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Abstract: Protein ubiquitination is a highly conserved post-translational modification through which cells
initiate the proteasomal degradation of undesired, aberrant, or damaged proteins. Protein ubiquitination
plays a crucial role in protein homeostasis and regulates a wide range of essential physiological processes
including DNA repair, immunological response, cell survival and apoptosis. Dysregulation of ubiquitination
is associated with various pathologies including cancers, neurodegenerative diseases, and immune disorders.
The ubiquitin-proteasome system (UPS) machinery has been utilized in therapeutic research as it can be
manipulated to induce the degradation of undruggable proteins in a superior manner to traditional drug
modalities. One such a method of specific protein degradation is the use of heterobifunctional molecules
such as proteolysis targeting chimeras (PROTACs). This literature review will focus on the composition,
mechanism of action and developmental milestones of PROTACs, comparing these against traditional drug
discovery and treatment approaches. In addition, the potential benefits of PROTAC usage will be
highlighted by analyzing their practical applications in drug therapies.

Keywords: PROTAC; proteolysis; protein degradation; drug discovery

1. Introduction

The most extensively used paradigm in traditional drug discovery relies on small-molecule drugs that
bind to and modulate the function of disease-associated macromolecules, typically proteins. There are,
however, several drawbacks affecting the performance of small-molecule inhibitors, including poor
selectivity, off-target toxicity, drug resistance in long-term therapy, and inability to target ‘undruggable’
proteins associated with diseases [1,2] Indeed, most disease-related proteins are still considered ‘undruggable’,
because they lack active functional pockets and well-defined binding features that allow the discovery of
high-affinity small molecule ligands [1,3] Additional mechanisms outside of traditional protein inhibition,
based on existing human cell machinery, are now being harnessed for pharmaceutical innovation. One
emerging technique disrupts protein homeostasis, the cellular process that regulates protein levels,
conformation, and distribution [4,5]

The two main cellular organelles that cause the breakdown of proteins are lysosomes and proteosomes;
protein complexes that cleave peptide bonds within proteins, generating polypeptides and/or amino acids
through proteolysis [4]. These mechanisms act in synergy to breakdown misfolded proteins; in which
lysosomes degrade long-lived proteins and insoluble protein aggregates whereas proteasomes target short-
lived proteins [5]. The proteosome, which in mammalian cells accounts for 70% or more of protein
degradation, shall be the focus of this review [6].

r\m Copyright: © 2024 by the authors. This is an open access article under the terms and conditions of the Creative Commons
T Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

Publisher’s Note: Scilight stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.



1JDDP 2024, 3(3), 100015. https://doi.org/10.53941/ijddp.2024.100015

A cell uses the ubiquitin-proteasome system (UPS) process to access the 26S proteosome, the main
proteolytic machine response in eukaryotic cells.[7]. The essential component of the UPS is ubiquitin (Ub), a
76-residue protein used to ‘tag’ proteins for degradation in a process called ubiquitination. This occurs after
cellular free Ub is funneled through a cascade of enzymes, namely ubiquitin-activating enzymes (Els) and
ubiquitin-conjugating enzymes (E2s). The Ub transfer to a protein occurs after Ub is transferred from E1 to
E2. The activated Ub-E2 complex interacts with ubiquitin E3 ligases and the specific protein. The E3 ligase
acts as a catalyst in bringing together these proteins, and allows the transfer of ubiquitin from the E2 enzyme
to the protein at lysine residues [5,8] Studies have shown that ubiquitin chains linked to proteins through the
lysine 48 residue provide the most efficient degradation trigger, although ubiquitin linked through lysine 11
also tags proteins for degradation [9]. Once a protein has been tagged with K48/K11 polyubiquitination, the
protein is recognized by the 26S proteosome and the substrate protein is degraded [1].

Deubiquitination also occurs in the UPS and this is driven by proteases called deubiquitinating enzymes
(DUBs). DUBs reverse the effects of ubiquitination by cleaving the peptide or isopeptide bond between a
protein and its Ub tag. In releasing Ub, DUBs in effect reverses the effect of the E3 ligases, which rescues a
protein destined for degradation [10,11] The proteins involved in ubiquitination and de-ubiquitination act
collaboratively, in opposing fashion to regulate the degradation of substrate proteins. To enhance proteostasis,
they regulate biological processes in the cells [5,10]

Dysregulated ubiquitination and deubiquitination are implicated in multiple pathologies, including
cancer, neurodegenerative diseases, and auto-inflammatory disorders [1]. Thus, the UPS machinery is
suggested as a promising target for new drug discovery. Targeting the aberrant activity of the UPS may be an
attractive strategy for developing novel therapeutic approaches. These approaches may provide deeper
insights into disease pathology and lead to more effective clinical treatments. Traditional drug therapies
against UPS disorders focus on developing small molecules which can bind to aberrant components of the
UPS, such as El, E2, E3 enzymes or deubiquitinases to modulate protein abundance and cellular
functioning [12].

