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Targeted protein degradation (TPD) has been established as a viable alternative to attenuate the function
of a specific protein of interest in both biological and clinical contexts. The unique TPD mode-of-action
has allowed previously undruggable proteins to become feasible targets, expanding the landscape of
“druggable” properties and “privileged” target proteins. As TPD continues to evolve, a range of
innovative strategies, which do not depend on recruiting E3 ubiquitin ligases as in proteolysis-targeting
chimeras (PROTACs), have emerged. Here, we present an overview of direct lysosome- and
proteasome-engaging modalities and discuss their perspectives, advantages, and limitations. We outline
Received 22nd November 2023 the chemical composition, biochemical activity, and pharmaceutical characteristics of each degrader.
These alternative TPD approaches not only complement the first generation of PROTACs for

intracellular protein degradation but also offer unique strategies for targeting pathologic proteins located
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Key learning points

on the cell membrane and in the extracellular space.

(1) A comprehensive overview of recent approaches in TPD, emphasizing ubiquitin-independent modalities from chemical and biological perspectives.
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1. Introduction: targeted protein
degradation

Targeted protein degradation (TPD) has emerged as a compelling
pharmacological modality for selective removal of disease-
associated proteins.' In contrast to conventional small-molecule
inhibitors or agonists/antagonists that typically require a high
binding affinity with specific proteins, TPD can operate through
comparably modest interactions between the targets (primarily
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Chemical induction of autophagy-mediated degradation for elimination of intracellular proteins and organelles with pathological relevance.
Exploitation of lysosome-trafficking receptors for TPD of extracellular and membrane-associated proteins via the endosome-lysosome pathway.

Direct recruiting of the 26S proteasome to soluble proteins, a departure from the PROTAC technology based on target ubiquitination.

Comparative analysis on the advantages and limitations of ubiquitin-independent TPD technologies with a discussion on their therapeutic potentials.

proteins but cellular organelles as well) and binding molecules
(encompassing chemical compounds and biologics).> The first-
generation protein degraders, such as PROteolysis-TArgeting
Chimeras (PROTACs), are mainly synthetic heterobifunctional
compounds that bind to a target protein on one end and recruit
an E3 ubiquitin (Ub) ligase (or ligase complex) on the other end,
connected by a diverse variety of linkers.*” The induced proximity
between the hijacked E3 Ub ligase and “neo-substrate” in the cell
leads to the forced polyubiquitination of the latter, resulting in its
proteolysis by 26S proteasomes.® Molecular glue degraders
(MGDs) share a similar mode of action with PROTACs, chemically
inducing a stable ternary complex with an E3 ligase and a target
protein, have an analogous mode of action towards PROTACs.” ™
However, unlike PROTACs, MGDs lack the linker element and the
capability to establish an intimate contact interface between two
proteins. With their smaller size, MGDs can offer pharmacological
advantages over PROTACs, albeit posing greater challenges for
their rational chemical design.

As a therapeutic strategy, specific removal of disease-
associated proteins offers several advantages compared to
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conventional occupancy-driven drugs, which require stoichio-

metric target engagement.

12,13

First, owing to their catalytic

mode of action, PROTAC- and MGD-based drugs can exhibit
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high potency even at low cellular concentrations. Protein
degraders can also overcome the drug resistance originating
from somatic mutations or structural/functional changes in
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target proteins due to post-translational modifications (PTMs)."*
PROTACS have enabled the targeting of scaffolding proteins and
transcription factors that are therapeutically significant but
usually lack well-defined binding pockets for conventional
drugs, thereby expanding the range of druggable proteomes.
Various PROTAC-based degraders have been developed, and
their unique therapeutic potential has been demonstrated, with
approximately 25 PROTAC drugs being under clinical trials and
many more in the development pipeline.'>™*

PROTACs, MGD, and many other early TPD approaches
function by exploiting the Ub-proteasome system (UPS), the
predominant proteolytic route within the cytoplasm and
nucleus of eukaryotes."® The UPS also plays a pivotal role in
maintaining the quality control of cellular proteins. For
instance, misfolded proteins, generated via genetic mutations,
transcriptional/translational errors, or PTM-mediated struc-
tural changes, undergo rapid polyubiquitination and proteaso-
mal degradation (mostly <10 min of an average half-life).>*
The E3 Ub ligases play a critical role in determining substrate
specificity by mediating a proximal interaction between the
Ub-charged E2 Ub-conjugating enzymes and to-be-degraded
substrates. The human genome encodes >600 E3 Ub ligases,”®
but only a few have been employed for PROTACS; two E3s, CRBN
and VHL, are responsible for ~94% of all PROTACs (Please note
that a detailed discussion of E3s in TPD is outside the scope of
this review. Readers interested on this topic are encouraged to
consult recent excellent reviews>*??).

Proteasomes are highly abundant (>200 nM) and stable
(half-life >12 days) enzyme complexes present in most cell
types,?®° which makes them appropriate proteases for TPD.
The 26S holoenzyme consists of two distinct and dissociable
components—the 28-subunit catalytic complex (CP) and the
19-subunit regulatory complex (RP).*® While the cylindrical CP
retains active proteolytic sites in its interior, the RP interacts
with the polyubiquitin (polyUb) chains of target substrates
through multiple Ub receptors, including PSMD2/Rpni,
PSMD4/Rpn10, and ADRM1/Rpn13.>! Upon binding, the RP
triggers substrate unfolding, opens the ““‘gate” at the substrate
translocation channel, and translocates the substrates into the
CP for proteolysis.*® The catalytic PSMB5/B5, PSMB6/B1, and
PSMB7/B2 subunits in the CP are threonine proteases; the
hydroxyl groups on their N-terminal threonine residues initiate
multiple, simultaneous nucleophilic attacks on peptide bonds,
leading to proteolysis in a processive manner.*?

Proteasomes heterogeneously exist as a mixture of 20S (free
CP as a stand-alone protease), 26S (singly-capped RP-CP), and
30S (doubly-capped RP,-CP) subfamilies within a cell. It is
notable that free 20S proteasomes, which cannot recognise
polyUb chains, account for more than half of the total
proteasome.’**> The equilibrium between Ub-dependent pro-
teasome holoenzymes (26S and 30S) and Ub-independent 20S
proteasomes appears to be dynamically adjusted in response to
environmental changes. Although the detailed mechanism
remains to be identified, the abundance of 26S/30S protea-
somes available in target cells is expected to influence the
overall degradation efficiency of various PROTACs, which can

This journal is © The Royal Society of Chemistry 2024
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also be limited by the expression levels of hijacked E3 Ub
ligases. When E3s are ubiquitously expressed, a TPD drug
may exhibit “on-target, off-tumour” toxicity in healthy
tissues.*®*” Overall, the mechanistic complexities involved in
the UPS and the constant fluctuation of its proteolytic flux in
diverse biological contexts imply that substrate polyubiquitina-
tion alone may not always be sufficient to trigger substrate
degradation.*® The development of PROTACs and MGDs cap-
able of forming ternary complexes with acceptable druggability
and pharmacological profiles continues to heavily rely on
empirical trial-and-error methods both in the chemical (synthe-
sis) and biological (assay) process.

While these potential limitations do not preclude the viabi-
lity of PROTACSs and other TPD modalities exploiting the UPS, it
is noteworthy that a number of alternative strategies have been
explored to circumvent these issues. Within a cellular environ-
ment, the UPS is complemented by another central degradation
system—the autophagy-lysosome system (hereafter referred
to as autophagy).’® In contrast to the UPS, which operates
continuously under physiological conditions, autophagy is
primarily an inducible system that is activated only when cells
are under relatively severe cellular stress, such as nutrient
starvation, oxidative stress, and pathogen infection, thus pro-
viding metabolic intermediates and energy to cells and main-
taining organelle homeostasis.**** Combined with lysosomes
harbouring >60 hydrolytic enzymes, autophagy can also
degrade non-proteinaceous entities, such as nucleic acids,
intracellular pathogens, mitochondria, endoplasmic reticulum
(ER), and lipid droplets.**** Consequently, integrating autop-
hagic degradation with the concept of TPD has considerably
broadened the range of druggable targets.

