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Abstract

Targeted protein degradation (TPD) is a pharmacological strategy based on the
principle that chemical compounds can be used to bridge a protein of interest (POI) with an
E3 ligase, ultimately marking the POI for degradation. Two major categories of degraders
dominate the field, bifunctional molecules binding both the E3 ligase and the POI, known
as proteolysis targeting chimeras, and monovalent molecular glue degraders that usually
bind to either partner and facilitate protein-protein interactions. Both classes enable the
recruitment of an E3 ligase to a POI for degradation and have opened novel therapeutic
avenues with a few clinical successes. In contrast to the traditional inhibitor-based
pharmacology, TPD offers a few advantages, including the ability to target “undruggable”
proteins without the need for binding pockets, as well as the enhanced biological effects
through event-driven mechanisms and elimination of any catalytic and non-catalytic protein
functions.

Despite the human proteome encoding more than 600 E3 ligases, only a small
fraction has been utilized in TPD applications, with a few degraders advancing into clinical
development. However, reliance on a small pool of E3s in cancer treatment has led to
resistance mechanisms, often driven by genetic alterations of the E3 ligase. In addition to
overcoming resistance, an expanded E3 ligase repertoire could offer advantages such as
access to a broader range of protein targets and selectivity arising from tissue or cell-type
specific expression patterns. These underscore the need for exploration of novel E3s, yet
the lack of small molecule ligands to recruit E3 ligases remains the major bottleneck in
expanding the TPD toolbox.

This work attempts to bridge this gap by developing a reporter-based screening
platform to discover degraders that could recruit unexplored E3 ligases. This effort led to
the identification of the chemical compound SP3N, a small molecule that induced the
degradation of the prolyl isomerase FKBP12. The compound SP3N is derived from the
established FKBP12 ligand SLF, conjugated to a flexible alkylamine tail. This small
modification proved to be sufficient to transform the ligand into a degrader, inducing
selective and proteasome-dependent FKBP12 degradation. Using CRISPR-based genetic
screens coupled to FACS sorting we identified the E3 ligase complex SKP1-Cullin1-
FBX022 (SCFFBX922) as responsible for the SP3N-mediated FKBP12 degradation.
Metabolomic profiling revealed that the primary NH. of SP3N undergoes metabolic
conversion into an active aldehyde, which covalently engages the cysteine residue 326 of
FBXO22. Importantly, we showed that this mechanism is generalizable to two recently
reported degraders that target the methyltransferase NSD2 and the E3 ligase XIAP,
respectively.

Collectively, these findings establish FBX022, which was previously a non-
hijackable E3 ligase, as a new avenue for TPD applications. Given FBX022’s reported roles
in cancer and redox homeostasis, co-opting this E3 ligase for TPD could offer new
opportunities to overcome resistance and expand the clinical utility of degrader-based
therapies.
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Zusammenfassung

Der gezielte Proteinabbau (Targeted Protein Degradation, TPD) ist ein moderner
pharmakologischer Ansatz, bei dem chemische Verbindungen ein Zielprotein in die
raumliche Nahe einer E3 Ubiquitin-Ligase bringen, um dessen Ubiquitinierung und
anschliefienden proteasomalen Abbau zu fordern. Aktuell stehen daebi zwei Hauptklassen
von Degradern im Fokus: bifunktionale Molekile, sogenannte Proteolysis Targeting
Chimeras (PROTACSs), die gleichzeitig an das Zielprotein und eine E3 Ligase binden, sowie
monovalente kleine Molekule, sogenannte Molekulare Kleber (Molecular Glue Degraders,
MGD), die durch Stabilisierung spezifischer Protein-Protein-Wechselwirkungen die
Rekrutierung der Ligase ermdglichen. Beide Strategien haben neuartige therapeutische
Moglichkeiten eréffnet — einige davon befinden sich bereits in klinischer Erprobung. Im
Gegensatz zur klassischen, inhibitorbasierten Pharmakologie ermdglicht TPD die gezielte
Ausschaltung von Proteinen, selbst wenn diese keine Bindetaschen aufweisen
(,undruggable targets®). Durch den ereignisgetriebenen Mechanismus lassen sich sowhohl
katalytische als auch nicht-katalytische Funktionen eines Zielproteins gleichzeitig
ausschalten, was oft zu starkeren, nachhaltigen biologischen Effekten fiihrt.

Obwohl das menschliche Proteom Uber 600 E3 Ligasen umfasst, kommen in der
TPD bislang nur wenige davon zum Einsatz. Der starke Fokus auf eine begrenzte Auswahl
an E3 Ligasen — insbesondere im onkologischen Kontext — fuhrt jedoch haufig zur
Entstehung von Resistenzmechanismen, die meist auf genetischen Veranderungen der
jeweiligen E3-Ligase beruhen. Eine breitere Nutzung weiterer E3 Ligasen kénnte solche
Resistenzen (Uberwinden, neue Zielproteine zuganglich machen und durch
gewebespezifische Expression zusatzliche Selektivitat bieten. Der entscheidende Engpass
bleibt dabei das Fehlen geeigneter kleiner Molekile, mit denen sich diese alternativen
Ligase-Systeme gezielt rekrutieren lassen.

In dieser Arbeit wurde deshalb eine neue, reporterbasierte Screening-Plattform
entwickelt, um Degrader zu identifizieren, die das Potenzial besitzen, bisher unerforschte
E3-Ligasen nutzen zu kénnen. Dabei wurde die SP3N entdeckt — eine niedermolekulare
chemische Verbindung, die gezielt den Abbau der Prolyl-lsomerase FKBP12 auslost. SP3N
leitet sich vom bekannten FKBP12-Liganden SLF ab, wurde jedoch durch einen flexiblen
Alkylamin-Linker erweitert. Diese scheinbar kleine strukturelle Modifikation reichte aus, um
aus einem Kklassischen Liganden einen selektiven, proteasomabhangigen FKBP12
Degrader zu machen. Durch Kombination von CRISPR-basierten genetischen Screens mit
FACS-Sortierung konnte der E3 Ligase Komplex SKP1-Cullin1-FBX022 (SCFX022) g|s
entscheidender Vermittler dieses Abbaus identifiziert werden. Weiterfihrende
metabolomische Analysen zeigten, dass die primare Aminogruppe von SP3N enzymatisch
in ein reaktives Aldehyd umgewandelt wird, welches kovalent mit Cystein 326 von FBX022
reagiert. Bemerkenswert ist, dass dieser Mechanismus auf zwei weitere Degrader
Ubertragbar ist, die die Methyltransferase NSD2 bzw. die E3 Ligase XIAP gezielt abbauen.

Diese Ergebnisse zeigen, dass FBX0O22 — bisher nicht als Ziel fur TPD genutzt —
ein vielversprechender neuer Ansatzpunkt fiur Degrader-Strategien ist. Aufgrund ihrer
bekannten Rolle in der Krebsbiologie und im zellularen Redox-Gleichgewicht kdnnte die

Vii



gezielte Nutzung von FBX022 neue Wege zur Uberwindung von Therapieresistenzen und
zur Erweiterung des klinischen Einsatzes von Degrader-Wirkstoffen eréffnen.
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1. Introduction

1.1 The power of proximity in biology
Biological systems rely on highly controlled and precisely organized principles to

sustain life. Among the multiple factors underlying this complexity, proximity stands out as a
fundamental force shaping interactions at multiple levels, from nanoscale molecular dynamics
to macroscale coordination of multicellular organisms (Beck et al., 2011). Proximity does not
occur by chance but is an actively regulated process to achieve specificity and efficiency
(Good et al., 2011; Kholodenko, 2006). At the molecular scale, processes such as enzymatic
catalysis, signaling cascades or membrane receptor activation are orchestrated by proximity,
mediated by localization and enabling protein - protein interactions (PPIls) (Stanton et al.,
2018). Spatial and temporal concentration of molecules, cellular compartmentalization, tissue
organization and organ communication all rely on dynamic regulation of the localization of

individual components in relation to each other (Beck et al., 2011).

The realization of the critical role of proximity in biology has fueled years of research
to understand the principles of how the physical closeness of molecules can affect biological
output. Early in the process, it was clear that post-translational modifications (PTMs) of
proteins, meaning the addition of chemical groups to amino acids, change the protein’s fate
mainly by affecting interactions with other cellular components, resulting in a multitude of
outputs such as protein stability, PPIs, complex assemblies, (in)activation or localization

changes (Venne et al., 2014).

A major milestone for our understanding of spatial relationships among molecules was
achieved with the introduction of chemically induced proximity, that is the use of chemical
compounds to control or manipulate biomolecular interactions (Liu et al., 1991). Chemical
compounds, akin to PTMs, could serve as chemical marks that rewire PPI networks, affecting
the biological output (Schreiber, 2019). Leveraging proximity has emerged as a powerful tool
in chemical biology and medicine, not only for our understanding of endogenous processes,

but also as a promising therapeutic modality (Békés et al., 2022; Stanton et al., 2018).

The realization that chemical modulation of proximity can be harnessed to rewire
cellular processes paved the way for the concept of targeted protein degradation (TPD), where
small molecules hijack the cellular degradation machinery to eliminate proteins of interest

(POls) (Sakamoto et al., 2001). Approximately two decades of research in this field has shown



that TPD could expand the druggable proteome beyond traditional inhibitors, thus offering new

therapeutic opportunities (Békés et al., 2022).

This thesis builds on the foundational principles of chemically induced proximity, with
a specific focus on hijacking the cellular proteolytic system to induce protein degradation, that
has revolutionized drug development. Building on unsolved challenges and knowledge gaps
in TPD, our work has enabled the identification of a novel generalizable mechanism for the
recruitment of an uncharted E3 ligase, thus expanding the TPD toolbox. In this context, it is

evident that future efforts will be necessary to unlock TPD’s full potential.
1.2 Manipulating proximity — early steps

1.2.1 First compounds to modulate proximity

The central role of proximity in regulating PPIs and biological outcome has inspired
scientists to explore approaches for harnessing this natural principle. Pioneering research in
the 1990s laid the groundwork for chemically induced proximity, setting the stage for modern

chemical modulation approaches.

Initial efforts were not focused on manipulating proximity but on understanding the
mode of action of certain immunosuppressant natural chemical compounds including
Cyclosporin A (CsA), rapamycin and FK506 (Liu et al., 1991; Michnick et al., 1991; Zheng et
al., 1995). These compounds were known to act as immunosuppressants, and their clinical
use was introduced before the discovery of their direct targets or the underlying mechanisms
of action. Later, it was revealed that these compounds bind directly to endogenous proteins,
with the 12-kDa FK506-binding protein (FKBP12) as target of both FK506 and rapamycin, and
cyclophilin as target of CsA (Liu et al., 1991; Michnick et al., 1991).

Interestingly, in 1991, FK506 and CsA were shown to induce complex formation
between the phosphatase calcineurin and FKBP12 or cyclophilin, respectively (Liu et al.,
1991). The term “molecular glue” was first introduced in 1992 to describe the “gluing” activity
of FK506 and CsA in protein complexes, analogous to the way that antigens form complexes
with the major histocompatibility complex (MHC) and the T cell receptor (TCR) (Schreiber,
1992). The gluing activity of rapamycin, similarly to FK506 and CsA, was confirmed later, with
the identification of the mechanistic target of rapamycin (mMTOR) as the binding partner
(Banaszynski et al., 2005; Sabatini et al., 1994; Zheng et al., 1995).



These initial studies paved the way for a new tool to study biology, the chemical
induction of proximity (Belshawl et al., 1996; Ho et al., 1996; Luo et al., 1996; Pruschy et al.,
1994; Spencer et al., 1993). Prototype homo-bifunctional molecules comprising two FK506
moieties were demonstrated to glue copies of chimeric proteins fused to FKBP12 (Spencer et
al., 1993) With these glue compounds at hand, researchers were presented with the
opportunity to study the mechanisms that control proximity by engineering ways to modulate
it.

Following studies by Crabtree and Schreiber realized the idea that chemical
compounds can be used to modulate endogenous pathways, such as receptor-mediated
signal transduction (Pruschy et al., 1994; Spencer et al., 1993). To showcase this, analogues
of FK506 were used to induce the intracellular di- and oligomerization of FKBP12-fused-TCR
chimeras lacking the transmembrane domains (Pruschy et al., 1994). This chimeric platform
achieved precise compound-mediated regulation of TCR target-gene transcription. Additional
examples of dimerizing compounds targeting FKBP12-fused activator or repressor proteins
shed more light into transcriptional regulation, and further established chemical induced
proximity as means of controlling cellular functions (Ho et al., 1996). With these studies,
chemically induced proximity emerged as an effective tool to modulate biochemical processes
in a controllable and temporary fashion, thereby opening novel ways for modulation of cellular

functions.

1.2.2 Controlling protein destabilization

The initial studies on chemical modulation of PPIs coincided with pioneering
biochemical work by Hershko, Ciechanover, Rose and others in the 1980s and 1990s that led
to the discovery and characterization of one of the major cellular proteolytic pathways called
the ubiquitin proteasome system (UPS) (Chau et al., 1989; Ciechanover et al., 1980; Goldstein
et al., 1975; Hershko et al., 1980; Wilkinson, 2005; Wilkinson et al., 1980). The growing
knowledge on UPS not only revolutionized the understanding of protein quality control, but
also inspired researchers to explore chemical modulation approaches to direct proteins toward
degradation, primarily motivated by the idea that complete eradication of a protein from the
cell could reveal deeper insights into its function (Wilkinson, 2005).
1.2.2.i The ubiquitin proteasome system

The UPS is based on a cascade of multiple molecular events that lead to marking

cellular proteins with a highly conserved 76-amino-acid-residue protein, ubiquitin (Ub),
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resulting in degradation through a multisubunit proteolytic complex, the 26S proteasome
(Hershko and Ciechanover, 1998).

Mechanistically, Ub attachment to a protein requires an enzymatic cascade of
reactions, namely E1-E2-E3 cascade (Fig. 1) (Hershko and Ciechanover, 1998; Pickart, 2001;
Zheng and Shabek, 2017). Humans have only two E1 enzymes, or Ub-activating enzymes,
and their role is to use adenosine triphosphate (ATP) to activate Ub. Following activation, Ub
is transferred to one of the ~35 E2 Ub-conjugating enzymes, by the formation of a thioester
bond with a cysteine in the E2 active site. The diversity of the E2 enzymes provides an initial
level of regulation to the system, as different E2s demonstrate differential specificities for Ub
linkages or substrates. At the final step of the cascade, the E3 Ub-ligases bridge the Ub-loaded
E2 with a protein substrate and facilitate the formation of an isopeptide bond between the

carboxyl-terminal of Ub and the side chain amine of the substrate’s lysine residue.

Figure 1. The E1-E2-E3 cascade. E1 enzymes use ATP to activate ubiquitin (Ub) that is subsequently
transferred to the E2-Ub conjugating enzyme. E3 ligases bring E2-Ub in proximity to the substrate and
facilitate the final susbtrate-Ub conjugation for subsequent substrate degradation via the 26S
proteasome. Ub, Ubiquitin; ATP or ADP, adenosine tri- or di-phosphate.

Notably, the human proteome has more than 600 E3 ligases (Harper and Schulman, 2021;
Hinterndorfer et al., 2025; Zheng and Shabek, 2017). This large family of enzymes
demonstrates intricate mechanistic diversity and provides the highest degree of substrate
specificity. E3 ligases differ in their structural organization, catalytic mechanisms and substrate
recognition (Zheng and Shabek, 2017). Based on these features, E3 ligases can be grouped
into different classes (Fig. 2):

e Homologous to the E6-AP carboxyl terminus (HECT) E3 ligases (Fig. 2A).

This class of enzymes employes a two-step mechanism for Ub transfer to the substrate
(Buetow and Huang, 2016; Rotin and Kumar, 2009; Shah and Kumar, 2021). First, Ub is
transferred to a conserved cysteine at the E3’s active site and subsequently attached to the
substrate through the formation of an isopeptide bond. The bi-lobal catalytic domain of the

HECT E3s with the N-lobe interacting with the Ub-loaded E2 and the C-lobe containing the
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E3’s active site cysteine, allow for the efficient transfer of Ub to the E3 before attachment to
the substrate. Notably, HECTs can either employ adaptor proteins or directly interact with
different substrates and can control the type of Ub linkage they form (Buetow and Huang,
2016).

o Really interesting new gene (RING)-finger E3 ligases (Fig. 2A, 2B).

These E3 ligases are classified based on the presence of a RING domain and comprise
the majority of E3 proteins. Mechanistically, they differ from the HECT E3s, as they directly
transfer the Ub from the E2 to the substrate without the intermediate E3-Ub binding (Buetow
and Huang, 2016; Plechanovova et al., 2012; Zheng and Shabek, 2017). They are further
grouped into monomeric RING E3s that contain all domains necessary for their activity, or
multi-subunit E3s, such as the cullin RING ligases (CRLs) (Fig. 2B) (Harper and Schulman,
2021). CRLs contain a cullin scaffold that allows them to interact with an adaptor protein at
the N-terminus and a substrate receptor at the C-terminus. CRLs are the largest and most
diverse family of E3 ligases, and their modular architecture allows for targeting a large number
of proteins for degradation, making them central hubs of the UPS (Buetow and Huang, 2016;
Harper and Schulman, 2021).

o U-box E3 ligases (Fig. 2A).

