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Abstract

Small molecules continue to dominate drug discovery because of their ease of use, lower cost of
manufacturing and access to intracellular targets. However, despite these advantages, small
molecules are more likely to fail in clinical trials compared to biologicals, and their development
remains limited to a small subset of disease-relevant “druggable” targets. Targeted protein
degradation has recently emerged as a novel pharmacological modality that promises to overcome
small molecule limitations whilst retaining their key advantages. Here, we use a Strengths-
Weaknesses-Opportunities-Threats (SWOT) framework to critically assess the current status of
this rapidly evolving field. We expect that degrader molecules are only the beginning of a range of
novel targeting modalities that hijack existing endogenous cellular machineries to chemically
redirect biological targets and pathways. Therefore, this piece may offer a roadmap for enhancing
development of both degraders and related modalities.
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Overview of small molecule drug discovery

If measured by the number of US Food and Drug Administration (FDA) approvals, 2018
was a remarkable year. A record-setting 59 new drugs were approved, including the first
small interfering RNA-based drug [1], [2]. This continued the trend of approvals for novel
pharmacological modalities, such as the first gene therapy [3] and the first cell therapies [4]
approved in the previous year. Moreover, biologies approved in 2018 constituted almost 30%
of the total number of approved drugs, close to 40% of the pipeline, and a steadily increasing
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market share [5]. The recent release of new drug approvals for 2019 aligns well with what
we’ve seen in the two years prior [6]. Taken together, these trends could be interpreted as a
signal that the dominance of small molecule drugs (see Glossary) is being challenged by
biological modalities.

Small molecule-based drugs have been the mainstay of pharmacopeia for millennia. These
types of drugs have several advantages that continue to make them indispensable as
therapeutic agents. For example, small molecules drugs are cell permeable, making them
ideal for engaging intracellular targets. Small molecule drugs are characterized by low
molecular weights (usually under 600 Da) and synthetically tractable structures that can be
optimized for oral bioavailability and metabolic stability. Low molecular weights facilitate
their ability to cross the blood-brain barrier (BBB), and access target space that currently
eludes biological modalities. Additionally, small molecule drugs are cheaper to manufacture,
store and regulate, which usually makes them more affordable for health care systems and
patients. However, these agents have important limitations such as: (1) off-target toxicity and
side-effects given that, despite efforts to improve selectivity, most small molecules bind
multiple targets; and (2) restricted target scope, as the number of proteins known to contain
well-defined small molecule binding pockets remains limited (for a general comparison
between small molecule drugs and biologies, see [7]). Moreover, small molecules are more
likely to fail the drug approval process than biologicals, most commonly due to lack of
efficacy [6]. Overall, this suggests that small molecule drug discovery and development
would benefit from intentional and well-orchestrated disruptive innovations that would
retain key advantages of small molecule drugs whilst mitigating the liabilities.

Traditionally, the majority of small molecule drugs act via reversible binding to their target.
While the compound is bound to the target, it exerts its effect by modulating the target’s
biological activity in a defined way that is of benefit in a specific disease context. For
example, many small molecule drugs on the market are inhibitors of enzymatic activity,
antagonists/agonists of G-protein coupled receptors (GPCRS), or inhibitors of nuclear
receptors (NRs). Once the drug dissociates from the target, the effect is lost until the next
binding event occurs. Recognizing this as a potential problem, several alternative modalities
that extend pharmacological duration have recently emerged. One such modality is
irreversible covalent targeting, whereby a small molecule forms a covalent bond with the
target resulting in permanent occupancy and more durable effects [8] [9]. Covalent inhibitors
have seen a resurgence of clinical and drug development relevance, driven primarily by the
recent approvals of several covalent kinase inhibitors, such as afatinib, ibrutinib and
osimertinib, for the treatment of cancer [10] [11]. Another recent modality that results in a
more permanent perturbation is targeted protein degradation, where a small molecule binds
both the target and an E3 ubiquitin ligase, an enzyme that mediates the last step in the
ubiquitination process, thus hijacking the cellular ubiquitin-proteasome pathway [12]. The
outcome of this mode of action is a polyubiquitinated target that undergoes proteasomal
degradation (Fig. 1). Here, we will offer a brief introduction to targeted protein degradation
and analyze some of the key issues surrounding this emerging topic (for those interested in a
more comprehensive review of the area, please check a recent review [13]). We hope that our
assessments will enhance future development of the field.
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Targeted protein degradation as a pharmacological modality