In autophagy, microtubule-associated protein 1 light chain 3
(LC3) plays a critical role in the regulation of autophagosome
biogenesis, cargo recruitment, and lysosomal fusion.*” The
biochemical cascade that involves the attachment of a phos-
phatidylethanolamine moiety to the C-terminal glycine of the
cleaved LC3 (LC3-I) in autophagy resembles the E1-, E2-, and
E3-mediated multistep Ub-conjugating system in the UPS.***”
In contrast to the UPS that features hundreds of E3 Ub ligases,
autophagy depends on only a handful of receptors connecting
diverse cargoes to lipidated LC3 (LC3-II) on the phagophore
membrane.*®*® Selective autophagy is known to be mediated
by specific cargo receptors, such as SQSTM1/p62, NBR1, IPTN,
NDP52, and TAX1BP1, all of which commonly feature an LC3-
interacting region, a Ub-binding domain, and an oligomerisa-
tion domain. In non-selective, bulk autophagy, liquid-liquid
phase separation, instead of specific cargo recognition, at the
phagophore assembly site appears to be critical for importing
substrates to the autophagosome.

It has been proposed that TPD modalities that do not require
the complex and energy-intensive ubiquitination process as in
PROTAC:s could offer distinct advantages from both technical and
therapeutic standpoints. Recently, innovative TPD tools, including
AuTophagy-TEthering Compounds (ATTEC),”  LYsosome-
TArgeting Chimeras (LYTAC),>® AUTOphagy-TArgeting Chimera
(AUTOTAC),” CytoKine receptor-TArgeting Chimera (KineTAC),*>

Chem. Soc. Rev,, 2024, 53, 3253-3272 | 3255
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Fig. 1 The illustration of Ub-independent TPD strategies. Arginine—glycine—aspartic acid (RGD); asialoglycoprotein receptor (ASGPR); autophagy-
targeting ligand (ATL); autophagy-tethering compound (ATTEC); autophagy-targeting chimera (AUTOTAC); cation-independent mannose-6-phosphate
receptor (CI-M6PR); chemical inducers of degradation (CIDE); cytokine receptor-targeting chimeras (KineTAC); C-X-C motif chemokine ligand 12
(CXCL12); C-X-C chemokine receptor type 7 (CXCR7); dendronized DNA chimera (DENTAC); integrin-facilitated lysosomal degradation (IFLD);
lysosome-targeting chimera (LYTAC); mannose-6-phosphate (M6P); molecular degraders of extracellular proteins through the ASGPR (MoDE-A); a

protein-of-interest (POI); proteolysis-targeting chimera (PROTAC);
acetylgalactosamine (tri-GalNAc); ubiquitin-independent degrader (UID).

Integrin-Facilitated Lysosomal Degradation (IFLD),>® and DEN-
dronized DNA Chimera (DENTAC),”* have been developed to
hijack endogenous lysosomes through lysosomal trafficking
receptors, LC3-II on the growing phagophore, or oligomerised
SQSTM1 (Fig. 1). These tools effectively degrade the intracellular,
extracellular, and membrane proteins, protein aggregates, lipid
droplets, and damaged organelles. Moreover, it has been shown
that pathologic proteins can be directly recruited to the 26S
proteasome and subjected to induced proteolysis using small
molecules, such as the recently developed Chemical Inducers of
DEgradation (CIDE)*® and Ub-Independent Degraders (UIDs).”®
Here, we overview recent developments in these TPD technologies
that directly engage with the lysosome or the proteasome and
outline a comprehensive analysis of each technique, including its
strengths and limitations from both chemical and biological
perspectives. Please note that this review uses the official human

3256 | Chem. Soc. Rev,, 2024, 53, 3253-3272

scavenger receptor

(SR); target-binding ligand (TBL); triantenerray N-

gene/protein names, determined by the HUGO gene nomencla-
ture committee (https://www.genenames.org/).

2. Targeted degradation of
intracellular proteins and organelles
through the autophagy machinery

2.1. AuTophagy-TEthering compounds (ATTECs)

One of the initial Ub-independent TPD methodologies was
designed to utilise LC3 ligands that directly interact with
developing phagophores in the early stage of autophagy
(Fig. 2(A)). As only a limited number of LC3 ligands were
available, compared to the wide array of existing ligands for
E3 enzymes in PROTACS, Li et al. screened chemical libraries in
a high-throughput setting to identify compounds that could

This journal is © The Royal Society of Chemistry 2024
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bind to LC3 and pathologic huntingtin (HTT) proteins
simultaneously.*® The length of polyglutamine (polyQ) in HTT
is known to be proportional to its aggregation propensity in
Huntington’s disease (HD).”” To selectively target the mutant
HTT (mHTT) with long polyQ repeats such as HTT with 72
polyQ (HTT-Q72), they conducted a negative selection process
to remove hit compounds interacting with non-pathological
HTT-Q25. Interestingly, mHTT has been known to evade the
UPS-mediated degradation, being preferentially cleared by
autophagy,®®®° consistent with the prevailing notions about
proteasomal degradation: (1) biased sequences, such as lengthy
polyQ repeats, can impede proteasomal degradation of mHTT
and (2) efficient degradation by the 26S proteasome necessi-
tates a structurally disordered region in the substrate.’* %3

The lead ATTEC molecules, capable of binding to both LC3
and HTT-Q72, but not to HTT-Q25, possessed a lactam-based
bicyclic structure with a halogen-substituted aryl group as a
common structural motif (Table 1). Treatment with 100 nM of
each ATTEC compound for 48 h potently decreased the levels of
mHTT by 26-40% of maximal protein degradation (Dypy) in
primary cortical neurons isolated from a knock-in mouse
expressing mHTT-Q140 (ESI, Table S1; for quantitative values
in experimental conditions and assay read-outs).** In contrast,
these compounds did not affect the levels of wild-type (wt)
HTT-Q7. The analyses of global proteome in cultured cells
and mice using mass spectrometry (MS) indicated that the
levels of endogenous autophagic substrates, other than mHTT,
remained largely comparable before and after the exposure of
cells to ATTECs, demonstrating that the overall autophagic flux
remained virtually unaffected (ESIL,} Table $2).*’

Despite their bispecific binding properties, the sizes of these
ATTECs were relatively small, being only 256-521 Da, similar to
those of MGDs rather than PROTACs. Nevertheless, unlike
MGDs, the majority of ATTECs displayed a ‘“hook effect”,
characterized by a diminishing effectiveness of a functional
molecule beyond a certain dosage level. This phenomenon is

A. ATTEC B. AUTOTAC
- R B \(\ \ PN

v . -

PDIW) o ‘}I «— (POl —G SQSTM1 g
,\ 2L o5 =3 TBL ATL 500,
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ATTEC s s
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clearance Isolation
membrane
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membrane Autophagic
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Fig. 2 The mechanism of actions of autophagy-based degraders, such as
autophagy-tethering compound (ATTEC; A) and autophagy-targeting chi-
mera (AUTOTAC; B). While ATTECs engage with LC3, which is essential for
autophagosome biogenesis and maturation, AUTOTACS interact with an
autophagic receptor SQSTM1/p62, which undergoes self-oligomerization
with cargoes to be directed to autophagosomes. ZZ; the ZZ domain in
SQSTM1, which directly interacts with the AUTOTAC compounds.
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frequently manifested in heterobivalent TPDs due to the for-
mation of stable binary structures with either the target protein
or E3 ligase at the oversaturated concentration range.*® At their
effective concentrations, they significantly facilitated intracel-
lular binding between mHTT and LC3. Moreover, ATTEC-
dependent mHTT degradation was reversed either by lysosomal
inhibitors (NH4Cl or chloroquine) or via ATG5 silencing
(essential for autophagosome formation), suggesting that the
autophagy-tethering effect of ATTEC was responsible for the
targeted degradation of mHTT. Nevertheless, a deeper under-
standing is required to clarify the mechanism whereby these
small molecules differentiate between wt HTT and mHTT. It is
also notable that pathologic mHTT typically accumulates and
aggregates in the nucleus,®"® while autophagy occurs only in
the cytoplasm.

ATTECs were also tested in fibroblasts and iPSC-derived
neurons from patients with HD and healthy individuals. While
the wt HTT levels in fibroblasts from healthy groups were not
affected, a significant reduction in mHTT levels was apparent
in HD fibroblasts.” Additionally, the iPSC-derived neurons
showed reduced mHTT levels when they were treated with the
ATTEC compounds. The potential therapeutic effects of
ATTECs have also been investigated in several in vivo models.
In the inducible Drosophila model overexpressing mHTT-Q128,
the flies treated with 10 uM ATTECs for six days showed
significantly reduced mHTT levels and neurotoxicity as well
as an extended lifespan.*® In the Hdh?”/?*** mouse model, the
mice injected daily with ATTECs for two weeks (intraperitoneal
orip, 0.5 mg kg~ " day ") exhibited significant improvements in
HD-related behavioural deficits.>® Both wt flies and mice dis-
played no apparent impacts in response to the ATTECs, which
implicates the minimal off-target effects and the potential of
this autophagy-mediated technology for the TPD of other
aggregation-prone proteins.