Characterized by the C-terminal U-box domain, this small class of E3 ligases also
catalyzes the direct transfer of the Ub from the E2 to the substrate (Hatakeyama et al., 2001;
Pruneda et al., 2012).
¢ RING-in-between-RING (RBR) E3 ligases (Fig. 2A)

The catalytic region of these ligases consists of two RING domains interspaced by an in-
between-RINGs region (IBR) and have a two-step Ub transfer mode of action similar to the
HECT E3s (Lechtenberg et al., 2016; Wenzel et al., 2011). In particular, the Ub-loaded E2 is
recruited to the RING1 domain, and the Ub is transferred to a catalytic cysteine in the RING2

domain, before being attached to the substrate.



Figure 2. E3 ligase classification. A) HECT & RBR E3 ligases catalyze a 2-step reaction. Ub is first
transferred from the E2 to the E3 and subsequently to the substrate. U-box and RING E3 ligases
facilitate direct transfer from the E2 to the substrate. B) CRLs are the largest family of RING E3 ligases.
They are multisubunit complexes with modular architecture usually consisting of a Cullin scaffold that
directly interacts with an adaptor protein. The adaptor binds to different substrate receptors (SR), which
mediate substrate binding. On the C-terminus, the RING finger protein interacts with the Ub-loaded E2.
HECT, Homologous to the E6-AP carboxyl terminus; RING, really interesting new gene; CRL, cullin
RING ligase; Ub, Ubiquitin; IBR, in-between-RING.

Continuous research in the UPS system has revealed an intricate regulatory network
for proteolysis that serves as the cellular quality control system for aberrant proteins and
mediates the temporal control of cellular processes by regulating protein half-lives (Pohl and
Dikic, 2019). In addition, mechanistic understanding of the UPS system has set the
foundations for the development of strategies to post-translationally control protein levels.
1.2.2.ii Early synthetic systems to induce protein destabilization via the UPS

Early research on using the UPS to control protein stability was focused on synthetic
systems (Banaszynski and Wandless, 2006). Studies by Varshavsky and colleagues in the
late 1980’s described that protein stability is highly influenced by the amino acid composition
of the N-terminus of a protein and established the N-end rule pathway (Bachmair et al., 1986).
They designed ubiquitin—3-galactosidase protein chimeras, which were liable to cleavage by
the S. cerevisiae deubiquitinating proteases, revealing diverse amino acids at the N-terminus
of the protein. With this system they demonstrated that exposing different N-terminal residues,
such as arginine, led to rapid degradation of the (-galactosidase in a ubiquitin- and
proteasome-dependent manner (Fig. 3A). This work laid the foundation for synthetically

controlling POI chimeras.



Alternatively, Howley and Gosinik groups independently introduced the concept of
degradation by association, which was based on protein chimeras consisting of the target
protein and a component of the ubiquitin-proteasome system, in particular an E2 or E3 (Fig.
3B) (Gosink and Vierstra, 1995; Zhou et al., 2000). These chimeras were unstable as opposed
to the otherwise stable target protein, setting the foundations for direct hijacking of the UPS
system to degrade a POI.

Even though both mentioned mechanisms to induce POl degradation were
fundamental for expanding the available tools for post-translational protein regulation, they

both lacked tunability and controllable induction of protein destabilization.

Figure 3. Early synthetic systems for UPS-mediated protein degradation. A) Ub-POI chimeras are
cleaved by deubiquitinating enzymes of S. cerevisiae exposing arginine (Arg) on the POI’s N-terminus,
triggering proteasome-dependent degradation. B) Fusions of E2 or E3 enzymes with peptidic
sequences known to bind to a target POI can lead to recruitment of the POI to the degradation

machinery. POI, protein of interest.

1.2.2.iii Introducing small molecules to modulate protein stability via the UPS
Building on the early synthetic approaches focused on the N-end-rule pathway,

researchers sought to achieve conditional control of protein stability. Varshavsky and
colleagues developed a heat-inducible degron system that enabled temperature-dependent
protein degradation (Dohmen et al., 1994), a method applied for systematically inducing
conditional degradation of proteins in budding yeast (Kanemaki et al., 2003). This system was
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adapted to respond to the chemical compound methotrexate (MTX): in the absence of MTX,
the protein chimeras bearing the destabilizing N-terminus were degraded, whereas adding
MTX would stabilize the fusions and protect them from degradation (Lévy et al., 1999). Despite
its value as proof of principle for temporal control of proteolysis, this approach posed
disadvantages, such as MTX toxicity and potential proteasome inhibition by the stabilized

fusions.

In parallel, Crabtree and colleagues adapted the FK506-based dimerization system, to
allow a tunable and reversible degradation of a POI upon chemical stimulation (Stankunas et
al., 2003). Initially designed to circumvent rapamycin’s toxicity due to TOR inhibition, they
generated a mutant of the rapamycin binding domain of TOR protein (termed FRB*) and
synthesized a rapamycin analogue C20-methallyl-rapamycin (MaRap) that could specifically
bind to FRB* (Liberles et al., 1997; Stankunas et al., 2003). Unexpectedly, it was revealed that
FRB* was significantly more unstable compared to the wild-type counterpart, while its stability
could be restored by MaRap treatment, due to recruitment of FKBP12 (Stankunas et al., 2003).
Utilizing this finding, they developed a rapidly reversible system, in which intrinsically unstable
FRB*-POI chimeras would be stabilized upon MaRap treatment offering an orthogonal and
fully controllable platform for protein degradation. The tunability of this system enabled studies
on different proteins, however the poor synthetic accessibility and pharmacokinetics of MaRap

posed obstacles, particularly for in vivo studies.

Overall, these chemically induced degradation systems were powerful tools to study
cellular processes and established the core principles for chemically controlled protein
degradation. However, they relied on genetically modified proteins that required extensive
engineering limiting broader applications. Importantly, these synthetic systems were far from

achieving control of native cellular proteins, limiting their therapeutic potential.

1.3 Induced degradation of endogenous proteins — targeted protein degradation

1.3.1 Can small molecules induce endogenous protein destabilization in mammalian
cells?

engineered systems, unexpected findings from pharmacological research revealed that small

molecules could, in fact, induce degradation of endogenous proteins.

One of the earliest examples was arsenic trioxide (As203), an established treatment

for acute promyelocytic leukemia, that has been shown to induce leukemia cell death through
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multiple pathways including reactive oxygen species (ROS) production and transcription
inhibition (Emadi and Gore, 2010). Interestingly, among the many effects, As203 was
demonstrated to induce the proteasome-dependent degradation of promyelocytic leukemia —
retinoid acid receptor alpha fusion protein (PML-RARa), contributing to its therapeutic efficacy
in acute promyelotic leukemia (Zhu et al., 1997). Similarly, fulvestrant, a selective estrogen
receptor degrader (SERD) originally developed as an estrogen receptor a (ERa) antagonist,
was shown to block ERa signaling and promote its degradation, suggesting that ER
degradation could be an integral component of its mechanism of action (Wijayaratne and
McDonnell, 2001).

Although these discoveries were not initially intended to harness degradation as a
mode of action and despite the lack of complete mechanistic elucidation of their effects, they
provided early indications that small molecules could trigger the selective elimination of
endogenous disease-related proteins. This realization prompted a shift in focus from synthetic

protein systems to chemically induced degradation of native proteins.

1.3.2 The concept of PROTACs

The basis for the systematic investigation of induced degradation of endogenous
proteins - beyond the synthetic proteolytic systems and the fragmented observations of drug-
induced protein destabilization - was set in the early 2000s, when Crews and Deshaies
laboratories introduced for the first time the concept of proteolysis targeting chimeras
(PROTACS) (Sakamoto et al., 2001). PROTACs are synthetic bifunctional molecules acting as
bridges of an endogenous E3 ligase to an endogenous POI, forcing the proximity to the UPS
system required for POl degradation (Fig. 4) (Békés et al., 2022). PROTAC technology
bypassed the need for ectopic expression and chimeric protein engineering and utilized the

concept of using chemical molecules to finetune protein degradation in cells.

The first PROTAC, Protac-1, consisted of a 10-aa phosphopeptide — the recognition
sequence of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)
inhibitor-a (IkBa) by the B-transducin repeat-containing F-box protein (B-TRCP) — linked to
ovalicin, a covalent inhibitor of the methionine aminopeptidase 2 (MetAP-2) (Sakamoto et al.,
2001). This bifunctional synthetic molecule was shown to induce rapid MetAP-2 ubiquitination
and degradation mediated by the SKP1-Cullin1-F-boxp-TRCP (SCFB-TRCP) complex in a
cell-free system of Xenopus eggs extracts. An obvious disadvantage was that Protac-1’s size
and properties compromised cell permeability, and thus efficacy in mammalian cells.
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Nevertheless, this work was groundbreaking as it provided proof of concept that synthetic
molecules could co-opt the UPS machinery to degrade chosen protein targets and paved the
way for the development of chemical tools for degradation of endogenous proteins
(Schneekloth et al., 2004).

Following studies with peptide-based PROTACs targeting the estrogen (ER) or
androgen receptor (AR), opened new possibilities for addressing disease-relevant proteins
(Rodriguez-Gonzalez et al., 2008; Sakamoto et al., 2003). Notably, these PROTACs were
designed not only to degrade different targets, but also to recruit a different E3 ligase substrate
receptor, the Von-Hippel-Lindau (VHL), demonstrating the modularity and versatility of this
emerging technology. Nevertheless, both ERa- and AR-targeting PROTACs contained a
pentapeptide degron from VHLs’ endogenous target, the hypoxia-inducible factor-1a (HIF-1a),

posing permeability and synthetic limitations.

It was only in 2008 that non-peptidic small molecule-based PROTACs were introduced
(Schneekloth et al., 2008). The Crews laboratory reported a cell-permeable PROTAC that
could degrade the AR at micromolar range. This molecule was formed by linking an AR ligand
to nutlin-3a, a known binder of the double minute 2 homologue (MDMZ2) E3 ligase
(Schneekloth et al., 2008).

In the same year, Naito’s group made an interesting discovery: the small molecule bestatin
induced the auto-ubiquitination and degradation of the cellular inhibitor of apoptosis protein 1
(clAP1), a known E3 ligase (Sekine et al., 2008). This finding made bestatin an attractive
candidate for PROTAC development, as attaching bestatin to ligands of POls could potentially
induce proximity of POls to clAP1, leading to their degradation. Indeed, shortly after, several
studies demonstrated that these clAP1 recruiting heterobifunctional molecules, which were
termed specific and non-genetic IAP-dependent protein erasers (SNIPERs), were able to
degrade a diverse range of targets (Itoh et al., 2012, 2011a, 2011b; Naito, 2022; Ohoka et al.,
2017; Okuhira et al., 2013, 2011).

These advances established PROTACs as promising tools for TPD, showcasing their

versatility and opening novel therapeutic avenues.

1.3.3 The identification of CRBN as thalidomide’s target — molecular glues for TPD
Despite these initial successes, a major leap forward in TPD followed when

researchers uncovered the mode of action of the immunomodulatory drug thalidomide (lto et
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al., 2010). Thalidomide, a synthetic glutamic acid derivative, was an FDA approved sedative
in the late 1950s but became infamous for causing severe malformations in >8000 babies,
after being prescribed to pregnant women for morning sickness (Franks et al., 2004; Smithells
and Newman, 1992; Ward, 1962). In the 1960s, thalidomide was found to be effective against
autoimmune diseases, and decades of research have revealed its immunosuppressive and
direct anti-tumor activities (Bartlett et al., 2004; Franks et al., 2004; Melchert and List, 2007;
Teo et al., 2002). Nearly 70 years since the first FDA approval, thalidomide and its derivatives
- termed as immunomodulatory drugs (IMiDs), are widely used in the clinics to treat several

autoimmune diseases and cancers (Bartlett et al., 2004).

Despite its diverse effects, the direct targets of thalidomide remained unknown until 2010,
when the Handa laboratory immobilized thalidomide on beads to pull-down interacting proteins
from HelLa extracts (lto et al., 2010). They identified two main interactors via mass
spectrometry, cereblon (CRBN) and the damage-specific DNA binding protein 1 (DDB1). They
demonstrated that CRBN is a novel substrate receptor of the CUL4-DDB1 E3 Ub-ligase
complex (Angers et al., 2006) and suggested that thalidomide inhibits CRBN’s activity (Ito et
al., 2010). This study shed light on the molecular mechanisms of thalidomide-induced
teratogenicity, however, key questions remained regarding CRBN'’s substrates and the precise

mechanisms by which thalidomide influenced CRBN’s activity.

Subsequent genetic and biochemical studies revealed that CRBN is indispensable for
the IMID antiproliferative effects in various tumor cell lines (Lopez-Girona et al., 2012; Zhu et
al., 2011). In 2013, two landmark independent studies by the laboratories of Ebert and Bradner
& Kaelin revealed that lenalidomide leads to CRBN- and proteasomal- dependent degradation
of lkaros zinc finger proteins IKZF1 and IKZF3 (Krénke et al., 2014; Lu et al., 2014). To identify
potential CRBN substrate downregulation upon lenalidomide treatment, Lu and colleagues
designed a luciferase reporter library to monitor the stability of >15000 open-reading frames
(ORFs) (Lu et al., 2014). They found IKZF1 as the main downregulated ORF, and further
validation identified its paralogue IKZF3 as another target. In parallel, Kronke and colleagues
used an orthogonal quantitative assay based on ubiquitinated-peptide enrichment coupled
with mass-spectrometry to assess proteome changes in multiple myeloma cells upon
lenalidomide treatment, revealing the decrease of both IKZF1 and IKZF3 (Kronke et al., 2014).
Shortly after, independent studies showed that IMiDs induce IKFZ1/3 degradation in activated
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T cells and in multiple myeloma patients, proposing this as an important mechanism

underlying the immunomodulatory effects of IMiDs (Gandhi et al., 2014; Zhu et al., 2014).

Crystal structures of DDB1-CRBN in complex with different IMiDs shed light on the
mode of binding of these compounds, proposing a mechanism where IMiDs occupy the
endogenous substrate recognition site of CRBN and potentially introduce a new interaction
surface (Fischer et al., 2014). This interaction surface could in turn facilitate the recruitment of
IKZF1 and IKZF3, which inhibits the binding of endogenous substrates and therefore leads to
their increased abundance. Following studies identified additional CRBN “neosubstrates”
induced by thalidomide and its analogues (Krénke et al., 2015; Matyskiela et al., 2016; Petzold
et al., 2016). Lenalidomide was reported to induce degradation of casein kinase 1a (CK1a) in
addition to IKZF1 and IKZF3, with subtle changes in IMiD structure being sufficient to alter
substrate specificity (Kronke et al., 2015; Petzold et al., 2016). Other IMiD analogues, such as
CC-885, were shown to induce CRBN-dependent G1 to S phase transition 1 (GSPT1)
degradation (Matyskiela et al., 2016).

The structural elucidation of the ternary complexes of DDB1-CRBN-lenalidomide-
CK1a and DDB1-CRBN-CC-885-GSPT1 revealed that IMiDs bind to CRBN in a way that
creates a cooperative interaction site (or hotspot) on the CRBN surface (Matyskiela et al.,
2016; Petzold et al., 2016). The IMiD-modified CRBN surface facilitates simultaneous
interaction of the substrate with both CRBN and the IMiD. This mechanism potentially explains
how low molecular weight compounds are capable of mediating such protein-protein
interactions. Despite the lack of sequence homology among different substrates like CK1aq,
IKZF1 or GSPT1, they appear to share a common mechanism of recruitment to CRBN, relying
on structural features rather than sequence similarity (Matyskiela et al., 2016; Petzold et al.,
2016; Sievers et al., 2018).

These studies collectively demonstrated for the first time that previously undruggable
transcription factors could be targeted via a different mechanism: chemically induced
proteasomal degradation mediated by CRBN. This approach differed from the traditional
inhibitor-based pharmacology and conceptually aligned with the use of PROTACs to
repurpose E3 ligases to degrade POls (Gadd et al., 2017). However, in contrast to the
heterobifunctional nature of PROTACs, the IMiD-induced degradation did not rely on a clearly

bifunctional design. The discovery that CRBN can be harnessed to degrade crucial hard-to-
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target transcription factors paved the way for a new era in research and therapeutic

development focused on chemically induced target degradation.

