 11, (vide supra) which is a
zinc-containing metalloprotease, USP14 and UCH37 are both
cysteine protease DUBs. While non-covalent inhibitors of USP14
have been reported (see IU-1 in Fig. 8A), most inhibitors that are
reported to target UCH37 are promiscuous DUB inhibitors that
rely on the modification of the active site cysteine with reversible
or irreversible covalent warheads like b-AP15 and WP1130
(Fig. 8 A).104_109

A series of patents from Testa and coworkers appear to be
leveraging similar warheads in bifunctional degraders against
a variety of targets including BRD4, CDK9, PARP1, Kras
G12C, mutant EGFR, ER, AR, and SMARCA (Fig. 8B)."'*™""?
While a specific UPS target is not implicated in the patent,
the inventors state that these degraders may cause
degradation “by acting to bring the target protein into
proximity with a proteasome™.’> Many of these bifunctional
degraders are small in size compared to more typical CRBN-
and VHL-based bifunctional degraders. In addition to
demonstrating the ability to degrade target proteins,
inventors demonstrated exposure of A39 in both plasma and
brain. This is in contrast to CRBN- and VHL-based
bifunctional degraders, which typically do not allow for CNS
penetration.”” Subsequent applications have disclosed a
truncated warhead with a simple #-butyl terminus (Fig. 8B),
which may further improve the physicochemical properties of
these streamlined bifunctional degraders. While the exact
mechanism for these degraders has not been reported, they
could, in theory, work by modifying the catalytic cysteine in a
proteasome-associated DUB, thereby leading to direct
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recruitment of a target to the proteasome for degradation.
Based on the simple structure of these warheads it seems
unlikely that these would be highly selective for proteasome
associated DUBs. Perhaps, due to this presumed promiscuity,
the reversible nature of these covalent warheads is essential
to allow the warhead to reversibly modify wunproductive
cysteines before eventually binding to a productive (e.g.
proteasome-associated DUB) cysteine.

Conclusion

As the field of TPD has grown over the past several years, a wide
array of degradation approaches have blossomed that co-opt
both the autophagy-lysosome system and the UPS. Within the
UPS, small molecule degrader efforts have focused on E3
ligases, and, most intensely, on the specific E3 ligase
components known to interact with endogenous substrates (e.g.
substrate receptor proteins). While recruitment to these types of
UPS components is the most advanced and characterized
approach, limitations to its utility have been revealed. Certain
targets may not be amenable to TPD with a specific E3 substrate
receptor due to lack of co-localization either within the cell or
more broadly in terms of cell or tissues type. Recruitment to
chaperones that associate with multiple E3s, such as HSP90,
can potentially avoid such E3-substrate mismatches. E3s can
have redundant functions, and, if an E3 is not essential,
degraders co-opting them may be more susceptible to a range
of resistance from mutations up to and including entire
deletion. Recruitment to essential UPS components including

1874 | RSC Med. Chem., 2025, 16, 1865-1878

E2s and substrate adaptors like SKP1 and DDB1 can potentially
address these mechanisms of resistance. When a target is
recruited to an E3, a complex series of steps must still occur to
lead to productive degradation: functionally active E3 assembly,
efficient poly-ubiquitination, and successful recruitment to the
proteasome before de-ubiquitination occurs. All of these steps
could be bypassed by direct recruitment to the proteasome or
proteasome-associated proteins.

Limitations presented by E3 substrate receptors have
driven pioneers on the TPD space to explore alternative
methods of recruiting to the UPS for TPD beyond E3
substrate receptors. These efforts to recruit to other UPS
target classes is comparatively nascent with each class
presenting its own unique set of challenges and
opportunities. First and foremost, the identification of
selective, drug-like ligands for these UPS components is
required. Much like E3 substrate receptors, many of these
alternative UPS components serve scaffolding functions and
lack highly druggable pockets. For families of targets that
serve a distinct catalytic function, such as E2s or DUBEs,
which can possess conserved catalytic machinery, achieving
suitable selectivity is both challenging and crucial. Of
particular concern for direct-to-proteasome approaches,
ligand binding needs to preserve proteasome assembly and
function. Historically, small molecule chemists have
encountered challenges of comparable difficulty and
succeeded in identifying drug-like, selective chemical matter.
Given the high potential value presented by hijacking these
alternative UPS components and the intense investment in
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protein homeostasis research across academic and industrial
communities, it is likely that chemists will succeed again. As
our understanding of these targets increases and the
chemical tools available to interrogate them improve, they
may well be representative of the next frontier for TPD.
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