The ATTEC platform has several similarities to AUtophagy-
TArgeting Chimeras (AUTACs), both designed to mediate the
autophagic degradation of target proteins. Arimoto et al.
exploited a derivative of S-guanine, p-fluorobenzylguanine, as a
stand-alone degradation tag inducing Lys63-linked polyUb
chains on targets.®® AUTAC compounds linking this degradation
tag and a substrate-targeting ligand could induce autophagic
degradation of various proteins and mitochondria. While the
degradation potential of the AUTAC platform has been demon-
strated, the precise molecular mechanism underlying the action
of S-guanine or its chemical analogue in generating Lys63-linked
polyUb chains remains to be further elucidated.

Fu et al attempted to expand the scope of the ATTEC
technology; they developed heterobivalent ATTECs comprising
LC3- and lipid droplet (LD)-binders via linkers with varying sizes
and types (molecular weights ranging from 745 to 1040 Da;
Table 2).°” These LD-ATTECs effectively eliminated LDs in oleic
acid-treated tumour cells and cultured adipocytes (at a concen-
tration of 5 uM for 24 h) as well as in the liver of mouse models
of hepatic lipidosis (ip injection, 30 mg kg~ " day ', once a day
for 2 weeks) in an autophagy-dependent manner.®” These results
are one of the first demonstrations that non-proteinaceous

Chem. Soc. Rev,, 2024, 53, 3253-3272 | 3257
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Table 1 Representative structures of Ub-independent TPD degraders. Their target binders and key lysosome, autophagy, or proteasome recruiters are

colored in red and blue, respectively (cont'd)
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biomolecules can be selectively cleared by Ub-independent TPD.
The LD-ATTECs were also evaluated in mouse models of age-
related macular degeneration (AMD),°® where a key pathological
condition is the presence of drusen, the LD-containing deposits,
in the retinal pigment epithelium. Intravitreal administration
of LD-ATTEC in AMD model mice, once a week for 4 weeks,
significantly reduced LD levels and delayed cytotoxicity and
photoreceptor dysfunction in the retinal tissues.°® The LD-
ATTEC study highlights the distinct advantage of autophagic
degraders, particularly when compared to PROTACs, i.e., auto-
phagic degraders can degrade not only soluble proteins but also
aggregation-prone proteins and non-proteinaceous entities.

The range of potential ATTEC substrates has been broa-
dened to include cellular organelles. The Qin group has devel-
oped mitochondria-targeting ATTECs, known as bio-ATTEC
and mito-ATTEC, which combines an LC3 binder and the
established mitochondrion-targeting motif, triphenylphospho-
nium cation.®®’® To minimise potential off-target effects,
they utilised split ATTEC fragments with complementary click
chemistry handles (azide and alkyne), allowing selective activa-
tion within the target cells. In bio-ATTECsS, tissue specificity was
achieved by employing cancer cell-specific surface antigen-
binding aptamers. Specific aptamers, which are short single-
stranded DNA or RNA nucleotides that fold into specific three-
dimensional structures, are considered an effective alternative
to antibodies and can be readily selected using an in vitro
screening technique, called systematic evolution of ligands via
exponential enrichment (SELEX).”* The authors observed mito-
chondrial depletion and autophagic tumour cell death after
treatment with bio-ATTEC.% It would be intriguing to find out
which specific mitochondrial proteins are initially engaged
with the bio-ATTEC degrader. In addition, more warheads
and linkers should be assessed for further validation and
generalisation of this modality.

Following the discovery of potent LC3 binders, numerous
efforts have been made to harness autophagy for targeted
intracellular protein degradation. Recent studies have reported
several ATTECs targeting bromodomain-containing protein 4
(BRD4),”* nicotinamide phosphoribosyltransferase (NAMPT),”
and the cyclin-dependent kinase 9 (CDK9)/cyclin T1 complex.”
The optimised BRD4-ATTEC exhibited impressive degradation
activity (Dyax 92%, DCs 0.9 uM) in MDA-MB-231 breast cancer
cells, which have the highest level of PD-L1, without apparent
disturbance in cellular autophagy flux. The significantly reduced
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c-Myc expression, a key indicator of BRD4 inhibition, and potent
anti-proliferative effects on various cancer cell lines following
treatment with BRD4-ATTECs indicate that the LC3-engaging
degraders could be a promising strategy for developing anti-
cancer agents targeting BRD4. Zeng et al. made a noteworthy
observation that CDK9-targeting ATTECs exhibit superior
degradation and anti-proliferative activities compared to the
corresponding CDK9-PROTACs, which share the same CDK9
binder.”*”> In addition, these ATTECs not only induced CDK9
degradation but also led to the degradation of CDK9-associated
cyclin T1, which was not observed with the corresponding
PROTAC. This collateral degradation implicates not only distinct
mechanisms but also potentially different outcomes between
these two approaches, although further comparative studies are
necessary to fully grasp the respective strengths and limitations
of each method. Nonetheless, the aforementioned results con-
vincingly demonstrated the unique capability of the ATTEC
platform to target a wide range of cellular components in a
tissue-specific and autophagy-dependent manner.

2.2. AUTOphagy-TArgeting chimera (AUTOTAC)

Proteotoxic proteins, often found to be misfolded and aggre-
gated, are known to disrupt normal cellular metabolism and,
potentially, lead to cell death.”® The abnormal accumulation of
proteotoxic proteins can arise from (1) self-oligomerisation
acquired from mutations or PTMs (a protein-centric view),
(2) compromised clearance due to dysfunctional UPS or autop-
hagy (a proteolysis-centric view), or (3) a combination of both
(a synergistic mechanism).””””® Numerous neurodegenerative
diseases, including HD, Alzheimer’s (AD), and Parkinson’s (PD)
disease, feature protein aggregates as one of their key patho-
genic hallmarks. Once considered undruggable, these proteins
have gained considerable attention as targets of TPD drugs.
Several studies have proposed that while the UPS is responsible
for clearing the soluble forms of proteotoxic proteins, particu-
larly during the early stage of neurodegeneration, autophagy-
mediated protein degradation becomes critical as proteotoxic
proteins begin to get fibrillised in neurons.®” To pharmacolo-
gically modulate this process, Ji et al. developed innovative
autophagic degraders that exploit key components of the
N-degron pathway (Fig. 2(B)).5"%

In the N-degron pathway, formerly known as the ‘“N-end
rule” pathway, the in vivo half-life of a protein is primarily
determined by its N-terminal amino acid.**®! In the initial

This journal is © The Royal Society of Chemistry 2024
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Table 2 Degradation mechanisms, target proteins, and other characteristics of Ub-independent TPD degraders

Degradation mechanism

Target proteins

TPD Degradation initially Hijacking cellular Targets Target
technology mediated by mechanisms degraded by protein types Substrates tested Ref.
ATTEC LC3 binding ligands Macroautophagy Autophagy Intracellular mHTT, mutant ATXN3, Z. Li (2019),* J. Pei
polyQ-GFP, BRD4, NAMPT, (2021),”> G. Dong (2022),”®
CDKY/cyclin T1 and Y. Zeng (2023)"*
Intracellular Lipid droplets Y. Fu (2021)%”
organelle
Intracellular Mitochondria M. Liu (2023)%°
organelle
AUTOTAC ZZ domain of SQSTM1/ SQSTM1/p62 oligomer- Autophagy Intracellular ERf, AR, MetAP2, C. H. Ji (2022),>' Y. Lee
p62-binding ligands ization by ATL aggregation-prone proteins (2023),”° and J. Lee (2023)%
(desmin, tau, HTT, o-
synuclein)
Intracellular Intracellular bacteria
pathogen
LYTAC M6Pn M6Pn: CI-M6PR- Lysosome  Extracellular mCherry, ApoE4 S. M. Banik (2020)*° and
mediated endocytosis Membrane EGFR, HER2 CD-71, PD-L1 X. Zhang (2022)""°
tri-GalNAc tri-GalNAc: ASGPR- Extracellular Mouse IgG, Rabbit IgG, o- G. Ahn (2021),"** D. F.
mediated endocytosis DNP antibody, MIF Caianiello (2021),"*® and
Membrane EGFR, HER2, Integrin Y. Zhou (2021)"*’
CI-M6PR binding Aptamer: CI-M6PR- Membrane Met, PTK-7, HER2 Y. Miao (2021)"*° and
aptamers mediated endocytosis K. Hamada (2023)"*°
ASGPR binding Aptamer: ASGPR- Extracellular PDGF Y. Wu (2023)"!
aptamers mediated endocytosis Membrane PTK-7
IFLD Integrin binding cyclic RGD peptide: integrin- Lysosome  Extracellular mCherry, ApoE4, PD-L1  J. Zheng (2022)*
RGD peptides mediated endocytosis Membrane PD-L1
DENTAC Scavenger receptor DNA dendron: SR- Lysosome Membrane nucleolin, EGFR C. Zhu (2023)**
binding DNA dendron mediated endocytosis
KineTAC CXCL12 CXCL12: CXCR7- Lysosome  Extracellular VEGF, TNF-o K. Pance (2023)**
mediated endocytosis Membrane PD-L1, HER2, EGFR, PD-1,
CDCP1, TROP2
CIDE PSMD2 binding Proximity to AAA+ Proteasome Intracellular BRD4 C. Bashore (2022)
macrocycles unfoldases
UID ADRM1-Halotag7 bind- Proximity to 26S Proteasome Intracellular BRD2 M. Balzarini (2023)>°
ing ligand proteasomes