In 2015, the Bradner laboratory leveraged the ability of IMiDs to bind to CRBN to
rationally design phthalimide-based PROTACSs, envisioning a modular strategy to degrade
different target proteins depending on the POl-recruiting small molecule attached to
phthalimide moiety (Winter et al., 2015). As proof of concept, two different proteins were
targeted, the bromodomain-containing protein 4 (BRD4) and FKBP12, by linking either JQ1
(BRD4 inhibitor, (Filippakopoulos et al., 2010)) or SLF (FKBP12 ligand) to phthalimide. These
heterobifunctional molecules induced efficient CRBN-mediated and proteasomal-dependent
degradation of their respective targets, highlighting the potential to expand to additional POls
(Winter et al., 2015). Notably, dBet1, the BRD4 degrader, outperformed the competitive
bromodomain and extra terminal (BET) inhibitor JQ1 in vivo, suggesting that protein
degradation may provide additional benefits over inhibition by disrupting potential scaffolding
functions. These compounds offered a few additional advantages over previous peptide-based
PROTACS, including lower molecular weight that improved cell permeability and eased
synthetic efforts, while their efficacy was independent of the POI ligand’s inhibitory
activity.(Winter et al., 2015).

These initial studies revealed two distinct categories of degraders - PROTACs and
molecular glue degraders (MGDs) (Fig. 4). Both leverage the UPS to induce TPD, however
they differ in structure, design flexibility and mechanism of action (Békés et al., 2022).
PROTACSs, being bifunctional molecules, offer modularity and rational design, as in principle
any (known) ligand of an E3 could be linked to a POI binder. However, they are relatively larger
molecules, potentially posing challenges related to cell permeability and pharmacokinetics
(Lipinski et al., 1997). In contrast, MGDs are generally smaller, monovalent molecules with no
obvious bifunctionality, that facilitate PPIs(Dong et al., 2021). MGDs’ structure potentially
results in better drug-like properties, but their discovery is unpredictable and their tunability is
more limited compared to PROTACs. Despite the inherent differences of these synthetic
degraders, research into both classes has set the foundations for TPD and has allowed for a

rapidly growing field with promising therapeutic applications.
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Figure 4. PROTACs and MGDs. PROTACSs are heterobifunctional molecules containing ligands of the
E3 and the POI connected by a chosen linker. MGDs are monovalent compounds facilitating PPIs
between the E3 and the POI. The induced E3-POlI interaction allows for POI ubiquitination.

1.3.4 Field expansion & clinical application
Since the first CRBN-recruiting PROTACSs, the field of TPD has seen a substantial

expansion on the number of therapeutically relevant targets that can be degraded, spanning
diseases like cancer, neurodegenerative disorders, immune diseases and viral infections as
well as cardiovascular diseases. With a history of approximately 25 years since the
introduction of PROTACSs, this emerging pharmacology offers the potential to expand the
druggable proteome, and multiple efforts are employed to include them in the clinics as
potential therapeutics (Békés et al., 2022; Hinterndorfer et al., 2025). Alongside PROTACs,
MGDs with their lower molecular complexity have gained significant attention, particularly
following the clinical success of IMiDs (Sasso et al., 2023). The complementary nature of these
two degrader modalities and the therapeutic potential have accelerated their integration in

drug development.

1.3.4.i Comparison with inhibitor-based pharmacology
Accumulating research has shown that PROTACs and MGDs represent a paradigm

shift in drug discovery, offering several advantages over the traditional inhibitor- and

occupancy-based pharmacology (Bouvier et al., 2024).

First, degraders have the potential to expand the druggable proteome, as they allow
for targeting proteins that lack enzymatic activity or druggable pockets (“undruggable”), two
features that are usually required by the inhibitor-based therapeutics (Békés et al., 2022). A
big class of such “undruggable” molecules are transcription factors that are major oncogenic
drivers in several cancers (Wang et al., 2023). For instance, beyond the degradation of the
Ikaros family transcription factors by thalidomide (Gandhi et al., 2014; Krénke et al., 2014; Lu
et al.,, 2014), or the steroid receptors (AR and ER) by the initial PROTACs (Rodriguez-
Gonzalez et al., 2008), degraders have demonstrated pre-clinical or clinical efficacy against

several transcriptional regulators such as the signal transducer and activator of transcription
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5 (STAT5S (Kaneshige et al., 2023)), B-cell lymphoma 6 (BCL6 (Stabicki et al., 2020b)), zinc
finger and BTB domain 16 (ZBTB16 (Matyskiela et al., 2020)), p63 (Asatsuma-Okumura et al.,
2019) and pB-catenin (Gowans et al., 2024). Similarly, since the development of the initial BRD4
degrader by Winter and colleagues (Winter et al., 2015), several degraders have been
developed against members of the BET family, such as BRD9 or SMARCAZ2, and are already
under clinical investigation (Livingston et al., 2025; Poling et al., 2023; Qilu Pharmaceutical
Co., 2023; Zhou et al., 2022).

The advantage of degraders to reach difficult-to-target proteins extends beyond
oncology. TPD could offer significant benefits in neurodegenerative disorders, where protein
aggregates are central to the disease pathology and effective treatments remain limited.
Several degraders targeting Tau (Alzheimer’s), huntingtin (Huntington’s), a-synuclein
(Parkinsons’s) or TDP-43 (ALS), have shown encouraging pre-clinical efficacies (Wang et al.,
2023).

A second advantage is the improved selectivity and specificity achieved by the
requirement for simultaneous binding of the POI and the E3 ligase to form a ternary complex
(Wurz et al., 2023). This step introduces an extra layer of selectivity, which could decrease off-
target effects. For instance, degraders of STAT3, STAT5 or fibroblast growth factor receptor
1/2 (FGFR1/2) outperformed in selectivity compared to the inhibitors from which they were
derived (L. Bai et al.,, 2019; Du et al., 2021; Kaneshige et al., 2023). Other studies with
promiscuous pan-kinase inhibitors as starting materials for PROTAC development have
shown that selectivity arises from the stability — or lack thereof — of the POI-PROTAC-E3
ternary complex (Donovan et al., 2020). These results highlight the potential of repurposing
inhibitors with multiple off-target effects as starting point for PROTAC development,
transforming them into more selective therapeutic agents. Interestingly, as exemplified with
the case of p38a, inhibitors with modest affinities could be transformed into high affinity
PROTACSs, potentially due to stabilization resulting from the cooperative nature of the ternary
complex formation (Bondeson et al.,, 2018). Along these lines, MGDs also confer unique
selectivity advantages, as they exploit natural binding interfaces to stabilize PPls, offering

increased potency without extensive modifications (Nowak et al., 2018).

Thirdly, degraders acutely deplete the POl rather than just blocking one of its functions,
thus eliminating any additional scaffolding or non-catalytic activities that traditional inhibitors
would leave intact. This was recently exemplified with the CRBN-based PROTAC, NX-2127,
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targeting the Bruton’s tyrosine kinase (BTK) (Montoya et al., 2024). NX-2127 was shown to
completely eradicate inhibitor-resistant BTK mutants that retained scaffolding functions and
thus uninterrupted B-cell receptor signaling. This degrader has entered clinical trials, showing
promising responses of refractory chronic lymphocytic leukemia patients, and offering an
alternative solution for the treatment of inhibitor-resistant tumors. IRAK4 is another example
that has been targeted by degradation to disrupt both its kinase activity and scaffolding roles
(Zheng et al., 2024). Therefore, TPD offers an alternative to targeting PPI-based functions of

proteins, which has been proven to be a challenging effort in pharmacology (Lu et al., 2020).

Finally, in traditional occupancy-based approaches, the efficacy of an inhibitor relies
on sustained binding of the target (Copeland et al., 2006). In contrast, degraders operate via
event-driven pharmacology, where a transient interaction with the POI leads to a lasting effect
(degradation) that can only be counteracted by cellular protein synthesis (Haid and Reichel,
2025). After a binding event, the POl is degraded and the small molecule can, in principle, be
reused to degrade additional POl molecules. The reversibility of the binding, combined with
the lack of a need for continuous occupancy, enables, in some cases, a catalytic-like mode of
action (Gao et al., 2023). This allows for high efficacy at sub-stoichiometric concentrations and
prolonged biological effects (Bondeson et al., 2015). Notably, the biological effect of degraders
could be sustained even after drug removal, since cells require time to resynthesize the
degraded protein. This prolonged effect has been shown to lead to a
pharmacokinetic/pharmacodynamic decoupling, as therapeutic effects could persist despite

undetectable drug levels in circulation (Bartlett and Gilbert, 2022; Mares et al., 2020).

Taken together, both PROTACs and MGDs share the ability to expand the druggable
proteome, enhance selectivity and disrupt non-catalytic protein functions. By harnessing
event-driven mechanisms, they can induce sustained effects with high potency, making them

promising therapeutic modalities alongside traditional inhibitor-based pharmacology.

1.3.4.ii Clinical development
Driven by the promise of expanding the druggable proteome and overcoming

limitations of traditional inhibitors, several degraders have progressed from preclinical
discovery to clinical evaluation (Pliatsika et al., 2024; Tsai et al., 2024). In 2019, two PROTACs,
ARV-110 against AR and ARV-471 against ER, became the first degraders to enter clinical
trials, both showing promising clinical profiles (Békés et al., 2022; Gao et al., 2022; Hamilton
et al., 2022). Since then, >50 PROTACs and MGDs have advanced into clinical development

16



with the majority targeting hematological tumors, prostate or breast cancer and a few targeting

autoimmune diseases (Mario et al., 2025; Tsai et al., 2024).

TPD is a transformative therapeutic modality with numerous clinical applications.
PROTACSs have been used to target a diverse range of proteins such as the AR, ER, BRD9,
B-cell lymphoma-extra-large (BCL-XL), IRAK4, STAT3, and BTK across diverse indications
(Tsai et al.,, 2024). Beyond the FDA approved MGDs - thalidomide, pomalidomide and
lenalidomide — MGDs targeting the lkaros transcription factors or GSPT1 are predominant in
clinical trials for the treatment of diverse malignancies (Hinterndorfer et al., 2025; Tsai et al.,
2024). While MGDs offer pharmacokinetic advantages like enhanced bioavailability and tissue
penetration, PROTACs provide broader applicability, due to their bifunctional nature and

rational design.

Beyond oncology, TPD holds great promise in areas such as inflammatory,
neurodegenerative and infectious diseases. For example, PROTACs targeting IRAK4 are
being repurposed for autoimmune diseases, while those degrading proteins such as Tau and
Huntingtin are advancing pre-clinical neurodegenerative research (Zheng et al., 2024). In
infectious diseases, PROTACs designed to degrade pathogen-specific proteins, like the
hepatitis C NS3/4A protease, have demonstrated potential in combating resistant viral strains
(de Wispelaere et al., 2019). Moreover, novel approaches like BacPROTACs leverage
bacterial proteolytic systems, targeting proteins in pathogens such as Mycobacterium
tuberculosis (Hoi et al., 2023; Morreale et al., 2022).

Collectively, these clinical developments reflect the potential of TPD in addressing

therapeutic needs, however key challenges need to be addressed to achieve this promise.

1.3.4.iii Challenges
Although significant efforts have brought several degraders into clinical trials, with a

few successes, the reality remains that only a minimal fraction progresses to approval,
underscoring a gap between preclinical promise and clinical translation (Tsai et al., 2024).
Many challenges persist, including unwanted drug toxicities, pharmacokinetic limitations and

resistance occurrences.

1) Drug toxicity. Off-target effects of degraders remain a notable concern, with
unpredictable engagement of alternative E3 ligases or target substrates. This issue is

particularly critical for thalidomide-derived PROTACSs, which can degrade unintended targets
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such as Sal-like protein 4 (SALL4) or p63, posing risks of developmental toxicity (Asatsuma-
Okumura et al., 2019; Donovan et al., 2018). Ensuring selectivity is crucial to minimizing these
adverse effects and expanding the therapeutic window. Optimizing these properties requires
innovative chemical strategies, such as engaging tissue-specific E3 ligases to minimize

systemic exposure and off-target degradation.

2) Pharmacokinetic limitations. PROTACs usually present poor pharmacokinetic
properties, including poor bioavailability and limited tissue penetration, which can hinder their
therapeutic efficacy (Edmondson et al., 2019; Pike et al., 2020). Optimizing solubility, stability
and cellular permeability require extended efforts (Chirnomas et al., 2023; Edmondson et al.,
2019; Pike et al., 2020). MGDs on the other hand, by having a lower molecular weight, they
demonstrate more attractive drug-like properties, although their discovery and lack of rational

design pose limitations (Sasso et al., 2023).

3) Drug resistance. Several studies have shown that the use of CRBN- or VHL-based
PROTACs poses the risk of resistance occurrences in cells and in clinical settings. While
resistance can result from mutations on the binding site of the target POI, genetic studies upon
degrader treatments have shown that aberrations in the degradation machinery components
are frequent mechanisms of acquired resistance (Gooding et al., 2021; Gosavi et al., 2022;
Hanzl et al., 2023; Lu Zhang et al., 2019). For instance, loss of CUL2 after treatment with VHL-
based PROTACs or complete loss of CRBN are prominent examples of resistance
mechanisms (Gooding et al., 2021; Lu Zhang et al., 2019). In refractory myeloma patients that
had undergone lenalidomide or pomalidomide treatments, more than 30% of patients carried
aberrations that directly or indirectly affected CRBN (Gooding et al., 2021). A recent deep
mutagenesis study on CRBN and VHL mapped resistant hotspots in these two substrate
receptors, providing a framework to predict clinically relevant mutations that could arise as

resistance mechanisms in patients (Hanzl et al., 2023).

To fully harness the potential of TPD necessitates both improved molecular designs
and more sophisticated preclinical models to better predict drug responses. In addition, a
deeper understanding of the diverse mechanisms underlying proximity induced degradation
is essential. The efficiency, selectivity and resistance profiles are intrinsically linked to how
degraders exploit the cell’'s proteolytic systems. Dissecting the molecular determinants of

induced degradation can help refine degrader design and expand the targetable space.
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1.4 The multifaceted mechanisms of proximity-induced degradation

The study of targeted protein degraders, including PROTACs and MGDs, has
expanded our understanding of how induced proximity can rewire cellular networks in
unexpected ways. While the conventional model of degrader function involves the recruitment
of an E3 ligase to a POI for ubiquitination and proteasomal degradation (Fig. 4), the TPD
discoveries of the last decade have revealed a diverse range of mechanistic variations beyond
this simple paradigm (Tsai et al., 2024). These insights have not only identified new hijackable
E3 ligases but have also uncovered alternative molecular events leading to degradation. The
increasing complexity of degrader mechanisms underscores their potential as more than just
inducers of targeted degradation; they actively reshape endogenous circuits revealing new

layers of biological regulation.

1.4.1 Learnings from nature’s degraders

Induced degradation is not a foreign concept in nature. Living organisms have
employed sophisticated mechanisms to regulate protein homeostasis and have evolved
diverse strategies to degrade proteins in response to cellular cues (Fig. 5) (Tsai et al., 2024).
By studying these natural pathways, we gain valuable insight into the fundamental principles

of degraders that could shape the development of next generation TPD strategies.

Long before TPD was introduced, the Howley laboratory, through their work on the
human papillomavirus (HPV), described an intriguing mechanism (Huibregtse1 et al., 1991).
They demonstrated that the viral E6 protein, by associating with the host’s p53 and the newly
identified E6-associated protein (E6-AP), induced ubiquitin-dependent p53 degradation (Fig.
5.4). Essentially, in this process, the viral peptide acted as a bridge to facilitate the interaction
between the E6-AP, a novel E3 ligase, and p53, to promote viral survival by uncontrollable
proliferation (Martinez-Zapien et al., 2016). Since the initial discovery, a growing number of
virus families, such as adenoviruses, paramyxoviruses or retroviruses, have been identified to
hijack several components of the host's UPS (KyungWon et al., 2007; Li et al., 2010; Mahon
et al., 2014). This suggests that proximity-induced degradation is a general phenomenon in
viral pathogenesis, highlighting how nature had long exploited proximity-induced degradation

for cellular control.

Contrary to viruses that hijack the host’s degradation system, plants have evolved an
endogenous hormone-responsive proteolytic pathway to regulate their growth. Seminal work

by Estelle and colleagues uncovered a pathway that relied on the plant hormone indole-3-
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acetic acid (IAA or auxin) to trigger proteasome-dependent degradation of Aux/IAA proteins
via the SCF-transport response inhibitor 1 (SCF™") complex (Fig. 5.3) (Gray et al., 2001,
1999; Tan et al., 2007). Similarly to auxin, jasmonate acts as a molecular glue to induce

degradation of jasmonate-zim domain proteins via the SCF®°'" E3 complex (Chini et al., 2007).

Although no similar mechanism has been reported in mammalian cells so far, the
identification of endogenous molecular glues in plants reinforced the idea that small molecules
can be utilized for induced degradation and inspired the development of synthetic biology tools
for controllable protein degradation. In particular, the Kanemaki laboratory engineered an
orthogonal synthetic system, called auxin inducible degron (AID), to rapidly and reversibly
degrade mammalian proteins (Nishimura et al., 2009). By ectopic expression of TIR1 and a
chimeric POl-auxin-responsive degron (67aa), researchers could orthogonally modulate

protein stability, without the requirement of large synthetic ligands.