Targeted protein degradation is not an unprecedented mode of action given that
thalidomide, a drug with a troubled history of birth defects and currently in use as a
treatment for multiple myeloma and leprosy [14], acts by inducing targeted degradation of
several transcription factors by recruiting them to an E3 ligase called cereblon (CRBN) [15].
In the case of thalidomide the exact mechanistic insight into how this drug exerts its effects
emerged some six decades later after its initial use in humans [16]. These mechanistic
insights have recently spurred the intense interest in rational development of degrader
molecules.

Degrader molecules fall into two distinct categories. Thalidomide and related molecules are
often referred to as “molecular glues”. These molecules use one chemical scaffold to
simultaneously bind and bring into proximity (“glue”) the target protein of interest (POI)
and an E3 ligase (Figure 1a). On the other hand, proteolysis targeting chimeras (PROTACS;
Figure 1b) [17] use two distinct recruiting arms, one optimized to bind the POI and the other
to bind the E3 ligase, connected via a linker. Chemical structures of representative molecules
from each of the two categories are shown in Figure 2 to illustrate the basic design principles
[18], [19]. At the time of writing, only a handful of small molecule degraders have been
approved for clinical use (thalidomide and its derivatives), and several additional degraders
that target NRs have recently entered clinical trials (ARV-110, which targets androgen
receptor [20] and ARV-471 that targets estrogen receptor [21]).

Over the last five years, progress to rationally develop PROTAC degrader molecules has
yielded compounds that induce degradation of a range of targets. In addition to targeting
NRs, PROTAC-based degraders have been exploited to target kinases, including Bruton’s
tyrosine kinase (BTK) [22] [23]. Bcr-Abl tyrosine kinase [24], anaplastic lymphoma kinase
(ALK) [25] [26], receptor tyrosine kinases [27], and cyclin-dependent kinases like CDK4
and/or 6 [28]-[30] and CDKO [31] [32], as well as epigenetic targets [18], [19], [33]-[35]
(for an up-to date and exhaustive list of available PROTACs please refer to [36]). We have
now reached the stage where new degraders, including those for targets previously
considered to be difficult or even impossible to target, such as tau protein [37], are being
disclosed, with interesting compounds being generated in both academia and industry.

SWOT-based strategic analysis

Given the growing enthusiasm for targeted protein degradation research, we will use this
Opinion article as an opportunity to take a step back and highlight our views on strategic
priorities for the next several years. To help us frame the discussion, we will employ a
‘Strengths-Weaknesses-Opportunities-Threats (SWOT)’ analysis, which is a widely
used business development and strategic planning tool. In that context, the results of SWOT
analyses are used to formulate key actionable points that, if implemented, will result in long-
term business growth and competitor differentiation. Although scientific research may
appear less predictable and more communal than business development, we think that
strategic planning could help to expedite the translation of scientific discoveries into clinical
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solutions. This is especially relevant for an emerging area of research such as small
molecule-mediated targeted protein degradation.

For the purposes of this Opinion, we will define strengths as specific advantages of degrader
molecules over other targeting modalities. Degraders add to the translational (and basic
research) toolbox an ability to directly ‘knockdown’ a POI. These protein knockdowns are
comparatively rapid and reversible and therefore complementary to genetic strategies such
as CRISPR/Cas9. As a result, targeted degradation is emerging as a valuable method for
preclinical target validation [38], [39]. Beyond that, it is broadly believed that degraders
offer advantages over other small molecule-based agents because:

1. degraders do not require tight binding to exert their effects, meaning that
degrader development, even for POlIs that lack well-defined small molecule
binding pockets, could be feasible. This would open opportunities to target POIs
that are currently considered to be “undruggable” [40]. Related to this is the fact
that degraders don’t need to inhibit POIs function, they only need to bind the
target, which, again, strongly suggests that targeted degradation is a strategy
worth pursuing for targets that are currently considered to be beyond the reach of
traditional small molecule modalities;