N-end rule, each amino acid within the genetic code was
categorised into either “stabilizing” (including the start codon
Met) or “destabilizing” (including positively charged Arg) resi-
dues for proteasomal degradation; however, it is now under-
stood that all 20 amino acids can serve as N-degrons.®* One of
the key biochemical processes that generates an N-degron
substrate is the conjugation of Arg to the N-terminus of a
protein.®® A set of ER-residing chaperons was reported to be
N-terminally arginylated and retro-translocated to the cytosol,
where the chaperons were bound to their new clients—cytosolic
misfolded proteins. These complexes were then recognised by
the autophagic adaptor SQSTM1 through its ZZ domain.®*%”
This process involves the conformational change and self-
oligomerisation of SQSTM1 for the delivery of cargoes (N-
degrons) to autophagosomes.®®®° Therefore, N-terminal Arg
functions not only as a binding site for E3 Ub ligases for
ubiquitination but also as an activating ligand for SQSTM1
for activating autophagy.®*~°" In the same context, SQSTM1 also
has a dual role: as a prototype autophagic cargo adaptor and a
novel N-recognin of destabilizing N-terminal residues.
AUTOTAC degraders are bispecific molecules linking a
target-binding ligand (TBL) and an autophagy-targeting ligand
that binds to the ZZ domain of SQSTM1.”" Using 3D structural
modelling and structure-activity relationship studies, Cha-
Molstad et al. developed Arg-based SQSTM1 ligands featuring

This journal is © The Royal Society of Chemistry 2024

O-benzylated phenol or catechol moieties (Table 1).*” These
compounds induced conformational activation of SQSTM1,
transforming it into an autophagy-compatible oligomer. There-
fore, these ZZ ligands essentially mimic the biochemical action
of the ‘“destabilizing” residues in the autophagic N-degron
pathway. AUTOTAC degraders were then synthesized by con-
jugating the ZZ ligands to diverse TBLs, such as PHTPP (a
nonsteroidal antagonist of the oestrogen receptor  [ER]),
vinclozolin M2 (an androgen receptor [AR] blocker), and fuma-
gillin (a ligand for methionine aminopeptidase 2 [MetAP2])
(Table 2).°*°* The effectiveness of these AUTOTAC compounds
was demonstrated by achieving significant autophagic degra-
dation of the cognate oncoproteins, such as ERP, AR, and
MetAP2, within the sub-micromolar ranges of half-degrading
concentration values (DCs,).** Importantly, these activities were
completely abolished by silencing either SQSTM1 or ATG5.>"
To assess whether these AUTOTAC degraders can degrade
aggregated proteins, additional compounds were synthesized
to incorporate TBLs that recognise exposed hydrophobic
motifs, a common structural property of misfolded proteins.
The following TBLs were conjugated to the ZZ ligands:
(1) 4-phenylbutyric acid (PBA), an FDA-approved drug and a
chemical chaperone that binds to hydrophobic residues, and
(2) Anle138b, an inhibitor of a-synuclein aggregation.’> ®’
In these studies, the PBA and Anle138b moiety-conjugated
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AUTOTAC compounds (PBA-1105 and ATC161/Anle138b-F105)
were effective in reducing the levels of mutant desmin,
aggregation-prone tau-P301L, and mHTT, respectively.’®°°
Remarkably, they did not affect the levels of non-pathologic
counterparts such as wt desmin, tau, and HTT. The DCs,
values for the mutant tau and HTT proteins ranged from
1-10 nM and 0.1-1 pM, respectively, and a hook effect was
observed at high concentrations (ESI, Table $3).** For the
in vivo evaluation, ZZ-PBA compounds were administered (ip
injection, 20 or 50 mg kg ', 3 times per week for 1 month) to
transgenic mice overexpressing hTauP301L tagged with bio-
molecular fluorescence complementation (BiFC).'*"'°
Immunoblotting, immunostaining, and histochemical ana-
lyses showed reduced levels of RIPA-insoluble human
hTauP301L and a decrease in BiFC fluorescence signal in
the mouse brains.

The AUTOTAC platform was utilised to facilitate the autop-
hagic clearance of intracellular bacteria and o-synuclein.®*°
As a part of their defence mechanisms, eukaryotic cells often
rely on xenophagy, a type of selective autophagy, to capture
intracellular pathogens, such as bacteria, protozoans, and
viruses.'®*'%* However, these intracellular pathogens have also
evolved to evade or even inhibit cellular xenophagy to survive
within their host cells.'®>'%® The Kwon group discovered that
treatment with SQSTM1-targeting ZZ ligands lacking TBL moi-
eties was sufficient to induce the degradation of intracellular
bacteria in cells and mice infected with Salmonelia enterica and
Mycobacterium tuberculosis.”® Recently, Lee et al. introduced
new TBLs in the AUTOTAC toolkit, including baicalein
(ATC162), a flavonoid compound that binds to a-synuclein,
and resveratrol (ATC163), a phenol compound that binds to
o-synuclein.®” In the PD mouse model (oral administration,
10 mg kg™, 5 times per week, for 16 weeks), ATC161/Anle138b-
F105 treatment reduced the number of a-synuclein aggregates
in the brain, resulting in a significant delay in motor neuron
degeneration. Similar to tau and o-synuclein, many target
proteins tested with AUTOTAC degraders were either transi-
ently or constitutively overexpressed. While it is a common
practice to study proteotoxicity through transiently overex-
pressed proteins, a thorough evaluation of the overall efficacy
for endogenous substrate proteins is crucial for a more accurate
assessment of the therapeutic potential of the AUTOTAC tech-
nology. Furthermore, it also remains to be determined whether
the AUTOTAC-induced oligomeric SQSTM1 captures off-target

soluble proteins (potentially through phase separation)'®” and
organellar membrane proteins (via direct phagophore
binding)'%® at the proteomic level.

3. Targeted degradation of secreted
and membrane proteins through the
endolysosomal pathway

3.1. LYsosome-TArgeting chimeras (LYTACs)

The initial non-Ub TPD degraders, including ATTECs and
AUTOTACS, were designed for degrading intracellular proteins,
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although over one-third of protein-encoding genes produce
secreted and membrane proteins.’”'% First developed by the
Bertozzi’s group, the LYTAC technology mediates the lysosomal
degradation of these proteins.’® The original LYTAC molecules
consisted of a substrate targeting antibody and a glycopolypep-
tide ligand for binding to the cation-independent mannose-6-
phosphate (M6P) receptor (CI-M6PR; Fig. 3(A)). CI-M6PR is a
plasma membrane-residing and endosome-targeting receptor
that recognises N-glycans capped with M6P moieties."'® In
addition, it functions as a decoy receptor, continuously shuttling
Me6P-modified cargoes from the plasma membrane to the endo-
somal compartments.'™"'* In late endosomes and lysosomes,
the low pH induces the dissociation of the endocytosed CI-M6PR
and LYTAC-target complex and facilitates receptor recycling,
while the target proteins are degraded in the lysosome.*®

To generate glycopolypeptides that are not only recognised
by CI-M6PR but are also resistant to cellular phosphatase
activity, Banik et al. synthesised N-carboxyanhydride (NCA)-
derived Ser-Ala polypeptides (with various lengths) containing
multiple serine-O-mannose-6-phosphonate moieties (M6Pn)
(Table 1). The oxygen at the 6-position of mannose was replaced
by the methylene linkage (CH,) to improve their metabolic
stability.”® These M6Pn glycopolypeptides, unlike those contain-
ing mannose or N-acetylgalactosamine (GalNAc), successfully
promoted the CI-M6PR-mediated uptake of cargo molecules by
acidic endosomes and lysosomes in several cell lines.”®
Using CRISPR/Cas9-knockout screening, it was found that IGF2R
(insulin like growth factor 2 receptor, an alternative gene name
for CI-M6PR) and several genes involved in protein neddylation
and activation of the E3 ligase cullin-3 (CUL3) are essential for
the cargo uptake and LYTAC recycling.""® These results provided
not only an unbiased validation of the underlying molecular
mechanism of LYTACs but also a potential indicator (e.g.,
neddylation of CUL3) to predict whether and to what extent
LYTAC therapy will be effective in vivo.