Mammalian cells, on the other hand, have evolved a different mechanism to regulate
their nuclear hormone receptors (NHRs) via ligand-controlled ubiquitin-mediated degradation
(Nawaz et al., 1999; Wallace and Cidlowski, 2001; Zhu et al., 1999). Several NHRs share a
C-terminal ligand-binding domain that, upon binding of the respective hormone, undergoes
conformational changes leading to degron exposure, recognized by the E3 ubiquitin protein
ligase UBRS (Fig. 5.2) (Tsai et al., 2023).

As mentioned earlier (section 1.3.1), the ER-targeting SERDs have been reported to
act via a mechanism where E3-SERD complex is targeted for UPS-mediated degradation
(Gheysen et al., 2024; Long and Nephew, 2006). The E3 ligases UBR5 or RNF111 have been
implicated to participate in this process, although the precise mechanisms remain elusive
(Hilmi et al., 2012). Even though the endogenous-hormone-induced and SERD-induced
degradation likely follow distinct pathways, these examples show how synthetic molecules can
mimic natural compounds, ultimately converging on ligand-induced targeted degradation as a

powerful regulatory strategy.

Learnings from nature have shown that virtually any molecule, even a simple metal
ion, could act as a molecular glue (Henning et al., 2022). Work from the Rape laboratory
proposed a mechanism where zinc (Zn) facilitates the assembly of the CUL2-FEM1B-FNIP1
complex upon reductive stress (FEM1B, fem-1 homologue B; FNIP1, folliculin-interacting

protein 1). In this context, reduction of residues on FNIP1 are detected by FEM1B via atomic
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interactions stabilized by Zn. Thus, Zn acts as a molecular bridge stabilizing the FEM1B-Zn-
FNIP1redueed complex and facilitating FNIP1 degradation (Fig. 5.1) This intriguing mechanism
expands the scope of natural glues beyond peptides or small molecule hormones, suggesting

that even chemical elements can serve as proximity-inducing factors for degradation.

Figure 5. Examples of natural degraders. 1) Under reductive
stress, Zn facilitates the assembly of CUL2-FEM1B-
FNIP1reduced - promoting FNIP degradation. 2) Upon agonist
(Ago) binding, nuclear hormone receptors undergo
conformational changes, exposing hidden degrons that can be
recognized by E3 ligases (e.g. UBRS), triggering degradation.
3) In plant cells, the growth hormone auxin (indole-3-acetic-
acid, 1AA) acts as a MGD, inducing interactions between TIR1
(substrate receptor of SCF complex) and Auxin proteins (i.e.
IAA7). 4) The HPV protein E6 bridges two host proteins, the
tumor suppressor p53 and the E3 ligase E6-AP, to induce p53
degradation. All shown interactions induce ubiquitination and
subsequent degradation. FEM1B, Fem-1 homologue B; FNIP1,
Folliculin-interacting protein 1; UBRS5, Ubiquitin Protein Ligase
E3 Component N-Recognin 5; Ub, ubiquitin; TIR1, transport

response inhibitor 1; E6-AP, E6-associated protein

1.4.2 Unique mechanisms of synthetic small molecule-induced degradation via the
UPS

Similarly to nature’s diverse mechanisms for induced degradation, synthetic degraders
have further expanded this landscape by revealing mechanisms that go beyond the classical
E3 ligase-substrate interaction. Recent discoveries in the TPD field have demonstrated a
growing number of unconventional rewiring of cellular pathways ultimately leading to
degradation. From a mechanistic perspective, these uncovered mechanisms give valuable
insights into the biology of TPD, that can be leveraged for expanding the targetable scope. In
this section, several representative examples will be described that showcase the complexity

of TPD and highlight the potential of expanding the field in different directions.

1.4.2.i Neo-interactions induced by MGDs
IMiDs and their function as MGDs that bridge CRBN with IKZF1/3 for degradation have

set the paradigm of classical glues (Fig. 6.1) (Chamberlain et al., 2014; Gandhi et al., 2014;
Krénke et al., 2014; Lu et al., 2014; Zhu et al., 2014). However, many recent reports have
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demonstrated examples of non-classical glue-induced degradation. One such example is the
MGD-induced degradation of cyclin K, in which the DDB1- cell-cycle-dependent protein kinase
12 (CDK12) gluing allows for optimal cyclin K positioning for ubiquitination (Fig. 6.2) (Kozicka
et al., 2024; Lv et al., 2020; Mayor-Ruiz et al., 2020; Stabicki et al., 2020a). In this example,
cyclin-K being the “cargo” of CDK12, becomes the indirect target for degradation. This
paradigm expanded the mechanistic diversity of MGDs, showing that POI degradation can be

achieved via indirect substrate recruitment.

Efficient POl degradation requires both right conformation for efficient ternary complex
formation, and sufficient stability of the ternary complex (Bondeson et al., 2018; Du et al,,
2019). Growing evidence suggests that MDGs not only act by inducing novel interactions, but
also by re-enforcing existent low-affinity ones (Cao et al., 2022; Hanzl et al., 2025; Hsia et al.,
2024;Y.-D. Li et al., 2024; Rui et al., 2023; Stabicki et al., 2020b). For instance, the interaction
of DDB1 and CUL4 associated factor 16 (DCAF16) with BRD4 is typically weak and does not
lead to degradation (Hsia et al., 2024).

A few studies have shown that MGDs can solidify the BRD4-DCAF 16 interaction via
different mechanisms. For example, a joint study by the Winter and Ciulli laboratories
introduced the concept of intramolecular glue degraders (Fig. 6.6) (Hsia et al., 2024). They
showed that the compound IBG1 induced a neosurface by the two bromodomains of BRD4
that facilitated the stabilization of BRD4-DCAF16 complex, ultimately leading to BRD4
degradation. Their biophysical data showed that IBG1 stabilized the pre-existing low affinity
BRD4-DCAF16 interaction, demonstrating that MGDs can enhance transient interactions to
induce degradation. With this knowledge at hand, the authors tested rationally designed
intramolecular glues, revealing an unprecedented potency at picomolar range, supporting the

potential of expanding towards this methodology.

To harness these weak intrinsic interactions to rationally design degraders, the Ebert
laboratory introduced a mechanism termed template-assisted covalent modification (Fig. 6.3)
(Y.-D. Liet al., 2024). In brief, they presented a method to overcome the inconsequential BRD4
- DCAF16 low affinity interaction, by using a BRD4 ligand carrying a covalent handle. In this
model, BRD4 served as a carrier, delivering a covalent warhead within reach of a DCAF16
cysteine, enabling covalent modification and complex stabilization. This, in turn, led to BRD4’s
own degradation, demonstrating how small molecules can be rationally designed to enforce
PPIs if positioned correctly. Combined, these studies highlight how uncovering the mode of
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action of MGDs can inform the rational transformation of transient PPls to stable complexes,

driving wanted biological outcomes.

In line with the notion that MGDs can harness or enhance endogenous circuits to exert
their activity, Slabicki and colleagues identified a distinct MGD-driven degradation mechanism
based on POI polymerization (Stabicki et al., 2020b). Their compound, BI-3802, induced
symmetrical BCL6 homodimer clustering, forming high molecular-weight helical structures.
Following genetic screens and biochemical assays revealed that the BCL6 polymers were
recognized by the E3 ligase seven in absentia homolog 1 (SIAH1), which was shown to be an
endogenous E3 for BCL6. These compound-induced BCL6 polymers enhanced the intrinsic
recognition by SIAH1 leading to the observed degradation (Fig. 6.4). This mechanism
showcased the mechanistic versatility of TPD and introduced a novel degradation paradigm
in which POI polymerization can be harnessed to reinforce endogenous proteolytic circuits.
Notably, the identification of SIAH1 as an endogenous BCL6 ligase highlights the value of
exploring synthetic-compound-induced effects, as they can uncover previously unknown

regulatory pathways.

Looking at the other side of the coin, studying protein mutations can reveal how MGDs
induce PPIs. A recent study by the Liau laboratory exemplified this by the identification of
cancer-associated gain-of-function mutations on the E3 ligase substrate receptor kelch repeat
and BTB domain containing 4 (KBTBD4) that forced aberrant co-repressor complex (CoOREST)
degradation (Xie et al., 2025). Using deep mutational scanning and structural elucidation they
demonstrated direct interaction with the histone deacetylase 1 (HDAC1), mediated by surface
complementarity introduced by the mutated residues of KBTBD4, leading to stabilization and
degradation. Intriguingly, they showed that this mechanism was mimicked by the small
molecule UM171, inducing similar surface interactions (Fig. 6.5). Notably, the HDAC1/2
cofactor inositol hexakisphosphate (InsP6), that stabilizes HDAC1-CoREST interactions, was
also required for the degradation phenotype. This study, parallelizing small-molecule effects
to mutation-driven outcomes, opens new possibilities for drug design by using lessons learned

from mutant-induced neointeractions.

Finally, recent reports on MGDs have revealed mechanisms that require additional
cellular components, beyond an E3 ligase and POI, for the activity. Many small molecules
carry moieties that present metabolic liabilities at the organismal or cellular level, with a lot of
research focusing on prodrug development for improving drug delivery (Fralish et al., 2024).
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Studies of small molecules acting as degraders have revealed interesting mechanistic events
that convert precursor molecules to active MGDs in the cells leading to observed target
degradation. For instance, a joint study by the Schulman and Gray labs, reported a first-in-
class type of molecular glue that was termed charged glue (c-Glue) (Zhuang et al., 2024).
Combining genetics, proteomics and structural/biochemical studies, they identified the small
molecule ZZ1, which contains a covalent handle metabolized into a charged moiety. This, in
turn, is indispensable for the electrostatic interactions with the Yippee like 5 (YPELS5) subunit
of the E3 ligase C-terminal to LisH (CTLH) (Fig. 6.7). This study introduced a unique metabolic
MGD mechanism and described in atomic detail how electrostatic interactions mediate

interactions of a POl with an E3 ligase that has not been used in TPD before.

Along the lines of metabolically converted drugs, the Han laboratory identified the
mode of action of the antipsychotic drug acepromazine (ACE) (Lu et al., 2024). In brief, cellular
enzymes induced the reduction of ACE to the active counterpart (S)-ACE-OH, that in turn
caused nucleoporin 98 (NUP98) degradation via the E3 ligase tripartite motif-containing
protein 21 (TRIM21). Following ACE-based PROTAC development, the researchers
demonstrated that TRIM21 can be redirected towards degradation of multimeric proteins only
when present in nuclear condensates and not in the monomeric form. Although degradation
of endogenous proteins localized in the condensates was not shown, the potential of this
mechanism is invaluable, as it could allow for degradation of disease-causing protein

aggregates.

Collectively, these examples of uncovering diverse MGD mechanisms underscore the
versatility of small-molecule-induced degradation and the complexity of modulating the UPS
system. However, these discoveries have mainly originated from serendipity. In contrast, the
modularity of PROTAC technology has inspired efforts beyond the standard paradigm of E3

ligase recruitment.
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Figure 6. MGD-induced neointeractions. 1) Classical example of MGD, as exemplified by the first
identified IMiD thalidomide, that induces CRBN-IKZF1/3 neointeractions, leading to degradation. 2)
Degradation of cargo by CR8 molecular glue that induces DDB1-CDK12 interaction, thereby positioning
cyclin K (“cargo”) at the reach of ubiquitination. 3) Template-assisted covalent modification. Weak
intrinsic interactions between DCAF16 and BRD4 are normally insufficient to induce degradation. By
attaching a covalent handle to JQ1 (BRD4-ligand), BRD4 facilitates covalent modification of a Cys on
DCAF16 during the transient interaction. This covalent “gluing” stabilizes the complex and induces
BRD4 degradation. 4) Polymerization-induced degradation. The compound BI-3802 induces BCL6-
homodimer polymerization leading to filamentous structures recognized by the endogenous BCL6 E3
ligase SIAH1. 5) UM171 mimics the gain-of-function mutations on the E3 ligase KBTBD4 that induce
neointeractions with the HDAC1 component of the CoREST complex. The co-factor InsP6 (red) is
required for CoREST degradation. 6) IBG1 acts as an intramolecular glue degrader creating a
neosurface consisting of bromodomains BD1 and BD2 of BRD4 and DCAF 16, leading to degradation.
7) The compound ZZ1 is metabolized to the charged ZZ1-SO2zH, (charged molecular glue or c-Glue)
facilitating electrostatic interactions between YPELS and BRD4. IKZF1/3, lkaros zinc finger proteins 1/3;
BRD4, bromodomain-containing protein 4; BCL6, B-cell lymphoma 6; CDK12, cell cycle-dependent
protein kinase 12; CoREST, co-repressor complex; CRBN, cereblon; CRL, cullin RING ligases; DDB1,
damage-specific DNA binding protein 1; DCAF16, DDB1 and CUL4 associated factor 16; HDAC1,
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histone deacetylase 1; KBTBD4, kelch repeat and BTB domain containing 4; SIAH1, seven in absentia
homolog 1; YPELS5, Yippee like 5; CTLH, C-terminal to LisH.

1.4.2.ii Redirecting alternative UPS components
Traditional PROTACs and MGDs primarily function by recruiting an E3 ligase substrate

receptor (SR) like CRBN, to the POI. However, the inherent modularity allows for more flexible
engagement of the UPS system. As the field tries to expand beyond the conventional CRBN
or VHL-based approaches, researchers have employed diverse PROTAC strategies to recruit

different components of the UPS system (Fig. 7).

As mentioned above, MGDs acting via the recruitment of DDB1 were the first proof
that bypassing substrate receptor recruitment is a viable strategy to induce degradation (Lv et
al., 2020; Mayor-Ruiz et al., 2020; Stabicki et al., 2020a). More recent studies have expanded
this concept by hijacking alternative components of the UPS system. Several studies by the
Nomura laboratory using a ligand-first approach employed chemoproteomics that resulted in
the identification of covalent binders for the adaptor proteins DDB1 and SKP1, as well as for
the E2 Ub conjugating enzyme UBE2D (Fig. 7) (Belcher et al., 2023; Forte et al., 2023; Hong
et al., 2024; Meyers et al., 2024). In all cases, these novel covalent binders were subsequently
incorporated into PROTACs targeting AR or BRD4, demonstrating promising degradation
properties. Although these strategies offer opportunities to expand the TPD field, further
mechanistic understanding of the underlying molecular events is needed to assess their

applicability and versatility.

Interestingly, a recent study reported a TPD strategy for directly targeting a POI to the
proteasome without the need of intermediate components (Fig. 7) (Bashore et al., 2023). It
was shown that peptidic macrocycles could directly bind PSMD2, a 26S proteasome subunit,
without inhibiting its function. Incorporating them into bifunctional molecules with BRD4 ligand
resulted in efficient BRD4 degradation. Despite limitations arising from the high molecular
weight, these chimeras could reach proteins with limited (or no) available lysines for
ubiquitination and overcome resistance mutations in the ubiquitination cascade. However,
their full potential remains significantly unexplored and could be further developed by

identifying novel proteasomal-subunit ligands.

These examples of harnessing the UPS via alternative ways could push the boundaries
of TPD, yet there is still room for further exploration of the mechanistic underpinnings and

implementation in drug development.
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Figure 7. PROTACs redirecting
different UPS components. PROTAC
designs to target a POI for degradation
via the UPS. Different components of
the cullin E3 ligases have been
recruited, such as substrate receptors
(SR) and adaptor proteins. Alternatively,
components upstream the E3s such as
E2s, or downstream the ubiquitination
cascade, such as proteasomal
subunits, have been shown to be

successfully hijacked.

1.4.2.iii Chaperone mediated degradation

Chaperone-recruiting PROTACs
An alternative UPS-dependent TPD strategy has been inspired by the ability of

chaperones to recognize misfolded proteins and facilitate their degradation by recruiting
different E3 ligases (Fig. 8). Interestingly, the chaperone HSP90 has been reported to interact
with ~30% of the E3 ligases (Taipale et al., 2012). In principle, heterobifunctional molecules
bridging a POI with the HSP90 chaperone could induce POI degradation, with proof-of-
concept studies demonstrating successful applications CDKs’ degradation in cells and in vivo
(Li et al., 2023). Although different variations of this platform (HEMTACs, HIM-PROTACs,
CHAMPS etc) have been introduced, all follow the same principle of HSP90 chaperone-
mediated TPD, yet the exact underlying mechanisms of this approach have not been fully
elucidated (Dong et al., 2024; Foley et al., 2021; Li et al., 2023).

Hydrophobic tags
An extension to a potentially chaperone-mediated TPD approach is hydrophobic

tagging, where lipophilic and hence hydrophobic tags are appended to ligands of POls (Fig.
8) (Cheng et al., 2025; L. Ma et al., 2024; Xie et al., 2023). This approach is based on the
principle that binding of a hydrophobic tag to a POI could mimic the misfolded protein state
which would be recognized by the quality control machinery (especially chaperones),

subsequently leading to POI degradation. This platform has been used to target a few POls,
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yet the precise mechanism of action is not fully understood, with limited evidence for

chaperone and E3 involvement.

Figure 8. Chaperone-mediated degradation and hydrophobic tagging. Left: heterobifunctional
molecules built from a chaperone ligand and a POI ligand can recruit various E3 ligases to induce
chaperone-mediated degradation. Right: attachment of a hydrophobic moiety on a POI-ligand
resembles the unfolded state of a protein, potentially recruiting a chaperone and E3 ligases for POI
degradation. The mechanism is mostly speculative and not elucidated.