2. degrader molecules often possess improved selectivity profiles over inhibitors
[22], [41]. To be effective they must mediate productive complex formation
between the POI and an E3 ligase, thus forming a unique set of binding
requirements and recognition elements that span the degrader molecule, POI and
the ligase. This decreases the range of targets for which a single degrader
molecule would lead to productive target ubiquitination. The rates of
proteasomal processing could also be significantly different for ubiquitinated
proteins. However, here caution needs to be taken as degrader molecules could
still bind to a number of different targets without resulting in their degradation,
while still causing a perturbation of their function (as discussed below under
weaknesses);

3. degraders are likely to be more efficacious. Although the efficacy of PROTAC-
based degrader molecules in the clinical setting is yet to be confirmed, preclinical
work suggests that these molecules exert their effects at lower concentrations and
for longer time periods [42]. Moreover, because degradation removes the entire
POI, the effects are expected to be more profound and durable [13] [21]. This is
especially important for multifunctional proteins that in addition to enzymatic
activity play scaffolding or other roles. Here, while a traditional small molecule
inhibitor affects the activity only, a degrader obliterates the full range of
functions through protein removal.

Taken together, degrader molecules are proposed to exhibit some unique strengths over
existing targeting modalities. In our view, the most far-reaching features are 1) possible
access to novel targets and 2) the potential for improved efficacy. Currently approved
degrader molecules (thalidomide and its derivatives) are examples of compounds that
deplete transcriptions factors, previously considered “undruggable”. Although the two
PROTAC-based degrader molecules in clinical trials (ARV-110 [20] and ARV-471 [21])
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target “druggable” NRs (androgen receptor (ER) and estrogen receptor (AR), respectively),
we anticipate that agents for difficult and/or currently impossible-to-drug targets will soon

follow suit.

Despite the strengths we highlight, degrader molecules also have some weaknesses that
should be acknowledged and discussed. One of the most often mentioned weakness of
PROTAC-based degrader molecules is their non-compliance with Lipinski’s “Rule-of-5"

(RO5) [43].

This issue has recently been reviewed [44], [45], and we will not go into details

here. Suffice to say, PROTACs in current clinical trials are orally bioavailable. However, as
pointed out by Churcher [44], we may need to formulate new and/or additional rules to
support development of this kind. In our view, other relevant issues are:

1.

current lack of clear design rules and principles means that the field is still
largely empirical. At the moment, for the targets with no known scaffolding
functions, it is not possible to predict whether a degrader strategy will offer an
efficacy advantage over inhibition. Additionally, it is difficult to predict which E3
ligase will result in a better performing PROTAC molecule, and as a result
several different series may need to be developed and characterized (note that /n
vitro native mass spectrometry may help address this issue [46]). Generally, the
PROTAC field has been somewhat slow to discuss and develop design principles
optimized for enhancing their pharmacodynamic and pharmacokinetics
parameters (e.g. considerations of rotatable bond count in long and flexible
PROTAC linkers and its negative influence on cellular permeability and oral
absorption), although a useful commentary of these issue has recently been
published [47]. Overall, better understanding of structural, biochemical, kinetic
and thermodynamic aspects of PROTAC design are needed to facilitate
formulating useful guidelines and a growing number of efforts have been aimed
in this direction [48]-[52];

the variety of E3 ligases currently used for PROTAC-mediated targeting is low.
Despite the fact that the human genome encodes approximately 600 E3 ligases
(not all mediating ubiquitination) [53], most efforts thus far have focused on
CRBN and von Hippel-Lindau (VHL). Further research is needed to expand the
pool of E3 ligases that can be hijacked by PROTAC and/or “glue” degraders.
This requires the discovery of novel binders for the ligases, a task that has not
been trivial thus far. Therefore, despite some recent progress [54], [55], we
expect that this will remain a challenge for the field over the next few years;

“Hook effect” is a signature bell-shaped concentration dependence of activity
for PROTAC degraders [56]. At high concentrations, PROTAC molecules can
saturate binding sites on either the POI or the E3 ligase, without forming the
required ternary complex. This results in decreased activity, and protection from
induced degradation [57]. We expect that the “hook effect” will pose certain
challenges to clinical studies and optimizing dosing regimens;

as mentioned above, degrader molecules offer an opportunity for enhanced
selectivity. For example, several highly promiscuous kinase inhibitors displayed
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a significantly improved selectivity when developed into degraders [22], [41].
However, for PROTACs that use inhibitors as the POI recruiting arm, it is
important to rule out the role of the intrinsic inhibitory activity to establish that
the observed phenotype is driven by degradation of the intended target;