In this review, a therapeutic strategy that exploits the UPS machinery, is introduced. Proteolysis
targeting chimeras (PROTACS) is an exciting area of discovery which has witnessed exponential growth in
article publication, especially since 2016 [13]. In the following sections, their regulatory mechanisms,
potential therapeutic values, and recent advances in drug development and clinical applications are
summarized.

2. PROTAC: A Targeted Protein Degradation Technology Based on the UPS

As a type of heterobifunctional small molecule, a PROTAC consists of three main components,
including a targeting ligand (warhead) for a protein-of-interest (POI) to be degraded, a ligand for E3 ligase
recruitment, and a chemical linker that connects the two different ligands and determines the proximity of the
POI to the E3 ligase [2].

Regarding the mechanism of the PROTAC technology (Figure 1), targeted binding of PROTACs with
POI and E3 ligases brings the two bound proteins in close proximity via the formation of a POI-PROTAC-E3
ligase ternary complex. By hijacking the UPS, the POI is polyubiquitinated, where ubiquitin molecules are
transferred from a E3-conjugated E2 enzyme to a peripheral lysine residue on the POI in a catalytic manner
as described in Section 1 above. The ubiquitin-tagged POI is then recognized by the proteasome which then
undergoes proteasomal degradation, thereby eliminating the POI from eukaryotic cells [8,14].

During the design of PROTAC, POI and E3 ligase ligands are used as ‘small-molecule inhibitors’ and
various linkers with appropriate length, chemical composition, and conformations are employed to connect
the two selected ligands [15]. To avoid loss of binding affinity between the two bound ligands, amides,
ethers, thioethers and C-C bonds are generally applied as linker attachments at points located at solvent-
exposed regions [16,17] On this basis, structure-activity relationship (SAR) analysis of the linkers or entire
molecules is conducted for PROTAC optimization to achieve desirable degradation potency, selectivity and
physiochemical properties. [18]. Through variation of the three PROTAC components, one can construct
heterobifunctional compound libraries to screen for selected targets.
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Figure 1. Schematic of proteolysis-targeting chimera (PROTAC) mediated degradation of target protein. Created with
BioRender.com (2024).

In 2001, Crews et al. designed and reported the first peptide-based PROTAC which could target protein
methionine aminopeptidase-2 (MetAP-2) to E3 ubiquitin ligase SCF*™" for selective MetAP-2
ubiquitination and degradation [19]. Following this first proof of concept of the PROTAC technology, rapid
advancements in the development and application of PROTAC technology have been achieved as reflected in
the several and quality of publications [13]. In the PROTAC field, one of the most commonly recruited E3
ligases is Von Hippel-Lindau (VHL), which was first recruited by a cell-penetrating peptide-based PROTAC
designed by Schneekloth et al. in 2004 to induce targeted degradation of its substrate FK506 binding protein
12 (FKBP12) [20]. Subsequently, the Crews group developed the first small molecule-based PROTAC in
2008, which recruited E3 ligase mouse double minute 2 (MDM2) to successfully degrade the androgen
receptor (AR) [21]. About 600-700 E3 ligases encoded by the human genome have been reported [22].
However, besides MDM2, only a small number of small molecule E3 ligase ligands have been successfully
recruited and utilized by PROTACS for targeted protein degradation (TPD). These include cellular inhibitor
of apoptosis protein (cIAPs) [23]. cereblon (CRBN) [24], VHL [25], DCAF15/16 [26,27]. Kelch-like ECH-
associated protein 1 (KEAP1) [28]. RNF114 [29]. and MDMX [30]. To date, CRBN and VHL are the two
most frequently used E3 ligases using the current PROTAC technology, of which about 60% of reported
PROTAC:s utilize CRBN while 30% utilize VHL [2].