1.4.2.iv Other unconventional degradation strategies

Several unconventional TPD approaches have emerged, involving more intricate
molecular mechanisms beyond bifunctional designs. One such approach is collateral
degradation, where targeting a primary POI, when part of a multisubunit complex, triggers the
degradation of interacting proteins, or complex collapse (Fig. 9.1) (Hsu et al., 2020; Padovani
et al., 2022; Pla-Prats and Thoma, 2022; Zhang et al., 2023). This phenomenon has been
observed in repressor complexes, although its precise molecular mechanisms are not fully

elucidated.

Other emerging strategies exploit unique recruitment mechanisms for target
degradation. For instance, nucleic-acid-mediated degradation is based on oligonucleotide-
small-molecule chimeras, in which E3-recruiting ligands are attached to oligonucleotides to
recruit RNA- or DNA- binding proteins for degradation (Fig. 9.2) (Ghidini et al., 2021;
Samarasinghe et al., 2022; Shao et al., 2021). This approach has been applied to degrade
RNA-binding proteins (RNA-PROTACs, (Ghidini et al., 2021)) or transcription factors
(oligoTRAFTACS, (Samarasinghe et al., 2022) and O’'PROTACSs, (Shao et al., 2021)), paving
the way for degrading targets that are otherwise challenging to recruit by small molecules. In
contrast, Trim-away technology employs the endogenous function of the TRIM21 E3 ligase,
which naturally degrades antibodies as part of the immune response (Mallery et al., 2010). By
introducing antibodies against a wanted POI, Trim-away allows for rapid proteasome-
dependent degradation of the POI, expanding the TPD toolkit beyond small molecule-driven
strategies (Fig. 9.3) (Clift et al., 2017).
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Finally, experimental designs such as trivalent PROTACs that simultaneously recruit
two distinct E3 ligases for POl degradation, offer an alternative approach to potentially
overcome resistances (Fig. 9.5) (Bond et al., 2024). Alternatively, bridged-PROTACs could
also support a “degradation of cargo” mechanism — similarly to cyclin K degraders (Lv et al.,
2020; Mayor-Ruiz et al., 2020; Stabicki et al., 2020a) — as exemplified by compound 1 (MS181)
that binds to the embryonic ectoderm development protein (EED) but degrades EED-
associated components of the polycomb repressive complex 1 (PRC1), B lymphoma Mo-MLV
insertion region 1 homolog (BMI1) and RING1B (Fig. 9.4) (Kabir et al., 2024).

These emerging strategies, either intentionally designed or as a result of unexpected
observations, showcase the versatility of TPD and provide new tools to control degradation.
Nevertheless, more research is required to fully understand their underlying molecular

mechanisms and assess their translational potential beyond preclinical efficacy.

Figure 9. Alternative degradation strategies. 1) Targeted degradation of one component of
multisubunit complexes leads to complex degradation/collapse. 2) RNA-small-molecule- (RNA-
PROTACSs) or DNA-small-molecule- (oligo-TRAFTACSs) chimeras to recruit E3 ligases to RNA-binding
proteins (RBRs) or DNA-binding proteins such as transcription factors (TFs), respectively. 3) Antibodies
against an endogenous POI can trigger recognition by the TRIM21 E3 ligase. 4) Bridged PROTAC
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recruits EED to CRBN and induces degradation of the EED-associated subunits BMI1 and RING1B
(“cargo”). 5) Chimeras consisting of CRBN-, VHL- and POI- ligands recruit two E3 ligases
simultaneously for POl degradation. EED, embryonic ectoderm development protein; PRC1, polycomb
repressive complex 1; BMI1, B lymphoma Mo-MLV insertion region 1 homolog; RING1B, really
interesting new gene 1B; TRIM21, tripartite motif-containing protein 21

1.4.2.v Degraders with non-obvious bifunctionality beyond MGDs

Inhibitors increasing endogenous turnover
Beyond PROTACs and MGDs, many small-molecule inhibitors have been

unexpectedly found to act as destabilizers, triggering degradation. In addition to the previously
mentioned SERDs that induce ER degradation (Gheysen et al., 2024), kinase inhibitors often
exhibit destabilizing effects (Jones, 2018). A large-scale study investigating this phenomenon
identified an overarching mechanism that involved inhibitor-induced exacerbating (or
“supercharging”) of the natural degradation pathway of the kinase targets (Fig. 10A) (Scholes
et al.,, 2024). This process was driven by inhibitor-induced hyperactivation (Fig. 10A.1),
mislocalization (Fig. 10A.2) or multimerization (Fig. 10A.3), which in turn activated
endogenous kinase proteolytic circuits. This mechanism is extended beyond kinase inhibitors,
covering inhibitors of the enzyme indoleamine-2,3-dioxygenase 1 (IDO1) (Hennes et al.,
2025). These examples involve much more intricate mechanisms, posing challenges for

rational design and mechanistic elucidation.

Small molecule ubiquitination
Notably, another study reported an unconventional mechanism in which the E3 ligase

X-linked inhibitor of apoptosis protein (XIAP) could directly ubiquitinate its own ligand that
carried an aliphatic chain with a terminal primary amine (den Besten et al., 2021). This
mechanism was based on the principle that the small molecule mimicked the side chain of
lysine, which is the primary amino acid for Ub attachment (Fig. 10B). In vitro assays detected
the small molecule-Ub conjugates, suggesting a mechanism of auto-degradation where an E3
ligase could ubiquitinate a bound small molecule, thereby indirectly marking itself for
degradation (den Besten et al., 2021). Ubiquitination of non-protein substrates has also been
shown by Otten and colleagues, who demonstrated that the bacterial lipopolysaccharide (LPS)
can be directly ubiquitinated by the eukaryotic E3 ligase RNF213, contributing to antibacterial
defense (Otten et al., 2021).
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Figure 10. Unconventional degradation mechanisms with non-obvious bifunctional molecules.
A) Examples of how kinase inhibitors induce destabilization by enhancing kinase physiological turnover.
(1) Inhibition of a negative regulator (kinase A) leads to kinase B overactivation and subsequent
degradation by its endogenous E3. (2) An inhibitor can induce change in localization from a stable
membrane-bound state to an unstable free cytosolic state, triggering degradation. (3) An inhibitor could
trigger kinase polymerization that is cleared by the kinase’s endogenous turnover pathway. B) Proposed
mechanism for small molecule ubiquitination. Attaching an aliphatic chain with a terminal amine on
XIAP’s ligand induces XIAP autodegradation. The amine-tethered small molecule mimics lysine’s side
chain (primary ubiquitination residue), triggering XIAP-mediated ubiquitin attachment on the small
molecule, marking the XIAP-small-molecule-Ub complex for degradation. XIAP, X-linked inhibitor of
apoptosis protein.

The exploration of molecules that modulate proximity has uncovered a variety of
unconventional modes of action and has offered significant insights into drug design. These
findings emphasize the importance of investigating diverse chemical compounds and

unconventional design strategies to expand the targetable proteome.

1.4.3 Redirecting alternative proteolytic pathways - TPD beyond the UPS

While degraders harnessing the UPS have revolutionized TPD, their function is
inherently limited to intracellular or membrane-anchored proteins. In addition to the UPS,
lysosomal degradation is the other major pathway for maintaining protein homeostasis (Mutvei
et al.,, 2023; Pohl and Dikic, 2019). Lysosome-based strategies complement UPS-based
degraders by enabling the degradation of transmembrane receptors, extracellular proteins,
protein aggregates or even whole organelles and pathogens, making them attractive in areas
such as neurodegenerative diseases and immune modulation (Wells and Kumru, 2024; Zhao
et al., 2022).

In 2019, autophagy targeting chimeras (AUTACs) were introduced, combining small-
molecule POl ligands and a cyclic guanosine monophosphate (cGMP) to tether proteins to the

autophagosomes for lysosomal degradation (Takahashi et al., 2019). Subsequent approaches
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(AUTOTACSs, ATTECSs), despite the name discrepancies, follow a similar principle: hijacking
different autophagy-related factors to direct a POI to the autophagy-lysosome pathway (Fig.
11) (Jietal., 2022; Z. Li et al., 2020). Notably, compounds called alkenyl oxindoles, repeatedly
reported as autophagy-tethering compound (ATTECs), were shown by independent studies
that can induce DCAF11- and proteasome-dependent degradation when incorporated into
BRD4-targeting PROTACs (Wang et al., 2024; Xue et al., 2023). These contradictory results
potentially suggest differential pathway involvement that could be dictated by the different

target POls or cellular backgrounds (Zhong et al., 2024).

Alternatively, the Bertozzi laboratory pioneered Iysosome-targeting chimeras
(LYTACSs), to engage the endosome-lysosome pathway (Fig. 11) (Banik et al., 2020). LYTACs
were heterobifunctional molecules bridging target proteins with a lysosomal receptor called
cation-independent mannose-6-phosphate receptor (CI-MPR) (Ghosh et al., 2003). This
receptor was known to bind mannose-6-phosphate (M6P)-modified proteins to facilitate their
lysosomal degradation (Banik et al., 2020). As proof of concept, the researchers conjugated
poly-M6Pn to antibodies targeting EGFR or PDL1 - targets with therapeutic value — and
demonstrated effective degradation. This technology offered versatility, in addition to potential
tissue-specificity dictated by the differential expression of lysosomal receptors, as was shown
in following studies (Ahn et al., 2021; Caianiello et al., 2021; Paulk, 2021; Xiao et al., 2025).

Notably, most lysosome-mediated TPD strategies rely on biologics, such as antibodies
and peptide-based chimeras, rather than small molecules (Zhao et al., 2022). Despite this

distinction, they have opened therapeutic avenues for previously inaccessible targets.

32



Figure 11. General principles of hijacking
the lysosomal pathway for TPD.
Extracellular POls (ePQOls) or membrane
bound POls (mPOQlIs) can be redirected to the
endosome-lysosome (grey) or autophagy-
lysosome (green) pathways for subsequent
lysosomal-mediated degradation.
Lysosome-targeting chimeras (LYTACs) are
POl-targeting antibodies linked to poly-
M6Pn, a substrate of lysosome receptors
(LTR). The mPOI-LYTAC-LTR complex is
transferred to the lysosome via endosomal
trafficking (grey).  Autophagy-targeting
chimeras bridge diverse autophagy

components with a POI, leading to autophagosome formation and subsequent lysosomal degradation.

1.5 Advances in E3 ligase discovery to broaden the scope of TPD

Having highlighted the multifaceted mechanisms of TPD, the next question is how we
could further expand these approaches to address novel proteins and therapeutic needs. For
that, it is important to direct the focus towards the E3 ligases, the critical component mediating
the POI degradation. Most TPD strategies so far rely on a limited number of well-characterized
E3 ligases, posing several limitations. Therefore, the field recognizes that to achieve the full

TPD potential, broadening the E3 ligase repertoire is required.

1.5.1 Current E3s for TPD

Recent work in the field has led to the discovery of molecules to recruit novel E3 ligases
for TPD, in addition to the well-characterized ones, CRBN and VHL (Ishida and Ciulli, 2021;
Rodriguez-Gimeno and Galdeano, 2024; Xiao et al., 2024). The most prominent examples of
E3 ligases utilized for TPD will be outlined in this section, highlighting the efforts that led to
their identification, advantages they might offer and remaining challenges in their wider

application.
CRBN

As already discussed (section 1.3.3), CRBN is the dominant E3 ligase used in TPD,
both in terms of MGD and PROTAC development, as well as in terms of clinical applications.
The well-characterized mechanism of action, supported by extensive structural insights and
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the availability of ligands from various drug-development campaigns by academia and industry
have allowed a broad target scope. Several studies pursuing CRBN-glue protein targets in an
unbiased way have revealed previously unknown interactions (Baek et al., 2024; Petzold et
al., 2024). Nevertheless, limitations such as ubiquitous expression, mutation accumulation
and target (in)accessibility of CRBN, undermine the potential to expand the druggable space
if CRBN remains the only E3 ligase utilized for TPD applications (Békés et al., 2022).

VHL

VHL was one of the first E3 ligases used in PROTAC development, when HIF1a-derived
peptidic molecules known to recruit VHL were linked to the FKBP12M¢V ligand AP21998
(Schneekloth et al., 2004). These molecules performed better at entering the cells compared
to the Protac-1 from the Crews laboratory in 2001 (Sakamoto et al., 2001), but still required
improvements of the pharmacokinetics and structural simplification.

In 2012, work from the Crews and Ciulli laboratories led to the discovery of small molecule
inhibitors of VHL (Buckley et al., 2012; Van Molle et al., 2012), which entered the TPD
momentum in 2015 with a series of VHL-based degraders targeting BRD4 (Zengerle et al.,
2015), estrogen-related receptor alpha (ERRa), and the serine-threonine receptor-interacting-
protein kinase 2 (RIPK2) (Bondeson et al., 2015). Their studies revealed a few of the
properties of PROTACSs, including the concept of event-driven pharmacology, the modularity
for different targets, the reversibility of PROTAC effects depending on protein synthesis and
structural determinants of their activity (i.e. linker composition) (Bondeson et al., 2015).
Several VHL-recruiting PROTACs against a variety of targets have shown efficient pre-clinical
effectiveness (Ishida and Ciulli, 2021).

A notable example of a VHL-based PROTAC is DT2216, designed for the degradation of
the anti-apoptotic protein B-cell lymphoma extra-large (BCL-XL), an attractive target in
hematological malignancies (He et al., 2020; Zhang et al., 2019). Clinical success of BCL-XL
inhibitors such as ABT263 has proven to be challenging, primarily due to thrombocytopenia,
a severe side effect of inhibition of BCL-XL in platelets (Kaefer et al., 2014). DT22216, a
bifunctional molecule bridging a VHL ligand and ABT263, appeared to be superior to the
inhibitor alone (He et al., 2020). Specifically, it efficiently degraded BCL-XL in malignant T-
cells, but spared platelets as they express low levels of VHL. This added on-target specificity
directed by the E3 ligase offers therapeutic advantages over inhibitor-based pharmacology

and further supports the value of expanding the E3 ligase toolbox for TPD.
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AhR

The Naito laboratory has achieved hijacking of the arylhydrocarbon receptor (AhR), a
ligand-responsive E3 ligase (Ohtake et al., 2007). By synthesizing heterobifunctional
molecules based on the AhR agonist p-naphthoflavone and ligands of either the cellular
retinoic acid binding proteins (CRABPs) or BET bromodomains, they demonstrated efficient
degradation (Ohoka et al., 2019), with potential applications for anti-cancer therapy and

inflammatory diseases, in which AhR is overexpressed (Nguyen et al., 2013; Safe et al., 2017).
MDM2

MDMZ2, the endogenous E3 ligase regulating the levels of the tumor-suppressive factor
p53 (Wu et al., 1993) was the first E3 ligase used in small-molecule-based PROTAC
development, because of the availability of its agonist, nutlin-3 (Schneekloth et al., 2008).
These first small-molecule PROTACs had favorable features compared to the earlier non-cell-
permeable peptidic PROTACs (Sakamoto et al., 2001; Schneekloth et al., 2004). A decade
after the first MDM2-based AR degraders, the Crews laboratory synthesized bifunctional
molecules that combined nutlin-3 with JQ1, to effectively degrade BRD4 (Hines et al., 2019).
This study revealed the dual function of this heterobifunctional molecule: it simultaneously
degraded BRD4, thus disrupting oncogenic transcription, and deprived p53 of MDM2, thereby
releasing the tumor suppressor. These combined effects showed additive antiproliferative
activity compared to previous VHL-based BRD4 degraders. The example of MDM2 really
highlights additional advantages of TPD technology: 1) it demonstrated that the endogenous
roles of novel PROTACable-E3 ligases could offer more potent cellular effects and 2) there
might be clinical advantages, as treatment-evading mutations are less likely to abolish both
PROTAC functions (Hines et al., 2019).

DCAF15

Two independent studies from 2017 focusing on sulfonamides (i.e. indisulam, E7820,
CQS) demonstrated that thalidomide and analogues are not the only molecules that act as
MGDs (Han et al., 2017; Uehara et al., 2017). Indisulam had shown some efficacy in clinical
trials in solid tumors, yet the underlying mechanism of action of this compound was unresolved
(Baur et al., 2007). By developing and sequencing resistant-to-indisulam clones, Han and

colleagues identified the splicing factor RNA binding motif protein 39 (RBM39, also known as
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CAPERa) as the main target of the drug (Han et al., 2017), while Uehara and colleagues used

orthogonal MS-based assays that led to the same conclusion (Uehara et al., 2017).

With a series of biochemical and proteomics methods, both groups revealed the mode of
action of indisulam: this compound facilitates the ternary complex formation between the
CUL4A/B-DCAF15 and RBM39, a mechanism akin to thalidomide for CUL4-CRBN-IKZF1/3
(Han et al., 2017; Sievers et al., 2018; Uehara et al., 2017). RBM39 degradation resulted in
splicing defects in cancer cells, contributing to the anti-cancer activity of these compounds
(Han et al., 2017; Uehara et al., 2017). Han and colleagues, additionally showed that aryl
sulfonamides were particularly effective against cancers with hematological origin that highly
expressed DCAF15, providing both a mechanistic understanding and a potential screening

method for drug efficiency (Han et al., 2017).