To further validate this technology, the cellular uptake and
degradation of apolipoprotein E4 (ApoE4), an extracellular
protein that represents the most common genetic risk factor
for AD, by a LYTAC molecule was tested (Table 2)."'° First, a
compound consisting of M6Pn-bearing glycopolypeptides con-
jugated to a goat anti-mouse IgG antibody (Ab-1) was devel-
oped. The conjugation involved random introduction of azide
moieties onto multiple IgG lysine residues, followed by a
copper-free, strain-promoted cycloaddition reaction with the
bicyclononyne-bearing M6Pn ligand. Next, K562 lymphoblast
cells were treated with 25 nM Ab-1 in the presence of both
recombinant ApoE4 proteins and a mouse anti-ApoE4 antibody
labelled with Alexa Fluor-647. The uptake of ApoE4 was
increased by 13-fold following Ab-1 treatment. When leupeptin,
an endolysosomal protease inhibitor, was co-treated with Ab-1
in the presence of mouse anti-ApoE4 antibodies, the intracel-
lular levels of ApoE4 significantly increased, demonstrating the
LYTAC-mediated lysosomal degradation of extracellular pro-
teins. The LYTAC technology has also been utilised to directly
target the epidermal growth factor receptor (EGFR) by conju-
gating the M6Pn glycopolypeptides to cetuximab, an EGFR-

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00344b

Open Access Article. Published on 19 February 2024. Downloaded on 11/5/2025 6:16:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

targeting antibody (Ab-2). Treatment with 10 nM Ab-2 for 24—
48 h resulted in effective degradation of EGFR on the surface of
breast and liver cancer cells, reaching a 61-83% Dyay (ESL T
Table $4).°° Quantitative proteomic analysis demonstrated that
this LYTAC-mediated EGFR degradation was more specific than
the cetuximab treatment alone (ESL, 1 Table S2).

A similar LYTAC-mediated degradation was observed by
targeting other membrane-bound proteins, such as transferrin
receptor 1 (CD71) and programmed death-ligand 1 (PD-L1),
using Ab-1 LYTAC (with a polyclonal anti-mouse IgG) co-treated
with mouse anti-CD71 antibodies in EGFR-negative cells and
Ab-3 LYTAC (with a monoclonal anti-PD-L1 antibody, atezoli-
zumab) in PD-L1-positive cells, respectively."'”'*® As observed
previously,®® treatment with antibodies alone without glycopo-
lypeptides did not have a significant effect on the target protein
levels. Moreover, degradation was abolished when cells were
treated with competing M6P or lysosome inhibitors, further
confirming the mechanism of LYTAC action. Mice injected with
the M6Pn-cetuximab conjugate (single injection, 5 mg kg™*)
exhibited a two-phase (first rapid and then sustained) clearance
of the LYTAC molecule.’® Since EGFR, CD71, and PD-L1 are all
promising targets in cancer therapy, the LYTAC modality may
represent a complementary or synergistic platform to conven-
tional chemotherapy. However, the poor metabolic stability of
these Mé6Pn-conjugated antibodies in vivo still needs to be
improved to enhance their possible therapeutic benefits as
anti-tumour agents.

Given the relatively long half-lives (>3 days) of cetuximab
and atezolizumab, the rapid clearance of LYTACs in the circu-
latory system might result from the heteropolymorphic nature
of the M6Pn glycopolypeptide ligand. The lack of site-specific
conjugation of M6Pn to antibodies is also expected to contri-
bute to this pharmacokinetic characteristic. More recently,
Zhang et al. developed a chemoenzymatic method to prepare
homogeneous CI-M6PR-targeting LYTACs.'*® Based on their
prior observation that simple glycans may possess high affinity
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for CI-M6PR with mannose-6-phosphate-o1,2-mannose disac-
charide moieties, antibodies were modified with minimal M6P
glycans (tri- or tetra-saccharides) instead of glycopolypeptides.
The site-specific introduction of the M6P motif to the antibody
was accomplished by using engineered endoglycosidases that
function as a transglycosylation catalyst. This approach
enabled the generation of homogeneous LYTACs that targeted
EGFR and HER2, with their in vitro proteolytic activities being
comparable to those achieved using polymeric M6Pn ligands.
Nevertheless, whether the homogeneous structure of LYTAC
antibodies improves their pharmacokinetic profiles in vivo
remains to be determined.

In their second LYTAC study, Bertozzi and co-workers used
the asialoglycoprotein receptor (ASGPR), which is another
endosome-targeting receptor exclusively expressed in the liver,
as opposed to the ubiquitously expressed CI-M6PR."**'*' ASGPRs
can recognise the galactose or GalNAc moieties on extracellular
proteins and internalize them via clathrin-mediated endocytosis
for lysosomal degradation.’®* Specifically, a triantennary GalNAc
(tri-GalNAc: 1.7 kDa) motif was exploited as an ASGPR-targeting
ligand for LYTAC development, as it has been widely used as a
vehicle for the targeted delivery of oligonucleotides into hepato-
cytes via ASGPRs."*® For proof of concept, tri-GalNAc was con-
jugated with a targeting ligand such as a synthetic polyspecific
integrin-binding peptide (PIP: 3.4 kDa) as an alternative to anti-
bodies (Fig. 3(A) and Table 1)."** The treatment of HEPG2 cells
with tri-GalNAc-PIP resulted in a significantly facilitated degrada-
tion of cell-surface integrins and delayed cell proliferation.
Similarly, the tri-GalNAc-cetuximab conjugate selectively degraded
cell-surface EGFRs in HEP3B, HEPG2, and HUH? cells (DC5, &
1 nM), but not in non-hepatocellular carcinoma cell lines (ESL
Table S4). Tri-GalNAc-pertuzumab conjugates also degraded
~75% of total HER2 in HEPG2 cells, while pertuzumab alone
reduced the HER2 levels by only ~ 30%. Notably, these conjugates
featured a single tri-GalNAc ligand, which was attached at specific
locations utilising the SMARTag technology.'*® In vitro
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Fig. 3 Lysosome-based degraders which utilise ligand-triggered receptor endocytosis, such as lysosome-targeting chimera (LYTAC; A), molecular
degraders of extracellular proteins through the ASGPR (MoDE-A; A), integrin-facilitated lysosomal degradation (IFLD; B), dendronized DNA chimera
(DENTAC; C), and cytokine receptor-targeting chimeras (KineTAC; D). Other similar platforms based on bifunctional antibodies, including TransTAC and

EndoTag, have recently reported.
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degradation assays revealed that the activity of the HER2-targeting
LYTAC with a hinge modification was comparable to that of the
non-specific counterpart, having more than 10 equivalents of the
tri-GalNAc ligands. When homogeneous EGFR-targeting LYTACs
were administered to mice for a week (ip injection, 5 mg kg™,
every 2 or 4 days), site-specific LYTAC conjugates showed sus-
tained in vivo stability; by contrast, non-specific heterogeneous
conjugates underwent rapid clearance. This observation may
exemplify the significance of homogeneous antibody modifica-
tions in elevating metabolic stability in vivo.

A key advantage of employing ASGPRs over CI-M6PR lies in
their structural uniformity of the receptor-targeting motif, tri-N-
GalNAc, and structural flexibility, which allows further functional
optimisation. Almost simultaneously with Bertozzi’s report on
ASGPR-based LYTACs,"** Spiegel’s and Tang’s groups indepen-
dently reported their TPD strategies, which also capitalized on the
ASGPR and tri-GalNAc interactions (Table 1)."*>'*” Tang’s design
was based on the conjugation of tri-GalNAc to antibodies or
antigen-binding fragments (Fabs), akin to Bertozzi’s concept,
whereas Spiegel et al. pursued a fully synthetic molecular
approach akin to the tri-GalNAc-PIP concept, resulting in MoDE-
A (MOlecular DEgraders of extracellular proteins through
ASGPRs)."° They connected the ASGPR-binding tri-GalNAc motif
to either a dinitrophenyl (DNP) group or the inhibitor of the
cytokine macrophage migration inhibitory factor (MIF), which
resulted in the formation of two distinct compounds—D-MoDE-A
and M-MoDE-A (Fig. 3(A)). These derivatives effectively formed
corresponding ternary complexes with ASGPR and their cognate
targets, leading to the lysosomal degradation of o-DNP antibodies
and MIFs, respectively. Moreover, M-MoDE-A effectively reduced
the levels of exogenously administered human MIF in the sera of
nude mice (ip injection, 1 mg kg™* or 10 mg kg™ ' M-MODE-A),
although the in vivo effects of these modalities on endogenous
protein targets still remain to be validated. Moreover, although
these LYTACs are likely to be recycled without being co-degraded
with their target proteins, the quantitative analysis of the in vivo
DCs and Dy would be informative for attaining a comprehen-
sive understanding of their pharmacological property and ther-
apeutic efficacy.