5. safety issues resulting from whole protein depletion. Although this is of course a
key efficacy ‘strength’, removing the entire protein may also bring with it
toxicities, which may be difficult to predict;

6. synthetic complexity of larger compounds. This slows down development and
increases costs because each synthetic step needs optimization and each
intermediate often needs purification. Also, pharmaceutical properties such as a
stable solid form can be more difficult to achieve;

7. current lack of community-endorsed standards and guidelines for degrader
validation. Although the number of disclosed molecules reported to act as
selective degraders has increased exponentially, the extent to which these
compounds have been characterized in terms of their POl and E3 ligase
engagement, proteasome and ubiquitin dependence or their activity, cellular
permeability, in-cell target selectivity, and phenotype dependence on degradation
has varied. Recently, Collins et al. proposed a set of validation experiments that
could form a useful framework for degrader characterization [58], which follows
previous guidelines for target validation using chemical probes [59], [60].
Additionally, a recent commentary voiced similar suggestions [61], further
highlighting the need for more guidelines in this area. We summarize main
aspects of the degrader validation and characterization process in Figure 3. As
pointed out by Collins et al., the workflow for degrader validation needs to
include experimental evidence that the degrader engages with the target as well
as the E3 ligase, and that this leads to formation of a productive ternary complex.
Additionally, evidence of target degradation must be provided, as well as
evidence that the decrease in target level is dependent on polyubiquitination and
proteasome activity. Also important is to map the selectivity profile of a degrader
molecule (preferably using quantitative proteomics methods), and provide cell-
based evidence that the degrader engages the target, resulting in its depletion.
Here, validation experiments should include appropriate control compounds (for
example PROTAC-like molecules that do not bind to the E3 ligase due to small
chemical modifications to the E3 ligase recruiting arm), and efforts should be
made to establish that the observed phenotype is caused by POI degradation. In
our view, Figure 3 offers an overview of basic expectations for degrader
molecule validation if such molecules are to be used as cell-based research tools.
For a degrader to advance into /7 vivo animal studies, further characterization of
pharmacokinetic and pharmacodynamic properties should be a required step, as
well as toxicology studies.

We believe that clarity on standards and working guidelines will help not only researchers
developing and using targeted degraders, but also those evaluating them (editors, peer
reviewers, grant panels and readers). Overall, in our view, the lack of design rules and
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standards for validation are the two most significant current weaknesses of the field.
Addressing these gaps will create important gpportunities for future growth.

In the classical SWOT analysis Opportunities and Threats are defined based on a
consideration of external factors that affect a given business enterprise. Here, we will step
away from this viewpoint, as some opportunities and threats are, to some extent, internal to
the field. Some of the most immediate opportunities that we see stem from the need to
define rules and predictive models to accelerate the discovery of novel targets, E3 ligases
and chemical matter. In addition to this, three other opportunities that we currently see as
being of enormous value are:

1.

the use of degrader molecules as research tools. Small molecule degraders, both
“glues” and PROTACS, are emerging as powerful research tools for precise
perturbation of the proteome. They represent protein knock-down reagents that
achieve selective POI removal on timescales that are not accessible to genetic
strategies (often as rapidly as 30 minutes to hours). They also offer an
opportunity to readily assess dose-dependence which can facilitate target
validation studies. Although the degrader modality has been hailed as a
breakthrough in drug discovery and development, and potential advantages
discussed from a more pharmacological perspective, we believe that using
degraders as tools for basic research still remains an untapped opportunity. For
example, a recent study described PROTACSs that induce selective degradation of
CDK4 and CDKG® that now offers, for the first time, an opportunity to study
distinct activities of these two closely related cyclin-dependent kinases involved
in regulation of the cell cycle [28], [29]. In order to realize their full potential, we
would like to encourage those developing degraders to start thinking beyond
therapeutic modalities and seize the opportunity to use these molecules as unique
tools for probing biology. These efforts should go hand in hand with
strengthening the ‘degrader community’ (see threats for more on this) and
developing standards for degrader validation and utility (for more see
weaknesses),

expanding the biological target space of current degraders. To date, the field has
been dominated by PROTACS targeting hormone receptors, kinases and
bromodomains, and immunomodulatory molecular glues that target transcription
factors. As the modality gathers pace, there will no doubt be greater variety in
the pharmacologically relevant degradable proteome in the future.