3. Advantages of PROTACSs over Other Approaches

The traditional drug treatment is based on the occupancy-driven strategy, where the pharmacological
activities of small molecules mainly rely on occupation of functional binding pockets of target proteins to
alter their functions. In contrast, PROTACs can completely eliminate all biological functions of targets by
inducing the removal of the entire protein rather than altering specific protein functions [2]. Based on the
event-driven mechanism of action, wherein even partial occupancy of the target protein can be sufficient to
remove the protein from cells, this approach can create a cellular phenotype that closely replicates the genetic

3 of 10



1JDDP 2024, 3(3), 100015. https://doi.org/10.53941/ijddp.2024.100015

knockdown of target proteins, as seen in the comparison of Aurora-A inhibition versus degradation [31,32]
Although there are several challenges in the developmental of large PROTAC-type molecules, their intrinsic
cell permeability and stability provide opportunities for utilizing structurally optimized examples with better
pharmacokinetic properties, without the need for complicated and often tissue-restricted delivery systems
required for RNA interference and microRNA therapeutics [33,34].

Researchers have shown that PROTACs can broaden the druggable space of the proteome. Disease-
related proteins which are currently considered ‘undruggable’ with traditional small-molecule drugs,
including transcription factors, scaffold proteins, and RAS superfamily proteins could be more accessible by
PROTACs due to their ability to bypass the need for active functional pockets [35,36] Given that the
mechanism of PROTACS relies on the transient formation of POI-PROTAC-E3 ligase ternary complexes to
induce ubiquitination and subsequent degradation of target proteins, ligands with lower affinity and more
brief occupancy than small-molecule drugs can be utilized for PROTACs with appropriate linkers, as long as
they can recruit an E3 ligase and POI to initiate effective ternary complex-mediated ubiquitination [36]. This
can be demonstrated by the ARD-266 PROTAC (Figure 2A) and fluoro-hydroxyproline (F-Hyp)-containing
PROTAC:S (e.g., PROTAC MZ1 derivatives: PROTAC 15a/b) (Figure 2B) [37,38].
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Figure 2. Chemical structures of (A) PROTAC ARD-266 and (B) PROTAC 15a/b.

Despite lower affinities of VHL ligands, PROTACSs could still be recognized by POI and E3 ligases
cooperatively to induce specific PPIs, as a result the enhanced PPI between POI and E3 ligases can promote
ternary complex formation and lead to potent degradation [39]. Using VHL ligands with micromolar
affinities, ARD-266 and the F-Hyp-containing PROTACs exerted even higher TPD activities than many
analogues containing much stronger binding affinities to VHL. This study indicates that the design of
PROTAC:s would no longer be limited to high-affinity E3 ligands, allowing expansion of druggable space for
E3 ligase toward weak-affinity binding ligands.

Due to the unique heterobifunctional structure of PROTACS, the selectivity and specificity of the whole
drug molecules are highly dependent on the selective recognition of both E3 ligases and POIs. This implies
that the rational design of E3 ligase and POI ligands with optimized binding affinity can cooperate and
enhance the substrate selectivity and specificity of PROTACs [40]. On this basis, the additional protein-
protein interaction (PPI) between E3 ligases and POIs also play a vital role in selective substrate recognition
to form appropriate POI-PROTAC-E3 ternary complexes for TPD. These characteristics can collaboratively
support desirable drug-target interactions and help filter out effects from other homologues proteins that can
bind to the POI ligands.[2,8] A recent example of highly selective TPD is the SIFa/SJF6 PROTACs (Figure 3),
which consist of one p38-Mitogen-activatied protein kinase (MAPK) inhibitor foretinib, two different VHL-
recruiting ligands and linkers to exert isoform-specific p38a/p383 degradation [41]. The study demonstrates
that the VHL-recruiting ligand and linker length differences between the two PROTACs significantly
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contribute to their respective substrate specificity, which is the main driving force behind selective ternary
complex formation and protein degradation. An additional example is the case of Class 1 histone deacetylase
(HDAC) proteins. Different levels of degradation of HDACs 1, 2 and 3 can be achieved by altering the linker
composition [42,43]

SJFa

SJFd

Figure 3. Chemical structures of (A) PROTAC SJFa and (B) PROTAC SJFs.

In most cases, traditional small-molecule drugs that act in a dose-dependent manner need to be
administered in relatively high dosages to maximize drug-receptor occupancy for sufficient and continuous
clinical effects. Unfortunately, the efficacy of traditional drugs often comes with a high risk of undesirable toxic
side effects and off-target effects, which are considered limitations inherent to these therapeutics.[8,40,44]. On
the other hand, PROTACs can induce catalytic ubiquitination and degradation, exhibiting pharmacological
activities without being constrained by long-lasting occupancy. The reversible POI-PROTAC-E3 ligase
ternary complexes allow detachment of PROTACs in the proteasomal degradation process, preventing
PROTACs from being destroyed and enabling their reuse in multiple further catalytic cycles of POI
degradation. As a result, the catalytic nature of PROTACs would impart these molecules unique advantages
of sub-stoichiometric dosage. While the catalytic function is theoretically a general feature of PROTACsS, this
has only been specifically demonstrated with a few examples to date, including the catalytic degradation of
nuclear receptor ERRa and protein kinase RIPK2 [45,46]