Aptamers have further broadened the scope of LYTAC-
mediated degradation of extracellular and membrane-associated
proteins.'*® The following studies have been conducted to gen-
erate and utilise aptamer-conjugated LYTACs (also known as Apt-
LYTACS): (1) bispecific DNA aptamers targeting both CI-M6PR and
mesenchymal-epithelial transition receptor (Met) or protein tyr-
osine kinase-like 7 (PTK7),"* (2) bispecific DNA aptamers target-
ing CI-M6MR and HER2,"*° and (3) tri-GalNAc-conjugated DNA
aptamers targeting PTK7 or platelet-derived growth factors
(PDGFs) (Table 2)."*" Considering the rapid advancements in
aptamer/carbohydrate chemistry and antibody engineering, the
PIP-LYTAC, MoDE-A, and Apt-LYTAC molecules represent a novel
class of efficient lysosome-based TPDs. Nevertheless, a more
comprehensive understanding of lysosome homeostasis, espe-
cially under diverse disease conditions, appears to be imperative
for these LYTAC molecules to achieve improved safety and effec-
tiveness as therapeutics.
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3.2. Related modalities: integrin-facilitated lysosomal
degradation (IFLD) and DENdronised DNA chimera (DENTAC)

The LYTAC technology operates through ligand-triggered endo-
cytosis and subsequent internalisation of target proteins to the
lysosome. This opens up the potential for harnessing various
analogous receptor-ligand pairs to drive the lysosomal degra-
dation of extracellular and membrane-associated proteins.
Integrins, which are known cell-to-cell adhesion receptors, are
often overexpressed on various cancer cells and selectively
interact with the Arg-Gly-Asp (RGD) peptides (My = 619.7 Da).
The Li group introduced the IFLD platform, wherein the RGD
motif is linked to neo-substrate-targeting small molecules or
antibodies (Fig. 3(B)).”* A conjugate composed of cyclic RGD and
BMS-8, a small molecule PD-L1 binder, exhibited ~70% degra-
dation activity at a 25 nM concentration in MDA-MB-231 cells.
In an in vivo melanoma xenograft mouse model (iv injection,
5 mg kg !, every 2 days), these chimeric molecules led to
significant tumour regression, accompanied by a notable
decrease in PD-L1 levels in tumour tissues, as determined via
immunohistochemistry analysis (ESL,t Table S5).

Another approach utilised cell-surface scavenger receptors
(SRs) that bind to anionic ligands. These receptors have been
used to facilitate the intracellular delivery of polyanionic DNA
nanomaterials through caveolae-mediated endocytosis.'***3?
Zhu et al. developed DENTACs by combining dendritic DNAs
with target-binding motifs, either antibodies or aptamers, to
mediate the SR-dependent TPD (Fig. 3(C)).”* A specific DENTAC
for nucleolin (NCL) was generated by conjugating poly-
thymidine DNA dendrons to AS1411, a known NCL-binding
DNA aptamer; it exhibited significant NCL degradation activity
in A549 lung adenocarcinoma cells (with a DC50 of 25 nM and
Dypax of 60% at 50 nM). An in vivo study using an A549 mouse
xenograft model (ip injection, 2 mg kg™, every 2 days for
2 weeks) also showed significant regression of tumour size
(~76% reduction in weight) without apparent body weight loss
(ESLt Table S5). Recent reports in bioRxiv have suggested the
potential of other naturally recycling receptors to redirect target
proteins to lysosomal degradation, such as the transferrin
receptor (TransTAC)"** and sortillin (EndoTag)."*> While these
findings are pending for evaluation, emergence of novel meth-
ods will broaden the array of lysosome-trafficking receptor and
corresponding ligand pairs for alternative LYTAC modalities.

3.3. CytoKine receptor-TArgeting chimeras (KineTACs)

Specific antibodies can be discovered relatively rapidly
using well-established techniques such as phage display or
optofluidic systems. Numerous PROTAC degraders have been
covalently linked to monoclonal antibodies to enhance their
tissue-targeting ability, a concept largely resembling the anti-
body-drug conjugate system.'*® For instance, the conjugation
of trastuzumab to a BRD4-targeting PROTAC led to selective
BRD4 degradation only in HER2-positive breast cancer cells.”*”
In the GlueTAC platform, a PD-L1 nanobody was cross-linked to
proximity-reactive, non-canonical amino acids, which enabled
covalent binding of the nanobody to PD-L1 receptors.'*® The
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GlueTAC nanobodies also retained a cell-penetrating peptide
and a lysosome-sorting sequence, facilitating their internalisa-
tion and the subsequent lysosomal degradation of PD-L1.
Cotton et al. developed the first bispecific antibody-based
TPD platform, called Antibody-based PROTAC (AbTAC). The
ADTACs are capable of recognizing both a target membrane
protein and the membrane-bound E3 Ub ligase RNF43."%° The
ADTACs mediated target degradation by inducing polyubiqui-
tination and subsequent trafficking of the cargo to the lyso-
some. By contrast, a similar bispecific antibody (PROTAB)
recruiting zinc and ring finger 3 (ZNRF3), another cell-surface
E3 ligase, has been demonstrated to degrade target substrates
by 26S proteasomes.*® Recently, the Wells group expanded
their TPD platforms from AbTACs to KineTACs (Fig. 3(D)),*>
both of which share a common architecture of bispecific
antibodies. Unlike AbTACs, which target only membrane pro-
teins due to their reliance on membrane-bound RNF43, Kine-
TACs are capable of triggering the lysosomal degradation of
both membrane and extracellular proteins via the endolysoso-
mal pathway, similar to the LYTAC technology.

KineTACs achieved lysosome-mediated target degradation
through cytokine-mediated endosome-targeting receptors. The
knobs-into-holes method'*' was adopted to generate recombi-
nant antibodies with two distinct functional components—(1)
human C-X-C motif chemokine ligand 12 (CXCL12) fused to
the knob crystallizable fragment (Fc), which binds to the non-
signalling chemokine receptor CXCR7, and (2) a Fab fused to
the hole Fc domain (Table 1). KineTACs, similar to LYTACs,
facilitated the lysosomal degradation of various proteins
through the constant internalisation of CXCR7 with B-arrestin
recruitment. The initial KineTAC bispecific antibody was gen-
erated to target PD-L1 by incorporating the Fab fragment of
atezolizumab into the KineTAC scaffold. The treatment of
different cancer cells with this CXCL12-atezolizumab chimera
robustly reduced endogenous PD-L1 levels by ~90%, which
was a modestly higher reduction than that achieved by AbTAC
(~63% of Dyay)."*® In contrast, the atezolizumab Fab or
CXCL12 isotype alone had little effect on PD-L1 levels. In
addition to PD-L1, the KineTAC platform was applied to
degrade other cell surface proteins, including HER2, EGFR,
PD-1, CDCP1, and TROP2, by utilising trastuzumab, cetuximab,
nivolumab, 4A06, and sacituzumab, respectively (Table 2).'*>~
™% The landscape of the KineTAC targets has been further
expanded to include soluble extracellular proteins, such as
vascular endothelial growth factor (VEGF) and tumour necrosis
factor o (TNFa). Specifically, chimeric CXCL12-targeting Kine-
TAC antibodies, containing either bevacizumab or adalimu-
mab, effectively induced the intracellular uptake and delivery of
extracellular VEGF or TNFo to the lysosome; however, the
degree of extracellular protein degradation by KineTACs
remains to be assessed.