Structural resolution of the ternary complex DCAF15-indisulam-RBM39 indicated
mechanistic differences compared to CRBN-thalidomide that posed challenges in further
developing indisulam-based molecular glues or PROTACs for other targets (Bussiere et al.,
2020). More specifically, indisulam binds very weakly to DCAF 15 and requires RBM39’s amino
acid side chains for strong binding. Hindrances in the ternary complex formation might be
another limiting factor. Thus, efforts to make aryl-sulfonamide based PROTACs, apart from

few examples, have been limited (L. Li et al., 2020).
KEAP1

As the first pre-clinical application of TPD in neurodegenerative diseases, Lu and
colleagues used peptidic-stretches that bind Tau protein on the one side and the Kelch-like
ECH-associated protein 1 (KEAP1) E3 ligase on the other side, thus forming bifunctional
molecules for Tau degradation (Lu et al., 2018). KEAP1, as a responder to oxidative stress, is
particularly interesting in the context of neurodegenerative diseases, where oxidative stress is
a prominent factor of disease pathology (Zhang et al., 2004). Further studies have
demonstrated the utility of KEAP1 for TPD through small-molecule-based PROTACs (Tong et
al., 2020a; Wei et al., 2021).

DCAF16

The Cravatt laboratory devised a method to identify novel E3 ligases, using
electrophilic heterobifunctional molecules with high promiscuity, generally termed as “covalent

scouts” (Backus et al., 2016; Crowley et al., 2021). This approach identified DCAF16 as a
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novel E3 ligase that could degrade nuclear proteins (Zhang et al., 2019b). Their strategy, on
the one hand, provided a viable framework for identifying new E3 ligases for TPD that has
been widely used ever since (Xiao et al., 2024), and on the other hand introduced a method
to study degradation in specific cellular compartments, potentially expanding specificity

options.

Since the first study by Cravatt, several DCAF16-targeting compounds have been
introduced, expanding both targets and identified modes of action (Hassan et al., 2024; Lim
et al., 2024; Shergalis et al., 2023). Nomura and Gray teams have reported covalent handles
for DCAF 16 recruitment, achieving degradation of several targets (Hassan et al., 2024; Lim et
al., 2024). Interestingly, DCAF 16 has been repeatedly identified as a “frequent hitter” E3 ligase
involved in diverse mechanisms such as intramolecular glue degraders and template-assisted
covalent modification (trans)-labeling (Hassan et al., 2024; Hsia et al., 2024; Zhang et al.,
2025).

RNF114

Parallel to the identification of electrophilic compounds targeting DCAF16, a joint study
by two groups, Maimone and Nomura, discovered another covalently engaged E3, RNF114
(Spradlin et al., 2019). Their study was focused on understanding the mechanism of action of
the natural product nimbolide (from Azadirachta indica tree), which features a cycteine-
reactive moiety (Cohen et al., 1996). To map potential nimbolide-targeted cysteines across the
proteome, the researchers used an unbiased chemoproteomic method called isotopic tandem
orthogonal proteolysis-enabled activity-based protein profiling (isoTOP-ABPP) (Weerapana et
al., 2010). In brief, mass spectrometry was used to map proteome-wide binding of pan-reactive
cysteine probes, excluding those residues “protected” by compound (nimbolide) binding. Their
approach uncovered the exact cysteine engaged by nimbolide and allowed for PROTAC

development against chosen POls (Luo et al., 2021; Tong et al., 2020b).
Others

Beyond the aforementioned examples, a few additional E3 ligases have been shown
to have potential TPD applications, although their wider applicability warrants additional
research. Table 1 summarizes all E3 ligases with at least one case of TPD application with
small-molecule degraders (PROTACs or MGDs).
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Table 1. E3 ligase subunits with at least one application in TPD with small molecule PROTAC or MGD.
Applications with peptidic-based compounds were excluded.

# E3 ligase Type of degrader E3 family
1 CRBN MGD & PROTAC CRL4
2 DCAF15 MGD CRL4
3 VHL MGD & PROTAC CRL2
4 DCAF1 (Schroder et al., 2024) PROTAC CLR4
5 DCAF11 (Zhang et al., 2021) PROTAC CLR4
6 clAP1 PROTAC (SNIPERS) RING
7 DCAF16 PROTAC CLR4
8 RNF114 PROTAC RING
9 MDM2 PROTAC RING
10 AhR PROTAC CLR4B
11 KEAP1 MGD (Roy et al, 2024) & CLR3
PROTAC (Du et al., 2022)
12 RNF4 (Ward et al., 2019) PROTAC RING
13  GID4 (Li et al., 2025) PROTAC RING
14  TRIM21 (Lu et al., 2024) MGD & PROTAC RING
15  XIAP (den Besten et al., 2021) Small-molecule RING
autoubiquitination

16  B-TrCP (Simonetta et al., 2019) MGD CLR1
17  KLDHC2 (Hickey et al., 2024) PROTAC CLR2
18 KBTBD4 (Xie et al., 2025) MGD CLR3
19  YPELS5 (Zhuang et al., 2024) MGD RING
20 SPOP (Deng et al., 2025) Bridged-PROTAC CLR3

1.5.2 Discovery methods of novel TPD-amenable E3 ligases
Using insights from all identified ligases for TPD, generally the methods for the

discovery of novel recruitable E3 ligases can be summarized into unifying categories (Jevti¢
et al., 2021; Rodriguez-Gimeno and Galdeano, 2024; Xiao et al., 2024):

1) Serendipitous discovery via compound mode of action studies. From the first
discovery of compounds with gluing activity such as rapamycin, FK506 and cyclosporin A to
the identification of the targets of IMiDs and indisulam, drugs with therapeutic effects but
elusive mode of action, have been primary targets for mechanistic characterization (Z. Guo et
al., 2019; Han et al., 2017; lto et al., 2010; Liu et al., 1991). While this approach relies on
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unexpected findings and cannot be used as a discovery tool, it might offer immediate

therapeutic leads as the compounds are already in clinical use.

2) Rational design using E3 binding peptidic motifs. This approach is based on
knowledge regarding the binding motifs for E3 ligases, as exemplified with the original peptidic
PROTACs recruiting VHL or B-TRCP (Sakamoto et al., 2001; Schneekloth et al., 2004).
Although there is clear rationale behind the development of these PROTACSs, it depends on
existing knowledge that is often lacking for most of the ~600 E3 ligases (Xiao et al., 2024). In
addition, tedious synthetic efforts and poor pharmacokinetics of peptidic drugs might hinder

therapeutic applications (Lipinski et al., 1997).

3) Rational design using existing E3 ligands (“ligand-first” approach). Existing
E3 ligase ligands, for instance nutlin-3 for MDM2 (Hines et al., 2019), can be used for
streamlined design of PROTACSs. Although this approach is straightforward, it is limited by the

availability of known compounds.

4) Chemoproteomics with covalent scout fragments. High-throughput screens with
promiscuous covalent fragments have revealed ligandable sites for several E3 ligases that
were successfully used for PROTAC development (Crowley et al., 2021; King et al., 2023; Lim
et al., 2024; Luo et al., 2021; Resnick et al., 2019; Ward et al., 2019; Weerapana et al., 2010;
Zhang et al., 2019). This approach has accelerated the discovery of novel E3 ligases and has
demonstrated improved efficiencies in degradation. Nevertheless, starting from promiscuous
fragments poses the risk of off-targets, and significant improvements are needed for

downstream therapeutic applications.

All discovery approaches have been proven valuable in the exploration of E3 ligases
for TPD, however they pose challenges that require careful consideration before translational
investigation. Nevertheless, combining these strategies can maximize the chances of

uncovering diverse and potentially more effective E3 ligases for TPD.

Another notable observation is that the majority of E3 ligases harnessed for TPD
belong to the RING E3 ligase family, predominantly the cullin RING ligases (Békés et al.,
2022). Although no definitive study has tested the reasons for this prevalence, it is probably
multifactorial. Firstly, RING (and CRL) ligases comprise the majority of E3s, thus the numerical
dominance might contribute to the more frequent identification (Harper and Schulman, 2021).

In addition, they are highly modular, as they consist of multiple components such as diverse
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SRs and adaptor proteins that could allow versatility (Harper and Schulman, 2021). Finally,
the one-step catalytic mechanism of RING E3s might confer kinetic advantages for the event-
driven pharmacology of TPD (Zheng and Shabek, 2017). Consequently, the combination of
cellular abundance, modularity and efficient catalysis positions RING E3s at the forefront of
TPD.

1.5.3 Unlocking new opportunities with novel E3 ligases

Significant progress in expanding the current milieu of E3 ligases has revealed how
the inherent versatility of E3 ligases could contribute to the versatility of TPD. Exploiting novel
E3s offers opportunities to fine-tune degradation, addressing a few of the challenges that TPD
faces, such as resistance to widely used E3s and off target toxicities. Apart from these,
inherent E3 ligase biology could unlock distinct advantages, stemming from specialized
endogenous roles and expression patterns. More specifically, hijacking novel E3s for TPD

could help:

1) Overcoming drug resistance: drug resistance remains a major challenge in the
clinical application of CRBN- and VHL-based degraders, as tumors frequently evolve escape
mechanisms by mutating or downregulating these ligases (Gooding et al., 2021; Gosavi et al.,
2022; Hanzl et al., 2023). Therefore, broadening the E3 ligase pool could mitigate or delay

resistance occurrences.

2) Achieving cell type or tissue selectivity: as exemplified by the VHL-based
PROTAC DT2216 and thrombocytopenia, a wide variety of E3 ligases with differential tissue
selectivity could offer degradation in target tissues while sparing healthy ones, a quality lacking
from the ubiquitously expressed CRBN and VHL (He et al., 2020).

3) Accessing alternative pathways. The subcellular localization of different E3
ligases could offer the opportunity for differentiating in target specificity (Poirson et al., 2024).
For instance, specificity for nuclear, mitochondrial or transmembrane targets could be
achieved by organelle-specific E3s (Shah and Diki¢, 2022; Simpson et al., 2022). Alternatively,
E3 ligase specificity for misfolded proteins or aggregates could reach currently inaccessible

targets.

4) Tapping into synergistic effects: even though in many cases, it is favorable to
preserve the endogenous roles of the E3 ligases, there are situations where disrupting the

natural substrate can induce synergistic therapeutic effects (Hines et al., 2019; Lu et al., 2018).
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By redirecting an E3 away from its endogenous targets could lead to dual biological outcome
- for instance by eliminating a disease-causing protein and by modulating the activity of its
natural substrate. A compelling example is using MDM2-based PROTACs against BRD4
(Békés et al., 2022; Hines et al., 2019). Redirecting MDM2 from p53 towards the oncogenic
driver BRD4 could inhibit cancer progression by removing the oncogenic signal and
reactivating the tumor suppressor. Alternatively, a KEAP1- based PROTAC could offer a dual
benefit by degrading, for instance, a neurotoxic protein while simultaneously releasing the
antioxidant NRF2, leading to combinatorial cytoprotective effects (Lee and Hu, 2020; Lu et al.,
2018).

1.5.4 Challenges in identifying and utilizing novel E3 ligases
As outlined above, there is a strong rationale to make more E3 ligases available for

TPD, however several technical or biological challenges exist slowing down progress in that

direction.

The primary limitation is the lack of available ligands for the majority of E3 ligases
(Rodriguez-Gimeno and Galdeano, 2024) While recent developments in chemoproteomic
tools and high-throughput screening have allowed the discovery of novel ligands (Kannt and
biki¢, 2021), the majority remains inaccessible to small molecules, hindering the applicability
in TPD. Moreover, when identifying or designing ligands for E3 ligases, it is crucial that these
compounds do not interfere with essential functional domains - particularly those required for

ligase complex assembly and activity.

Secondly, limited knowledge around most E3 ligases presents a significant challenge.
Not many E3 ligases are well-characterized with the majority lacking information regarding
their natural substrates, regulatory mechanisms or structural elucidation (Liu et al., 2023). This
makes the identification of suitable E3 ligases for therapeutic development more complex,

resource-intensive and unpredictable.

Finally, the unknown endogenous substrates profile of many E3s can pose additional
risks in therapeutic development (Landré et al., 2014). For instance, in cases of multiple or
essential endogenous substrates, redirecting an E3 ligase could lead to multiple off-target
effects or broad proteome destabilization. Without a clear understanding of their natural
degradation pathways, repurposing E3 ligases could disrupt cellular function, leading to
adverse effects (Landré et al., 2014; Zheng and Shabek, 2017).
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In summary, E3 ligases hold immense promise for TPD, but realizing their promise
requires overcoming challenges in ligand discovery, structural characterization, functional

elucidation and selective engagement.

1.5.5 Thesis aims

Building on the insights outlined before and acknowledging the need for expanding the
E3 ligase toolbox, the overarching aim of this thesis was to expand the scope of TPD beyond
the few characterized E3 ligases. Given the momentum of covalent chemistry as a tool to
identify ligandable E3s (Belcher et al., 2023; Crowley et al., 2021; Zhang et al., 2021, 2019),
we employed a scout-fragment strategy and a reporter system with the goal of uncovering E3

ligases amenable to TPD strategies.
More specifically, this thesis was built on the following subaims:

1. Developing a luminescence-based strategy to screen covalent heterobifunctional molecules

for the identification of novel degraders.

2. Elucidation of the degradation machinery involved in the hit compound’s activity with specific

focus on identifying the E3 ligase involved.

3. Detailed mechanistic characterization of the mode of action of the hit compound.

2. Results

2.1 Preliminary results

To discover novel degrader molecules and potentially identify new E3 ligases for TPD,
we developed a luminescence-based reporter system by fusing the prolyl isomerase FKBP12
to nanoluciferase (Nluc-FKBP12), enabling luminescence readout as a proxy for degradation
(Preliminary Data Fig.1D). Using this system, we screened an in-house library of
heterobifunctional molecules, each consisting of the established FKBP12 ligand SLF, four
different flexible linkers, and a diverse set of covalent fragments (available by Enamine,
Preliminary Data Fig.1B, 1C). These compounds were synthesized previously via Sulfur(VI)
Fluoride Exchange (SuFEx) reaction (Preliminary Data Fig.1A), with the fragment selection

based on a few criteria:

i) Presence of an amine required for the SuFEXx reaction
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i) Presence of a covalent warhead, that could theoretically engage different amino acid

residues
iil) Low molecular weight
iv) Potential for promiscuous interactions to increase the chances of binding cellular proteins

The library of heterobifunctional molecules included a positive control, dFKBP1, which
is a known CRBN-recruiting FKBP12 PROTAC (Winter et al., 2015), as well as negative
controls, in which SLF was only bound to a linker with a terminal amine, serving as starting
materials for the SuFEXx reaction (Preliminary Data Fig. 1B). The results of the preliminary
screen revealed an unexpected hit — the negative control, SLF-PEG3-NH, (SP3N), potently
destabilized Nluc-FKBP12 despite lacking any obvious degradation moiety (Preliminary Data
Fig.1E). Given SP3N’s minimal structure, essentially consisting of only the ligand SLF (with
no degradation properties) and an aliphatic linker ending on a primary amine, we set out to

investigate its unexpected activity.

Preliminary Data Figure 1. Preliminary screen identifies the starting material SP3N as a putative
FKBP12 degrader A) Schematic of SUFEx reaction occurring between sulfamoyl fluorides (1) and
primary or secondary amines (2) B) Starting materials for the synthesis of SLF-based sulfamoyl
fluorides for SUFEx reaction component (1) shown in A. SLF-linker-NHz compounds for the synthesis
of the SC6N, SLF-C6-NH2; SC8N, SLF-C8-NH2; SP2N, SLF-PEG2-NHz; SP3N, SLF-PEG3-NH2. C)

Examples of covalent fragments with primary or secondary amines for the SuFEx reaction component

43



(2) shown in A. Four different groups are distinguished: acrylamides and chloroacetamides theoretically
able to engage cysteines and aryl fluorosulfates or aryl sulfonyl fluorides theoretically able to engage
tyrosines, serines, lysines or histidines. D) Schematic overview of the luminescence-based drug screen.
The heterobifunctional molecules were screened against a reporter cell line expressing nanoluciferase-
tagged FKBP12 (Nluc-FKBP12). Luminescence was monitored as a proxy for FKBP12 levels.
Compounds inducing Nluc signal reduction (grey wells) could be Nluc-FKBP 12 degraders by potentially
recruiting a novel E3 ligase. E) Luminescence-based screen in HEK293T cells expressing the Nluc-
FKBP12 construct, treated with 396 FKBP12-targeting heterobifunctional molecules, at 10uM in
duplicates. Percentage (%) luminescence fold change was calculated based on the DMSO treated
controls. dFKBP1 is a CRBN-based FKBP12 degrader and was used as positive control. Black dot:
SP3N, pink dots: dFKBP1, grey dots: heterobifunctional molecules. Dotted lines at 25% luminescence

fold change.