Additionally, PROTACs hold an exciting potential to minimize drug resistance that frequently occurs
with traditional drug therapy. This is because the unique mechanism of PROTAC-mediated catalytic
ubiquitination can theoretically reduce the impact of site mutations that reduce target occupancy or
overexpression of targets that are usually associated with resistance development. To date, PROTACs have
been successfully applied to treat several drug-resistant diseases by degrading related target proteins, such as
AR, BTK, and BCR-ABL [47].

4. Application of PROTAC:S in Drug Discovery for Disease Treatment

As highlighted above, PROTACs have demonstrated a new perspective on drug discovery as an
emerging technology different from traditional small-molecule drugs, which has the potential to offer a range
of clinical benefits. This has been evidenced recently by numerous PROTACSs, which have entered clinical
trials.

In 2021, Arvinas became the first company to bring a PROTAC to clinical trials, namely ARV-110
(Figure 4A). This is an AR degrader for treating castration-resistant metastatic prostate cancer caused by
overexpression of AR signaling. While traditional AR inhibitor enzalutamide suffers from losing
pharmacological activity in prolonged administration due to AR mutations and amplifications, PROTAC
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ARV-110 exhibits high potency of AR degradation and AR-associated gene suppression in both in-vivo and
vitro studies, with half-maximal degradation concentration (DC,,) below 1 nM [48]. It is currently under
evaluation in phase II trial for further confirmation of its therapeutic potential (NCT03888612) [49].

ARV-471 (Figure 4B), also developed by Arvinas, underwent a clinical trial investigation as an estrogen
receptor (ER) targeting degrader applied to ER/HER2 breast cancer treatment. Preclinical studies have
demonstrated that ARV-471 could lead to potent ER degradation in multiple ER-dependent breast cancer cell
lines with DCy, of 0.9 nM [50]. According to the reported clinical data from the phase 1 trial, ARV-471 shows
safety and tolerability and high clinical benefit rate (42%) through oral administration in late-line patients
(NCT04072952). In combination with a CDK4/6 inhibitor palbociclib, ARV-471 exhibit 62% of mean ER
degradation in metastatic tumors, suggesting promising anti-tumor activity and great potential to be a best-in-
class ER-targeting therapy [49].
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Figure 4. Chemical structures of (A) ARV-110 and (B) ARV-471.

In terms of targeting the anti-apoptotic proteins implicated in cancer progression, Dialectic Therapeutics
reported the first PROTAC (DT2216) of selectively degrading B-cell lymphoma extra-large (BCL-XL) of the
BCL-2 family in 2019 (Figure 5) [51]. ABT-263, a BCL-2/BCL-XL dual inhibitor previously limited by on-
target toxicity and dose-limiting thrombocytopenia for traditional chemotherapy, was utilized in combination
with a VHL ligand to construct DT2216. In-vitro studies have demonstrated that DT2216 can cause superior
BCL-XL degradation and anti-tumor activity (ECs, < 10 nM) compared to ABT-263 in multiple associated
leukemia and tumor cells, while has less toxicity (EC,, > 3 uM) to human platelets than ABT-263. Platelets
are spared from DT2216-mediated apoptosis due to the low expression of VHL E3 ligase. This allows
DT2216 to selectively target cancer cells that express VHL E3 ligase. These in-vitro characteristics have been
successfully translated into in-vivo cancer models, where DT2216 led to quick and potent tumor regression in
the T-cell lymphoma xenografted mice without causing pronounced thrombocytopenia [51,52] With the
significant efficacy in preclinical cell and tumor models, DT2216 was progressed to clinical trials and is
currently under phase 1 evaluation for its safety, tolerability, and pharmacological activity in patients with
relapsed/refractory malignancies (NCT04886622).[53].
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Figure 5. Chemical structures of DT2216.
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More recently, Nurix Therapeutics reported an oral CRBN-based PROTAC NX-2127 (Figure 6A) that
targets Bruton’s tyrosine kinase (BTK) degradation, suggesting a promising alternative approach for
treatment of relapsed B-cell malignancies [54]. As a vital component of B-cell receptor signaling, BTK serves
to regulate the proliferation, differentiation, and survival of B cells, while the overexpression of BTK is often
found in malignant B-cell neoplasms associated with mantle cell lymphoma (MCL) and chronic lymphocytic
leukemia (CLL) [54]. In contrast with the previously mentioned PROTACs that can only target a single POI,
NX-2127 is a triple-degrader that possesses degradation activity on not only BTK but also two additional
therapeutic validated targets including transcription factors Ikaros family zinc finger protein (IKZF) 1 and 3.
Preclinical in vitro and in vivo studies have demonstrated the potent and selective degradation of POIs by
NX-2127. This triple degradation, combined with its immunomodulatory activity, results in superior anti-
tumor efficacy against resistant B-cell malignancies compared to traditional small-molecule BTK inhibitors.
[55]. Furthermore, another BTK degrader NX-5948 (Figure 6B) was designed by Nurix Therapeutics about
one year after the announcement of NX-2127. First-in-human phase I clinical trials are currently underway in
patients with relapsed/refractory CLL and primary central nervous system lymphoma to respectively evaluate
the safety, tolerability and activity of NX-2127 (NCT04830137) and NX-5987 (NCT05131022). [56].
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Figure 6. Chemical structures of (A) NX-2127 and (B) NX-5948.