To evaluate the general applicability of KineTAC-mediated
degradation, alternative chemokines (CXCL11 and vMIPII, both
targeting the CXCR7 chemokine receptor) were incorporated
into their functional repertoire. The results indicated that these
variants achieved degradation efficiencies comparable to those
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of the original CXCL12-based KineTACs. KineTACs utilising the
human interleukin-2 (IL-2) cytokine fused to nivolumab were
also effective in degrading the cell surface PD-1 proteins (Dyjax
of 86.7%) (ESL,t Table S6), which suggested that this modality
might not be restricted to CXCR receptors but rather exhibit
broad versatility across various cytokine receptor-mediated
internalisation systems. Intravenously administered CXCL12-
trastuzumab showed promising pharmacokinetic characteris-
tics in mice, such as prolonged circulation time and reduced
cross-reactivity. However, the therapeutic potential of KineTAC
antibodies can be validated only when their ability to induce
efficient target degradation is demonstrated in vivo. Owing to
their relatively simple engineering and production processes,
KineTACs offer a compelling technical advantage over function-
ally analogous LYTACs, which usually involve complex synth-
esis and conjugation chemistry. Moreover, KineTAC production
can avoid concerns such as light chain-heavy chain mispairing,
a common issue encountered in bispecific IgG production.™**
Considering the flexibility in leveraging various cytokine-
receptor pairs as well as the robust in vivo stability, it seems
evident that the application of the KineTAC platform can
rapidly expand the TPD of therapeutically relevant proteins.

4. TPD by direct recruitment of the
26S proteasome

4.1. Chemical inducers of DEgradation (CIDEs)

The 26S proteasome is the hybrid of an ancient unfolding-
proteolysis machinery and a more recent polyUb-recognizing
system, which are evolutionarily separated by billions of years.
Chambered proteases in bacteria, such as ClpP, demonstrate
remarkable structural and mechanistic similarities to the CP
complex or 20S proteasome in archaea and eukaryotes."** Since
prokaryotes lack Ub, they employ specific peptide sequences,
most notably the E. coli SsrA, which are recognised by the AAA+
ATPase ClIpX.'*® This AAA+ motor complex, arranged in a
homohexameric ring, unfolds the substrates and translocates
them through an axial channel into the catalytic chamber of
ClpP complexes, which consist of two homoheptameric
rings.""” In eukaryotic cells, six AAA+ ATPase subunits (PSMC1
to PSMC6 from six different genes) form a heterohexameric ring
on the base of the RP contacting the PSMA heteroheptameric
ring of the CP."*® The RP also plays a role in bringing in
substrates to the CP using multiple Ub receptors, including a
stoichiometric subunit PSMD2.*! It is largely accepted in the
field that (1) Ub does not affect the thermodynamic stability of
target proteins, (2) it only brings substrates into close proximity
with 26S proteasomes, and (3) the direct recognition by the
proteasome is usually sufficient for the substrates to be
degraded in the CP.'*° Under these presumptions, direct
tethering of substrates to proteasomes through bifunctional
ligands could be a viable strategy to induce TPD, instead of
altering the global proteome.

Bashore et al. in Genentech pioneered the direct proteasome
targeting modality (referred to as CIDE) as an alternative TPD
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Fig. 4 Degraders directly engaging the 26S proteasome, such as
chemical inducers of degradation (CIDE; A) and ubiquitin-independent
degrader (UID; B).

technology (Fig. 4(A)).>> Their initial breakthrough was the
identification of ligands that could specifically bind to the Ub
receptor PSMD2. By screening both 8- to 16-amino acid-long
peptide phage libraries and 10- to 14-residue macrocyclic
mRNA display libraries, one peptide (PP1) and three macro-
cycles (MC1 to MC3) with strong affinities (in a nanomolar
range) to a recombinant PSMD2 protein were identified. Bioti-
nylated versions of macrocycle MC1, but not its enantiomeric
controls, effectively pulled down 26S proteasomes without
compromising their structural integrity. Cryo-EM images with
a 2.5 A-resolution unveiled that MC1 binds to the solenoid
domain and C-terminal region of PSMD2, which are proximal
to the AAA+ unfoldase or the PSMC APTase ring. To further
enhance the versatility of MC1, a click chemistry-based
approach was utilised to synthesise various versions of MC1
linked to BETi, a BRD4 ligand/inhibitor,'*® using PEG linkers
with different lengths and conjugation sites (Table 1). These
heterobifunctional MC1-BETi molecules were also able to
strongly interact with PSMD2, forming a proper ternary
complex with PSMD2 and BRD4 in vitro.

A fluorescence microscopy analysis revealed that CIDEs,
despite their peptidic nature, can be internalized to the cyto-
plasm in an endocytosis-independent manner."*>">* In
HEK293 cells, the most permeable MC1-BETi derivative
(L-CIDE), but not its p-enantioisomer, triggered significant
and dose-dependent BRD4 degradation. This phenomenon
was effectively abolished by proteasome inhibitors. Although
the DCs, of L-CIDE remained relatively high at a concentration
of 0.73 uM (ESI,¥ Table S7), these results provided initial
validation for the feasibility of TPD via the direct recruitment
of the 26S proteasome. However, it remains uncertain whether
the functionality of CIDE depends on or is affected by the
presence of the polyUb chains on target substrates. This is
implicated in the practicality of CIDE compounds in treating,
for example, BETi-resistant cancer, where BRD4 is often poorly
polyubiquitinated.'>® More CIDE compounds targeting other
endogenous proteins besides BRD4 need to be developed and
assessed to understand the mechanistic basis of this TPD
modality. If CIDE molecules could enable Ub-independent
degradation simply by bringing proteins close to 26S
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proteasomes, these compounds could eliminate a wide range
of cytosolic, nuclear, and membrane proteins, rendering CIDEs
as more versatile TPD options than PROTACs.

4.2. ADRM1-mediated Ub-independent degraders (UIDs)

Recently, an alternative TPD strategy based on direct engage-
ment of 26S proteasomes without involving polyUb chains was
proposed by Kodadek et al.>® The UID system employs ADRM1,
another Ub receptor on the 26S proteasome, located approxi-
mately 107 A away from the PSMC1-6 ATPases on the RP base.*'
Since a suitable ligand for ADRM1 did not exist, a cell line
stably overexpressing the N-terminal segment of ADRM1 fused
to HaloTag7 was used as a model system and a primary
chloroalkane chain conjugated to a substrate-targeting ligand
was tested as a cognate UID compound (Fig. 4(B)). The proto-
type UIDs targeting the bromo and extra-terminal domain
(BET) family proteins were synthesised to have varying lengths
of ethylene glycerol linkers between the chloroalkane group
and a BET bromodomain ligand, JQ1. Significant degradation
of BRD2 was observed only when the length of these linkers
exceeded four ethylene glycerol units (Table 2). Neither a
HaloTag7 ligand nor JQ1 alone triggered proteasomal recruit-
ment or BRD2 degradation. Although both BRD2 and BRD4
could be brought into close proximity to ADRM1 through JQ1-
chloroalkane conjugates, only BRD2, but not BRD4, underwent
substantial degradation. Similarly, heterobivalent molecules
(ByeTACs), consisting of an ADRM1 binder and JQ1, induced
a Ub-independent, proteasomal degradation of BRD4 in a
nanomolar concentration range.'>* These findings need to be
further validated but suggest that the recruitment of a target
protein to the proteasome may be sufficient for effective
degradation.

In contrast to the CIDE study,”® which lacked detailed
information regarding the involvement of substrate polyubi-
quitination, this study provided valuable insights into this
question. In brief, the UID approach appeared to operate
through a Ub-independent mechanism; while proteasome
inhibitors significantly delayed Halo/UID-mediated TPD, E1
Ub activating enzyme inhibitors, which block the initial step
of polyUb chain formation, did not affect the process.”®
Proteasome-based TPD modalities, which essentially create
‘“neo-proximity” between the 26S proteasome and substrates,
hold promise for opening new opportunities in drug discovery.
However, it should be noted that the proteasome operates
through highly coordinated multistep mechanisms, with pep-
tide bond cleavage being only the last step in the complex
program of substrate manipulation. Therefore, additional stu-
dies are needed to further evaluate the potential changes in
global proteostasis resulting from direct proteasome-targeting
methods such as CIDE and UID, especially considering that the
direct proteasome-targeting ligands may act as an antagonist of
proteasomal degradation. Additionally, the effectiveness of
these approaches as targeted protein degraders needs valida-
tion through animal model studies. Once such data become
available, they will provide a more comprehensive biochemical
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framework for investigating the functionality, safety, and ther-
apeutic applicability of these approaches.