2.2 Prologue for published manuscript

Given that our preliminary screen revealed a potential degrader with non-obvious
bifunctionality, we aimed at elucidating its mode of action. At the time, two independent studies
had reported a similar observation - small molecules with an aliphatic tail had degradation
properties, although they provided minimal mechanistic insights. Specifically, den Besten and
colleagues reported that attaching an aliphatic tail to the ligand of the E3 ligase XIAP induced
XIAP autodegradation, by direct small molecule ubiquitination (Section 1.4.2v) (den Besten et
al., 2021). Although the small molecule ubiquitination was an intriguing mechanism, the proof
was limited to in vitro assays. On the contrary, Hanley and colleagues reported the alkylamine
containing nuclear receptor binding SET domain protein 2 (NSD2) degrader UNC8153 to be
dependent on the UPS system, however no further mechanistic elucidation was described
(Hanley et al., 2023).

To explore the mode of action of our hit compound SP3N, we used diverse genetic,
proteomic and biochemical approaches, which revealed that it recruits the SCFFBX°22E3 |igase
complex to induce potent and selective FKBP12 degradation. Metabolomics experiments
demonstrated that SP3N'’s activity relied on the metabolic conversion of the primary amine
into a reactive aldehyde, SP3CHO, a process dependent on amine oxidases present in the
fetal calf serum (FCS). Mutagenesis and in vitro biochemical studies revealed that SP3CHO

forms an adduct with FBX022, via its C326, suggesting a covalent interaction.

Our study successfully identified a novel PROTACable E3 ligase while uncovering a

“minimal” PROTAC-like degradation mechanism. We further demonstrated the generalizability
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of this strategy by showing that the other two alkylamine-based degraders targeting NSD2 and
XIAP, also depended on FBX0O22-C326 for their activity. This modular design of low molecular
weight PROTACs engaging FBX022 and depending on amine oxidases, both cancer-relevant
factors, highlights a powerful strategy to expand TPD.

2.3 Results

Our findings following up on the unexpected hit SP3N, which provide detailed
mechanistic characterization of SP3N and serve as proof-of-concept for the utility of FBX022
for TPD applications were published in the paper “Alkylamine tethered molecules recruit
FBXO022 for targeted protein degradation” (Kagiou et al., 2024). The author of this thesis
performed most mechanistic studies and analyses and together with Georg Winter
conceptualized the study. JACT synthesized the heterobifunctional molecules for the
preliminary screen and other compounds used subsequently, while biochemical studies and
proteomics analyses were performed by collaborators. More details regarding the

contributions can be found in the respective section of the paper.
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3. Discussion

In this study, we discovered a novel degrader class that is characterized by its simplistic
design: the modification of a protein ligand or inhibitor with a small aliphatic tail ending in a
primary amine was sufficient to convert it into an active degrader (Kagiou et al., 2024). What
began as a rationally designed screening strategy, ultimately resulted in an unexpected
degrader mechanism. Our initial objective was to construct a library of SLF-linked-covalent
scout fragments that could potentially recruit novel E3s to induce degradation of an FKBP12-
Nluc reporter system. During the screening, we observed that one of the starting materials for
the synthesis of our library, SP3N itself induced degradation (Preliminary Data Fig. 1E). This
unanticipated finding led us to investigate its mechanism of action, ultimately revealing
FBXO22 recruitment.

CRISPR screening, proteomics and biochemical assays revealed that SP3N
selectively degraded FKBP12 by recruitment of the SCF-FBX022 complex, an E3 ligase that
was not previously amenable to hijacking. Targeted metabolomics demonstrated an intriguing
mechanism: the amine-containing molecule is a precursor requiring metabolic conversion for
its activity. Extensive investigations demonstrated the dependency of SP3N activity by amine
oxidases that catalyze amine-to-aldehyde conversion resulting in the active molecule, named
SP3CHO. Synthesizing the active compound enabled subsequent in vitro biochemical
reconstitutions and further mechanistic investigations. Given the electrophilic nature of
aldehydes, we performed mutagenesis studies that revealed C326 in FBX0O22 as an essential
amino acid for SP3N-FBX022 complex formation and FKBP12 degradation. Detection of an
FBX022-SP3CHO adduct by intact-MS, further supported a potential covalent mechanism.
Our study not only identified a previously non-PROTACable E3 ligase but also elucidated the

mechanism of action of an alternative class of PROTACs with minimal design.

3.1 Alkylamine-based molecules as a novel class of degraders

This novel class of degraders could offer key advantages for degrader development in
TPD. The reduced structural complexity of alkylamine-based degraders allows for simplicity in
modifying an existing ligand or inhibitor, potentially making medicinal chemistry efforts more
streamlined. Additionally, the need for large bifunctional PROTACs, which suffer from poor
permeability and suboptimal pharmacokinetics (Edmondson et al., 2019), would be

circumvented. The modular nature of the design suggests that many known inhibitors could

76



be transformed into degraders by adding a primary amine tail. However, given the limited
experience with these compounds, extensive structure-activity-relationship (SAR) assays may
still be required to optimize binding and degradation, similarly to classical PROTAC design
(Bondeson et al., 2018).

Of note, our attempts to expand the mechanism to BRD4 degraders using JQ1-
alkylamines were not fruitful, underscoring the need for better understanding of the
mechanistic determinants of degradation. While treatment experiments demonstrated that
JQ1-alkylamines entered the cells — as they inhibited signaling similarly to JQ1 inhibitor — they
failed to induce BRD4 degradation. One potential explanation might be the existence of
conformational hindrances that prevent a productive ternary FBX022-JQ1-alkylamine-BRD4
complex. In support of this hypothesis, immunoprecipitation experiments failed to reveal
FBX022-BRD4 interaction. We speculate that, similarly to PROTAC design, factors such as
linker length and composition significantly affect ternary complex assembly and POI

accessibility for ubiquitination.

Our work aligns with a parallel study by Nie and colleagues, on conceptually similar
NSD2 degraders (Nie et al., 2024). In brief, attachment of alkylamine tails to an NSD2 inhibitor
transformed it into an FBXO22-mediated degrader. With elegant biochemical and MS-based
experiments they showed the metabolic conversion of the primary amine to an aldehyde,
highlighting the expandability of this mechanism to other targets. Both our study and the one
from Nie et al, demonstrated evidence that XIAP degraders act via the same mechanism,
potentially disproving the proposed small-molecule-ubiquitination mechanism (den Besten et
al., 2021). Nevertheless, as this theory was not experimentally tested, and in line with a recent
preprint that small molecules can, in fact, be ubiquitinated, we cannot completely disregard it
(W. Li et al.,, 2024). The mechanistic convergence of the activity of alkylamine-tethered

degraders supports this strategy as a robust way to co-opt FBX0O22 for degradation.

Given the novelty of this mechanism and the limited number of characterized
degraders, several mechanistic aspects remain unexplored. Therefore, future structural
studies alongside SAR analyses of various linkers and POls, could inform on potential unifying

principles, as well as unique case-by-case characteristics, to facilitate broader applications.

The recruitment of FBX022 by SP3N, together with two parallel studies by Basu and

colleagues (Basu et al., 2024) and Nie and colleagues (Nie et al., 2024), mark a significant
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step forward in expanding the repertoire of hijackable E3 ligases for TPD. As this ligase has
not been previously targeted, its broader applicability remains uncertain. However, its addition
to the E3 ligase toolbox offers exciting opportunities, particularly given its relevance in cancer

biology.

3.2 FBX0O22’s role in cancer and implications
FBXO22 has been reported to have various roles in tumor-related processes, with

context- and substrate-dependent pro- or anti-tumorigenic effects (J. Bai et al., 2019; F. Guo
et al., 2019; Shen et al., 2024; Tian et al., 2015; Wu et al., 2017; Long Zhang et al., 2019;
Zheng et al., 2020; Zhu et al., 2019). In some cancers, FBX022’s endogenous roles could
promote anti-tumor effects (J. Bai et al., 2019; F. Guo et al., 2019; Wu et al., 2017; Zheng et
al., 2020). For instance, FBXO22-mediated degradation of the oncogenic proteins human
double minute 2 (HDM2) in breast cancer or CD147 in cisplatin resistant tumors, have been
correlated with metastasis inhibition and treatment re-sensitization, respectively (J. Bai et al.,
2019; Wu et al., 2017). In renal cell carcinoma, FBX0O22 has been associated with better
survival and anti-angiogenic effects, although its precise molecular targets were not identified
in this context (F. Guo et al., 2019). Interestingly, in ER+ breast cancers, FBX022 is a key
determinant of the antagonistic response of compounds acting as selective estrogen receptor
modulators (SERMs), mainly via the lysine demethylase KDM4B turnover (Johmura et al.,
2018). These antitumor effects could be tied back to FBX0O22'’s reported role in senescence,
where it binds to KDM4A and induces methylated p53 degradation, corroborating the

senescent/antiproliferative phenotype (Johmura et al., 2016).

Conversely, FBX0O22 can also contribute to tumor progression depending on its binding
partners and cancer type (Shen et al., 2024; Tian et al., 2015; Long Zhang et al., 2019; Zhu
et al., 2019). Elevated levels of FBX022 in hepatocellular carcinoma have been associated
with poor prognosis, with underlying molecular events including the degradation of tumor
suppressor factors such as p21 or Kruppel-like factor 4 (KLF4) (Tian et al., 2015; Long Zhang
et al.,, 2019). In addition, FBXO22 has emerged as an angiogenesis- and metastasis-
promoting factor in malignant melanoma and glioblastoma, possibly via the degradation of
VHL, a direct regulator of the angiogenic factor HIF1a (Shen et al., 2024). Intriguingly, in lung
cancer, FBX0O22 was correlated with poor prognosis, not by degrading its target, the tumor-
suppressive liver kinase B1 (LKB1), but by impairing its activity through polyubiquitination (Zhu
et al., 2019).
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Taken together, these studies support a context-dependent role of FBXO22 in
tumorigenesis, highlighting the importance of understanding its endogenous substrates and
molecular networks in different cancer types. Interestingly, even within the same cancer type,
FBXO22'’s role can vary, for instance in breast cancer, it promotes primary tumor growth but

inhibits epithelial-mesenchymal transition (EMT) and metastasis (Sun et al., 2018).

The multifaceted roles of FBXO22 in cancer highlight its context-specific potential as a
novel E3 ligase for TPD-based strategies. Our analysis demonstrated that FBX022 is
frequently upregulated in certain tumor types, presenting an opportunity for tumor-selective
targeting, while sparing healthy tissues with lower expression. In addition, given that FBX0O22
could degrade tumor suppressors (i.e. KLF4) (Tian et al., 2015), TPD strategies utilizing
FBXO22 could offer dual antitumorigenic benefits. For instance, an FBX0O22-based oncogene
degrader would, on the one hand, eliminate the tumorigenic drivers, and on the other hand
shield tumor suppressors from their endogenous turnover. The feasibility of this “dual activity”
strategy has already been shown with PROTACs targeting the MDM2-p53 pathway, resulting

in release of the tumor suppressor p53 from negative regulation (Hines et al., 2019).

Despite the potential benefits of the dual activity strategy, it is important to note that
global disruptions on FBX022’s networks might induce unwanted cell toxicities. However, our
global proteomics experiments did not demonstrate any effects on the previously reported
FBX0O22 endogenous substrates - potentially explained by the modest SP3CHO-FBX022

occupancy we observed in ABPP or intact-MS.

To fully explore the therapeutic applicability of FBXO22 in cancer, future studies should
focus on clinically relevant targets and physiological in vivo models. These studies could allow
monitoring the precise molecular events, tumor growth and metastasis upon degrader
treatment and in correlation with FBX0O22’s context-dependent roles, to achieve optimal drug

efficacy with minimal off-target effects.

3.3 FBX0O22’s role in redox homeostasis and implications

Beyond FBXO22'’s role in cancer, FBXO22 is heavily involved in redox homeostasis
though the regulation of its substrate, BTB and CNC homology 1 (BACH1) (Lignitto et al.,
2019). BACH1 is a transcription factor that competes with NRF2, a major antioxidative-
response factor, for heme regulation (Cai et al., 2022; Nishizawa et al., 2023). Heme is a

porphyrin derivative, required for the activity of many proteins (Gallio et al., 2021). Despite its
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crucial effects, heme release under oxidative stress has been shown to generate free radicals
further contributing to the unwanted oxidative stress (Cai et al., 2022). Cells employ an elegant
antioxidant heme response pathway which releases heme oxygenase -1 (HO-1) to catabolize
free heme. Briefly, under normal conditions, the E3 ligase KEAP1 continuously degrades
NRF2, but in oxidative stress, KEAP1 is inhibited, and NRF2 is free to drive the expression of
antioxidative genes including HO-1. In the meantime, BACH1 suppresses HO-1, unless heme
levels increase, prompting BACH1 degradation (Zenke-Kawasaki et al., 2007), an event
required for NRF2 accessibility to HO-1 (Nishizawa et al., 2023).

The regulation of BACH1 has been shown to be mediated by the ubiquitin proteasome
system with two critical SCF-type E3 ligases controlling its levels - FBXO22 and F-Box and
leucine rich repeat protein 17 (FBXL17) (Lignitto et al., 2019; Tan et al., 2013). Recently, after
the publication of our work, two studies reported the structures of FBX022-BACH1 and
FBXL17-BACH1, revealing the mechanistic underpinnings of BACH1 regulation in
unprecedented detail (Cao et al., 2024; Goretzki et al., 2024). Both studies suggested that
FBXO022 and FBXL17 have complementary functions for BACH1 recognition, with FBX022
recognizing quaternary structures of BACH1, while FBXL17 destabilized monomers.
Interestingly, it was suggested that upon heme increase, BACH1 is released from the DNA as
a quaternary complex that can be recognized by FBX022. Subsequently, depending on the
oxidative stress load, oxidation of critical amino acids on BACH1 could occur, destabilizing the
ternary structure and therefore bypassing recognition by FBX022. The destabilized BACH1
was demonstrated to be recognized by FBXL17 that takes over its degradation, revealing a
finetuned “ligase switch” mechanism, with BACH1 amino-acid oxidation as sensory events
(Cao et al., 2024; Goretzki et al., 2024).

Despite insights into BACH1 regulation, no consensus degron has been reported
driving the universal recognition of substrates by FBX022. While binding to BACH1 relies on
a structural degron (Cao et al., 2024; Goretzki et al., 2024), another reported substrate, the
Bcl2-associated athanogene 3 (BAG3) is only recognized when phosphorylated, suggesting
an alternative phosphodegron-dependent mechanism (Liu et al., 2022). These findings
indicate that FBX022’s substrate recognition might be context-dependent and thus not easily

generalizable across all substrates.

This substrate variability raises the question of how FBXO22 recognizes FKBP12 in
the presence of SP3CHO. We suspect that BACH1 and BAG3 recognition mechanisms by
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FBXO22 differ from the FKBP12 recruitment by SP3CHO, as both seem to occur via domains
distant from C326 and they involve either structural or PTM-modified degrons (Cao et al.,
2024; Goretzki et al., 2024; Liu et al., 2022). Of note, our attempts for ternary complex
detection at high resolution with Cryo-EM were challenging, potentially due to the high
flexibility of the complex or the observed low occupancy. Therefore, further structural

investigations will be needed to clarify the precise mode of recruitment.

The important role of FBX0O22 for BACH1 regulation under oxidative stress might offer
an additional avenue for a “dual activity” strategy utilizing FBX022’s endogenous circuits.
Redirecting FBX0O22 from BACH1 towards degrading an oncogene could have two effects: on
the one hand, the oncogene degradation would inhibit tumor growth and on the other hand,
BACH1 would keep suppressing the antioxidative response. This could in turn enhance tumor-
sensitivity to oxidative-stress-inducing therapies, such as ionizing radiation and chemotherapy
(Gorrini et al., 2013).

The feasibility of a dual degradation-and-redox-homeostasis-targeting strategy has
been shown in in vitro neurodegenerative models, where hijacking KEAP1 facilitated both Tau
degradation and NRF2 release (Lu et al., 2018). However, in the context of tumorigenesis, the
broader role of FBXO22 in antioxidative responses is poorly defined. Furthermore, there is a
lack of proof-of-concept studies demonstrating the potential benefit of combinatorial PROTAC-
based degraders and oxidative-stress-inducing therapies. Further investigations are needed
to assess whether FBX022-based PROTACs in combination with ROS-induction could

enhance tumor vulnerability.

3.4 FBX022’s liability to covalent engagement and implications
Another key finding of our study is that the interaction between FBX022-C326 and

SP3CHO falls into the category of reversible covalent interactions (Kiely-Collins et al., 2021;
Serafimova et al., 2012). The aldehyde likely reacts with the thiol group of C326 to form a
hemiacetal adduct, that contributes to reversible binding. Covalent interaction was supported
by our mutagenesis experiments showing the C326 is required for the degradation and by the
in vitro intact-mass-spectrometry assays which detected the SP3CHO-FBX022 adduct in a
C326A-dependent fashion. However, the theoretically suspected reversibility has not been
directly tested, and future work should focus on experiments to confirm and characterize this
interaction. For instance, compound washout experiments or co-treatments with reducing
agents could inform on the persistence or reversibility of the interaction. Furthermore,
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biophysical assays for monitoring adduct formation and dissociation could give additional

insights into the kinetics of the binding and release of SP3CHO.