5. Conclusion

Following the first demonstration of PROTACs ability to selectively degrade proteins in 2001, this
novel technology has rapidly developed in academia, industry and the clinic. These techniques present a
wealth of opportunities to discover previously unexploited or inaccessible target proteins and elucidate their
functions. PROTACs can demonstrate significant degradation activity and, therefore, superior therapeutic
efficacy to traditional drug treatment against multiple types of diseases in both preclinical investigation and
clinical trials. Compared to small-molecule drugs functioning through the occupancy-driven mechanism, the
distinct event-driven mechanism of action of PROTACs provides a range of advantages in their clinical
applications, including substantial potential to target ‘undruggable’ proteins excluded in traditional drug
discovery, increased level of selectivity and specificity, sub-stoichiometric dosage, and limited off-target
effects.

Despite the encouraging advantages and performances of PROTACS in disease treatment, there are still
several disadvantages and challenges that should be taken into account for the design and application of
PROTAC:s as valid therapeutic agents. First, as heterobifunctional molecules with high molecular weights,
the majority of PROTACs break many of Lipinski’s rule of five which researchers use to explain their
problematic pharmacodynamic and pharmacokinetic properties such as limited cell permeability, solubility,
and oral bioavailability, therefore the optimization of PROTACs to clinical candidates and drugs remains a
challenging, if achievable, goal.

Secondly, although the event-driven based PROTACs allow moderate-affinity ligands to be used for
degrading ‘undruggable’ proteins without active functional pockets, it still remains challenging to identify
appropriate structural elements on the POI surface for ligand recognition and simultaneous PPIs with E3
ligases. The limited number of reported PROTACS targeting ‘undruggable’ proteins highlights the need for
further structural analysis of both protein-of-interest (POI) and E3 ligase molecules. This analysis can guide
the exploration of new chemical space and optimize PROTAC design.

Thirdly, as discussed earlier PROTACs can reduce the risk of off-target effects due to their enhanced
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selectivity and specificity. However, this point has not been fully investigated, so the potential of PROTACs
to cause off-target effects by forming undesirable ternary complexes should not be underestimated.
Furthermore, proteolysis products arising from PROTAC-induced target degradation could also engage
proteins that are capable of inducing or attenuating additional physiological signaling, resulting in unexpected
biological effects. For example, a study on BET-targeting PROTACs reveals that neo-amino-terminal
peptides generated from induced BRD4 degradation, neutralize inhibitor of Apoptosis (IAP) proteins to drive
caspase activation and cell apoptosis, which may explain the enhanced cytotoxicity of BET-targeting
PROTAC: over traditional inhibitors [57].

Nonetheless, having reached the clinic within just two decades of their discovery, PROTACs
demonstrate remarkable progress. It is likely that some will soon be approved for clinical use. Indeed, this is
an exciting time to be involved in this rapidly evolving field; it is expected that additional optimization and
refinement of PROTACs will be achieved through the discovery of additional E3 ligase ligands for
recruitment and by improving predictive in silico PROTAC technology. Finally, PROTAC research could
benefit from the use of modern high-throughput-screening technology, such as the use of DNA encoded
libraries, which would allow a large number of PROTACSs to be synthesized with a variety of different E3
ligands and linkers. Indeed, early publications in this area demonstrate the feasibility of applying large
encoded libraries to rapidly identify PROTACs [58].
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