5. Conclusions and perspectives

This tutorial review explores innovative technical platforms for
degraders that do not rely on target ubiquitination and thus
have considerably expanded the TPD target space (Fig. 1 and
Table 1). The majority of TPD drugs currently undergoing
clinical trials are PROTAC- and molecular glue-based degra-
ders, utilising a very limited number of E3 Ub ligases."® In
addition, these approaches require precise spatial control to
facilitate coordinated interactions among E2, E3, and the target
protein and subsequent induction of substrate ubiquitination.
Direct recruitment of targets to the 26S proteasome may pre-
sent an alternative strategy that overcomes several hurdles
of PROTAC-based therapies, such as limited E3 availability (only
CRL4°®®™ and CRL2"™" recruiters have entered the clinical
trials) and drug resistance (due to somatic mutations of the E3
ligases in cancer cells)."**™*® The TPD modalities that directly
harness the lysosomal degradation system have the potential to
target an even broader spectrum of substrates, including extra-
cellular proteins (Table 2). It is worth noting that many human
proteopathies occur outside cells, rather than within the intra-
cellular space, rendering them inaccessible by conventional
E3-recruiting TPD strategies."”® Our understanding of extra-
cellular proteostasis is still limited. With the advancement in
our knowledge of these mechanisms and pathological implica-
tions, leveraging lysosome/autophagy-based TPD approaches
will fully unlock their therapeutic benefits.

A potential concern regarding lysosome/autophagy-based
TPDs is the risk of unintended proteolysis of off-target sub-
strates because early endosomes and growing phagophores
intrinsically engage with a number of proteins or organelles.
Moreover, selective autophagy relies on only a few autophagic
receptors embracing a wide variety of intracellular cargoes; in
contrast, the UPS utilises approximately 600 E3 ligases, each
with some level of specificity for distinct substrates."®® Thus,
although these degraders are designed to meticulously discri-
minate their intended cargos from other cellular components,
it seems crucial to evaluate any potential alterations in the turn-
over rates of other endogenous substrates. For translating TPD
technologies into therapeutic applications, a comprehensive
global proteome analysis is crucial for a rigorous evaluation of
potential on-site-off-targets as well as off-site-on-target effects.

Another important question is whether the action mechanism
of lysosome-mediated TPD conforms to the event-driven pharma-
cology demonstrated by the catalytic and sub-stoichiometric mode
of PROTACs or whether these lysosomal/autophagosomal degra-
ders are irreversibly trapped in lysosomes along with their cargoes
without recycling. From a biochemical standpoint, it is conceiva-
ble that degraders directly targeting 26S proteasomes (such as
CIDEs, UIDs, and ByeTACs) are anticipated to be recycled similar
to proteasomal Ub receptors and cellular Ub shuttle proteins. The
small-molecule degraders targeting autophagosomes, such as
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ATTECs and AUTOTACs, may rely on their stability within the
lysosomal compartments as well as their capability to escape from
lysosomal degradation. The chemical modality likely plays a
significant role in recyclability. While antibody- or peptide-based
degraders are highly susceptible to various hydrolases and acidic
environments within the lysosomes, small molecule degraders are
more likely to maintain structural integrity under those condi-
tions for catalytic functionality. Nonetheless, all these specula-
tions lack sufficient evidence, warranting more comprehensive
studies in that regard.

Apparently, it is more challenging to quantitatively assess
the enzyme kinetics and potencies of lysosome/autophagy-
mediated degraders in vitro, compared to those of PROTACsS,
because the former are engaged with more cellular components
(both proteins and lipids) than the latter in exploiting relatively
well-defined E3 enzymes and proteasomes. Moreover, given the
current technical limitations in measuring autophagic flux as
well as endpoint autophagic activity, finding a therapeutic
window for these degraders in vivo appears more difficult than
for conventional drugs or PROTACs. The lysosome or autop-
hagy inducers are required in relatively high dosages to achieve
sufficient potency, where the positive ‘“‘cooperativity” in ternary
complex formation cannot mitigate the hook effect. Moreover,
their pharmacological characteristics can be altered as the total
catalytic output of cellular autophagy keeps changing according
to the metabolic states and is tightly balanced with that of the
UPS.'®'" 1% Lysosome/autophagy-targeting degraders,
bined with in-depth mechanism studies into their biochemical
and physiological effects, could offer a promising alternative to
UPS-targeting TPDs. Lysosome/autophagy-targeting degraders,
after in-depth mechanism studies of their biochemical and
physiological effects, could offer a promising alternative to
UPS-targeting TPDs.

More recently, Forte et al. developed heterobifunctional
molecules which can recruit an E2 Ub-conjugation enzyme,
such as UBE2D, and induce specific protein degradation.'®*
They also reported that the recruiters of a CUL4A adaptor
protein DDB1 could be harnessed for effective TPD as well."®>
While these alternative strategies are intriguing, their mecha-
nistic principles closely resemble those of PROTACs utilising
the cellular UPS system. Therefore, it remains to be determined
whether these novel approaches can offer distinct advantages
over the E3 recruitment strategy. Since the human genome
encodes ~40 E2 enzymes and E2s crosstalk with multiple E3
enzymes, E2-based degraders may target multiple substrates
simultaneously. On the other hands, the direct guidance of
disease-causing proteins to 26S proteasomes, as demonstrated
by CIDE and UID technologies, stands out as a distinctive
strategy, as it does not require polyubiquitination of target
proteins. In the UPS-based proteolytic process, the delivery of
polyubiquitinated substrates slated for proteasomal degrada-
tion solely relies on the ability of Ub receptors to aid their
positioning in close proximity to the 26S proteasome. Thus,
proteasome-recruiting compounds can essentially serve as
faithful surrogates of polyUb tags. It is also possible that they
may not require strict ‘“‘cooperativity” to form a ternary

com-

Chem. Soc. Rev,, 2024, 53, 3253-3272 | 3267


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00344b

Open Access Article. Published on 19 February 2024. Downloaded on 11/5/2025 6:16:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Tutorial Review

complex, as is the case with E3-recruiting degraders. By bypass-
ing the ubiquitination steps and allowing more flexible ternary
conformations, these degraders are likely to trigger the target
degradation more efficiently than PROTACs. Moreover, the
ubiquitous and abundant expression of proteasomes (>10°
molecules per cell)'®® precludes many limitations of canonical
PROTACsS.

Considering that proteasomes are responsible for the proteo-
lysis of at least 80% of cellular proteins (~3 x 10’ total proteins
in a growing mammalian cell),"®”"**® an important question that
arises regarding the direct 26S proteasome recruiters is whether
these affect the normal function of proteasomes. Moreover, since
the 26S proteasomes have many distinct conformational states
for processing their polyubiquitinated substrates (at least seven
conformations in mammals),"® the functionality of specific
ligands may vary, for example, from the substrate-engaging
states to degradation-competent states. The effectiveness of
these modalities can also be compromised under various disease
conditions, when an excess of substrates could ‘“‘clog” the entry
pore of the proteasome often observed in cancer and neurode-
generation. In such cases, the pharmacological enhancement of
proteasomal activity, along with proteasome-recruiting degra-
ders, could synergically reverse the adverse effects caused by
excess pathologic proteins. We anticipate that more proteasome-
recruiting degraders, which exploit various subunits in the RP
and CP, will be developed in the future through Al-guided drug
designs. Nevertheless, their effects on proteasome mechanics,
interactions with other proteins, and the impacts on the global
proteome should be rigorously assessed. Furthermore, a quanti-
tative evaluation of the binding affinity between CIDE com-
pounds and their cognate proteasome subunits would be
essential for fine-tuning the degradation kinetics. This is also
important because compounds with an excessively high binding
affinity towards the 26S proteasome might impede substrate
translocation into its catalytic chamber for proteolysis.

The mechanistic and quantitative comparisons (ESI,T Tables
S1-S7) presented in this review may serve as a practical guide
for the future development and evaluation of non-Ub-mediated
TPD modalities. For successful translational applications, we
believe that the following assessments should be the standard
practice in developing lysosome/autophagy- or proteasome-
targeting degraders: (1) measuring the extent to which the
degraders bind to the components of proteolytic machinery
in test tubes (biophysical assessment), (2) determining whether
targeted degradation is completely compromised with genetic
knockout or chemical inhibitors of key components in cultured
cells (biochemical evaluation), and (3) assessing the level
of specificity they can achieve in animal models (proteomic
validation). In-depth investigations following proof-of-concept
studies are crucial to prevent the premature use of unverified
degraders in pre-clinical or clinical applications. The strategies
are still evolving, and we anticipate encountering unprece-
dented challenges both in the mechanistic understanding
and pharmacological application. However, establishing vali-
dated approaches directly targeting lysosomes or proteasomes
seems to remain a feasible and important goal, diversifying the
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TPD strategies and offering an alternative route to address
various human diseases. Classic biochemical studies on the
UPS and autophagy have laid the foundation and provided the
inspiration for the development of novel TPDs, a trend that will
continue into the future.
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