The reversibility of the interaction differentiates the aldehydes from other irreversible
covalent warheads such as acrylamides or chloroacetamides (Kiely-Collins et al., 2021).
Interestingly, parallel to our work, Basu and colleagues, following a different route, discovered
electrophilic PROTACs that recruit FBXO22 via an alternative mechanism, making their
compounds the only other FBXO22 reported ligands (Basu et al., 2024). In brief, by employing
CRISPR transcriptional activation studies they demonstrated that chloroacetamide and
acrylamide electrophilic warheads attached to SLF could recruit FBXO22 via joint engagement
of two cysteines, C227 and C228. These compounds have several differences to the
alkylamine degraders: i) they require two cysteine residues for their activity ii) they are potent
electrophiles that might pose the risk of off-target engagement iii) they require transcriptional
activation of FBXO22 for their activity, even in 293T cells, in which we show that endogenous

levels are adequate for degradation with our compounds.

In contrast to the report by Basu and colleagues, when we tested compounds where
the aldehyde moiety of SP3CHO was exchanged for a chloroacetamide or acrylamide
warhead, we observed no degradation activity, suggesting that at least in our system, the
aldehyde allowed for optimal interactions. To gain insights into the structural features of
FBX022, we relied on high-confidence AlphaFold predictions (Jumper et al., 2021; Varadi et
al., 2024), which suggested that C326 is a solvent exposed residue potentially making it
accessible to the aldehyde. Nevertheless, structural elucidation of the FBX022-SP3CHO-
FKBP12 ternary complex would be ideal to understand the interactions at the atomic level and

with high resolution.

The recent findings reporting the only available to-date ligands of FBX0O22 suggest
that its engagement can be achieved through different electrophiles, highlighting its potential
for broader applicability in TPD (Basu et al., 2024; Nie et al., 2024). The discovered liability of
several FBXO22 cysteines for electrophilic engagement sets FBXO22 as an attractive target
for future screening efforts to identify improved ligands. For instance, large-scale covalent
fragment or DNA-encoded library (DEL) screens can significantly enhance the throughput of
discovery (Peterson and Liu, 2023; Resnick et al., 2019; Satz et al., 2022).

82



Furthermore, coupling fragment screens to functional readouts could, on the one hand,
potentiate the identification of improved FBX0O22 binders and, on the other hand, facilitate the
discovery of molecular glues that induce novel PPIs via FBX022. Combined, these efforts
could reveal deeper mechanistic insights underlying the FBX0O22-ligand interactions, provide
modular scaffolds for further optimization, and ultimately expand the FBXO22 targeting
landscape. These future studies can help address the other major limitations in expanding the
undruggable space, as they employ discovery campaigns on the basis of the E3 ligase, rather
than a selective POI. Studies on IMiDs and CRBN have shown that changes on the IMiD
scaffold allow tunability of neosubstrate degradation (Brennan et al., 2024; Nowak et al., 2023;

Yamanaka et al., 2023), so it remains to see if similar principles apply for FBXO22.

3.5 Metabolic liability of alkylamine-tethered molecules and implications

One of the key findings of our study, and in accordance with the parallel report by Nie
and colleagues (Nie et al., 2024), is that alkylamine-based-degrader activity relies on amine
oxidases that catalyze the conversion to the aldehyde species. Amine oxidases share the
general capability of catalyzing the oxidative deamination of amine substrates, however they
comprise a diverse group of enzymes with distinct cofactor dependencies, substrate
specificities and tissue distributions (Toninello et al., 2006). They can be broadly classified into
two groups determined by the cofactors required for their activity, namely copper-containing
amine oxidases (CAOs) and flavin adenine dinucleotide (FAD)-containing amine oxidases
(FAOs) (Klinman et al., 1991; Toninello et al., 2006).

CAOs depend on copper and topaquinone, a tyrosine derivative, for their catalytic
activity (Janes et al., 1990). Three human CAOs have been reported, the amine-oxidase
copper-containing AOC1, AOC2 and AOC3 (Schwelberger, 2010). AOC1, also referred to as
diamine oxidase (DAO) or histaminase is the primary oxidase of histamine, putrescine or other
diamines (Bieganski et al., 1983). It is involved in the catabolism of biogenic diamines and
mainly expressed in small intestine, kidneys and placenta, where it regulates inflammatory
processes. AOC2 is mainly expressed in the retina and is poorly characterized (Imamura et
al.,, 1997). Finally, AOC3 also called semicarbazide-sensitive oxidase (SSAO) or vascular
adhesion protein-1 (VAP-1), mainly catalyzes the conversion of primary amines (Salmi and
Jalkanen, 2017). It is expressed in tissues like vascular endothelium, adipocytes or smooth

muscle cells and has been implicated in leukocyte extravasation and adhesion. Elevated
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levels of AOC3 have been linked to several malignancies, mainly through overactivation

leading to oxidative stress (Chen et al., 2023).

On the other hand, FAOs utilize FAD or derivatives as cofactors and include the
mitochondrial monoamine oxidases (MAO-A and MAO-B), the lysine demethylases LSD1 and
LSD2 as well as several polyamine oxidases (Kaludercic et al., 2011; Perillo et al., 2020). The
monoamine oxidases are both localized on the outer mitochondrial membrane and are
involved in neurotransmitter catabolism (serotonin, dopamine etc). MAO-A, in particular, has
been implicated in prostate cancer, breast or neuroendocrine tumors, making it a potential
drug target (Y. Ma et al., 2024). LSD1 (KDM1A) and LSD2 (KDM1B) are epigenetic regulators
that mainly demethylate histone H3 (Anand and Marmorstein, 2007). LSD1 overexpression
has been reported in multiple cancers, with LSD1 inhibitors being actively pursued in clinical
trials (Perillo et al., 2020). Lastly, polyamine oxidases including spermine oxidase (SMO), and
N-acetylpolyamine oxidase (PAO or PAOX), catabolize the polyamines spermine and
spermidine (Salvi and Tavladoraki, 2020). Polyamines are essential for proliferation and are
often in high demand by highly proliferating tumors, reinforcing the link between polyamine
metabolism and oncogenesis (Holbert et al., 2022). Given the widespread physiological
functions of AOs, their frequent overexpression in certain cancers, and the correlation to poor

prognosis make them potential therapeutic targets (Toninello et al., 2006).

Since the established roles of AOs in cancer, our findings highlighting the AO-mediated
activation of the alkylamine-based degraders could be exploited for tumor-selective drug
delivery. For instance, overexpression of secreted or membrane-bound AOs on certain types
of tumors could be harnessed to drive the local formation of the active aldehyde-based
degrader in a more selective manner (Ding et al., 2021; Liu et al., 2021; Xu et al., 2020). In
addition, as diverse AOs have preferential substrate specificity, we might have the possibility
to modify the alkylamine tail, towards desired specificity of certain AOs, those known to be
overexpressed in tumors. These strategies could potentially benefit tumor selectivity or
efficacy, as the conversion would be accelerated in the tissues containing more of these AOs,

sparing healthy tissues of off-target effects (Cha et al., 2018).

Therefore, future studies could be focused on finetuning the composition and structure
of the alkylamine tails to achieve amine-oxidase dependent therapeutic effects. In addition, to
better understand the efficacy of such strategies, more physiologically relevant models need
to be employed, for instance in vivo tumor models with elevated AOs, such as metastatic
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breast cancer (Cha et al., 2018; Cox et al., 2016). These studies are crucial for assessing the
system-wide effects of such treatments and whether there would be an added benefit

employing AOs.

Conversely, the metabolic liability of the alkylamine-based degraders to AOs might
pose challenges in drug development mainly due to the unpredictability of the pharmacokinetic
properties of the amine-to-aldehyde conversion (Shu et al., 2008). This might require
extensive optimization with in vivo studies that would not guarantee translatability to human
clinical trials. Therefore, direct synthesis of the active aldehyde could address this issue,
especially when moving closer to clinical applications. We have shown that the aldehyde
presents increased potency likely by bypassing the need for AO-mediated conversion.
Metabolomics experiments to quantify SP3CHO upon SP3N treatment with FCS
demonstrated that only a small fraction of the amine was converted to the aldehyde,
supporting that this metabolic step is the main bottleneck. Thus, even though aldehydes might
pose synthetic hurdles due to potential instability, benefits arising from obtaining the active

compound tip the balance towards that direction.

It is important to mention that in our cell line models, the activity of the alkylamine-
based degraders was dependent on non-physiological AOs, either presumably the bovine
serum amine oxidase (BSAO, the main amine oxidase reported in FCS) or the recombinant
porcine DAO. Interestingly, despite both belonging to the copper-dependent family, they seem
to have distinct substrate preferences. BSAO is a SSAO, more closely related to the human
AOC3, with specificity for primary amines (Stolen et al., 2004), while DAO is the porcine
equivalent of the human AOC1 (or DAO), with histamine as main substrate (McGrath et al.,
2009). Our results showed that both could catalyze the conversion, although only DAO was
used as a purified recombinant protein. This suggests that, in our experimental conditions, i)
despite distinct substrate preferences, overlapping substrate specificities between BSAO and
DAO might exist, ii) in vitro settings with purified DAO could lead to promiscuous activity even
for non-primary substrates iii) we cannot exclude that FCS might contain other AOs. Notably,
none of our metabolomics experiments showed complete conversion, indicating that while
SP3N is a substrate for these enzymes, it is not an optimal one, corroborating the hypothesis
that AOs could act on non-canonical substrates to a limited extent (Binda et al., 2002).
Interestingly, Nie and colleagues (Nie et al., 2024) showed a higher conversion rate of the

NSD2-targeting alkylamine-tethered degrader to the aldehyde, suggesting that substrate
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preference for AOs might be dependent on the aliphatic tail's composition combined with the

overall compound structure, underscoring the need for case-by-case optimization.

Collectively, future studies to refine this approach for cancer treatment should focus on
optimizing the alkylamine scaffolds for modulating the metabolism by preferential AOs in
parallel to developing in vivo models to assess conversion in the tumor microenvironment.
Ultimately, while metabolic instability could pose a challenge, harnessing AO activity for tumor-

selective conversion might represent an exciting avenue for precision medicine.

3.6 FBX022 expands the TPD toolbox

One of the major challenges in the search for novel E3 ligases for TPD is the lack of
available small-molecule ligands that can be used to recruit E3s (Kannt and Diki¢, 2021; Liu
et al., 2023; Rodriguez-Gimeno and Galdeano, 2024). Our study has successfully introduced
a generalizable strategy for recruiting FBX022, an E3 ligase that at the time of this study, had
not been harnessed for TPD. Adding FBXO22 in the E3 ligase arsenal could address some of
the current limitations arising from the predominant use of the “standard” E3 ligases CRBN
and VHL in PROTAC design. For instance, FBX0O22 can support the efforts to circumvent
CRBN-dependent tumor resistance (Gooding et al., 2021; Hanzl et al., 2023; Lu Zhang et al.,
2019). Simplicity in the design could possibly allow for straightforward modification of existing
CRBN-based PROTACSs, enabling rapid adaptations. In addition, in contrast to CRBN’s
ubiquitous expression, the differential expression patterns of FBXO22 in healthy versus tumor
cells could be utilized for tumor-selective targeting (Shen et al., 2024; Tian et al., 2015; Long
Zhang et al.,, 2019). Finally, as discussed above, harnessing the endogenous FBXO022
regulatory circuits could achieve stronger effects and potentially mitigate resistance

occurrences, due to multifaceted system dependency.

Beyond introducing FBX0O22 as a novel E3 ligase for TPD, our study highlights the
value of screening strategies with covalent fragments and degradation as a functional readout
for “scouting” novel E3 ligases, adding to several successful fragment-based E3 identifications
(Lim et al., 2024; Luo et al., 2021; Ward et al., 2019; Zhang et al., 2021, 2019). While the
identification of FBX0O22 was serendipitous, arising from the unexpected activity of the starting
material rather than the intended bifunctional molecules, preliminary data suggest that

additional hijackable E3 could be uncovered.
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Building on these insights, future studies will focus on expanding our screening

methodology in two directions:

i) by performing the screen in different cellular backgrounds such as diverse cell types
or healthy versus tumor cells, aiming at identifying selective degradation. This strategy can
support the identification of E3s that might be overexpressed or are active in selective

contexts, offering the chance to further diversify the toolbox for TPD, and

ii) by adjusting our reporter system to monitor cell-compartment specific-TPD. A study
by Simpson and colleagues, focusing on assessing PROTAC-induced degradation of
synthetic POI-chimeras linked to various localization signals, demonstrated that the
subcellular localization of a POI affects susceptibility to degradation (Simpson et al., 2022).
This suggests that in order to expand the targetable space towards differentially localized
proteins we need to potentially identify E3s with distinct localization patterns. Using our
FKBP12-reporter system is a powerful and highly modular tool that combined with our library
of heterobifunctional scout molecules could pave the way for further exploration of E3 ligases,

that will be the main focus of future research.

Taken together, our findings highlight how chemical modifications combined with
strategic screening can uncover novel E3 ligases and mechanistic insights for TPD. Our work
unveils an unexpected mechanism to hijack the E3 ligase FBX022, via metabolically
converting alkylamine-tethered molecules into active aldehyde-containing degraders. The
simplified design of these “minimal” PROTACSs offers potential advantages for TPD, however
further studies are needed to assess the broader applicability. Integrating future structural
studies, degrader scaffold optimization and in vivo validation, could broaden the scope of TPD
by offering tumor specificity and mechanistic diversity. By revealing the unexpected roles of
alkylamine-tethered molecules, delineating the AO-dependent activation and achieving
recruitment of a previously non-PROTACable E3 ligase, this work offers a starting point for

broader TPD innovation.

3.7 Conclusion and outlook

The discovery of alkylamine-based degraders engaging FBXO22 is an intriguing
example of how minimal chemical modifications can reveal novel E3 ligases and degradation
mechanisms for TPD. Yet, this work represents only a small fraction of the larger opportunity

space for broadening the chemical and biological scope of TPD. Looking beyond the standard
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E3 ligases CRBN and VHL, the field will benefit from richer repertoire of E3 ligases with distinct
expression profiles, subcellular localizations and substrate specificities. This expansion can
address the challenges that TPD faces, including tumor resistance occurrences, while

boosting specificity and reaching more previously “undruggable” targets.

From a chemical perspective, our findings highlight the promise of leveraging simple
structural scaffolds that rely on metabolic conversion to form active effector compounds. Many
examples from inhibitor-drug design as well as recent examples from TPD support that
metabolic conversion is a generalizable principle that can reveal novel mechanistic insights
and potential therapeutic windows (Nie et al., 2024; Zhuang et al., 2024). Future studies might
systematically couple alkylamine tails to known protein binders or fragment libraries for high-
throughput screening in diverse cellular contexts. By combining these explorations with
chemoproteomics (leveraging the covalent nature of aldehydes) and machine learning-driven
design, could reveal plausible hijackable E3 ligases, or foster the identification of novel

molecular glues.

Beyond oncology, where AOs and FBXO22 offer opportunities to explore cancer-
specific applications, other areas such as neurodegenerative diseases may also benefit from
expanded TPD approaches. Understanding the roles of ligases in a broader physiological
context, such as redox homeostasis, may create novel dual effect therapies. Ultimately,
refining TPD by identifying underutilized ligases and designing flexible chemistries to exploit

them would be critical for next-generation therapeutics.

As the TPD field matures, it increasingly highlights the broader power of chemically
induced proximity (CIP) for diverse biological outcomes. While degradation remains a leading
application of CIP, many related strategies are emerging where proximity induction leads to a
wide range of effects such as PPI-induced inhibition, PTM changes, stabilization, or
transcriptional rewiring (Gourisankar et al., 2023; Liu and Ciulli, 2023; Stanton et al., 2018).
As mentioned in the introduction, early advances in CIP directed the development of TPD,
now the lessons learnt from TPD research, especially through extensive structural and
biochemical characterizations, could guide the next generation of CIP strategies. As our
understanding of proximity-driven pharmacology deepens, future therapeutics will likely

combine multiple CIP strategies to achieve context-dependent outcomes.
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In the coming years, the integration of high-throughput screening, structural biology
and in vivo validation will expand the catalogue of E3s, optimize compound scaffolds and
reveal novel generalizable CIP mechanisms. By pushing the boundaries, TPD will continue to
support the broader CIP landscape, demonstrating how small molecules can mediate diverse
interactions and manipulate cellular functions in unprecedented ways. By integrating this
growing knowledge and expanding our understanding, CIP could transform future targeted

therapeutics.
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4. Materials and Methods
The materials and methods used for the results of this thesis are described in detail in

the attached published manuscript and the respective published supplementary information.
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