using lessons learned from targeted protein degradation to inform the
development of additional modalities. Broadly speaking, degrader molecules
represent a subset of small molecule dimerizers, compounds that enable
chemically induced dimerization (CID) of biomolecules that have not evolved to
form dimers [62], [63]. In some cases, this induced dimerization has an activity-
based functional outcome, such as ubiquitination of a POI induced by the
degrader molecules. One can imagine developing related systems that would
recruit enzymes to POlIs that control post-translational modifications beyond
ubiquitination, as shown recently using phosphatases [64]. Small molecules may
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also be used to redirect proteins to different regions of the cell. For instance,
ceapin was shown to induce the association of ATF6a in the ER with ABCD3 in
the peroxisome, hence acting as an inter-organelle tether [65]. As such, we are
optimistic that we will see a new wave of activity-hijacking CIDs in the near
future. As the current leading edge of that wave, degrader molecules are paving
the way and we have an opportunity to use what we learn through the
development of degraders to help define rules, guidelines, use cases, and the
community.

Overall, degrader molecules are one of the newest additions to drug discovery and
development pipelines, with numerous exciting opportunities. In particular, the ability to
tackle difficult targets for which the development of traditional inhibitors is impossible is a
notable prospect for the area. Here, we chose to comment on opportunities that have not
been remarked upon previously, namely the use of degraders as research tools and as a
founding modality of a broader category of activity-hijacking CIDs. We hope that this will
encourage others across areas and sectors to join and expand these efforts, and realize some
of the broader possibilities.

However, there are definitely potential #freatsthat we should acknowledge. The entire field
is currently keeping a close eye on the two PROTAC-based degraders in clinical trials, as
their outcome will shape current interest in this therapeutic modality. In addition to this
uncertainty, we would like to highlight several factors that we feel may pose serious
limitations on how far and how fast degrader molecules advance.

1. incomplete knowledge of biology. This includes not only incomplete knowledge
of the ubiquitin-proteasome system but also the superficial characterization of
how degrader molecules function — these deficiencies will hinder progress.
Currently, the majority of targeted degradation research is centered on
progressing to the clinic as rapidly as possible. This prioritizes different aspects
of degrader development that do not necessarily include a deeper mechanistic
investigation of molecular pharmacology. Therefore, to mitigate this threat we
would like to encourage the broader research community to participate in
targeted protein degradation, both as users and developers. Moreover, we are
convinced that the use of degrader molecules as research tools will yield basic
biological insights inaccessible to other strategies;

2. lack of a cohesive and inclusive community. There is a great deal of work to be
done to develop and foster the adoption of standards and policies for reporting,
data sharing, publishing and review, and to advocate for the field within
academic, funding and regulatory agencies. Moreover, evidence suggests that
disciplinary fragmentation limits scientific progress [66], further highlighting the
need for cohesion and collaboration. Therefore, we invite comments on our
opinions expressed here in any format in the hope that it may help nucleate the
community. Additionally, we are heartened by the rise in grass roots (nonprofit)
scientific conferences in this area, as we view this as an effective way to build
and strengthen the community;
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3. naivety. In the early days of therapeutic RNAI research, there was a belief that
the modality would enable all targets to yield to therapeutic intervention. This led
to some false hope and was something of a distraction to the field. Over time, it
was realized that certain targets are not well-suited to the RNAi modality, while
others, such as those in the liver, are a great fit. Our hope is that the hype
surrounding PROTACS in particular does not lead to unrealistic expectations.

The main take-home messages of the SWOT analysis discussed here are summarized in
Figure 4, Key Figure. Collectively, degrader molecules have unique strengths that set them
apart from other targeted therapies and research tools. They also serve as an inspiration for
additional innovative targeting modalities under the umbrella of activity-hijacking CIDs.
However, we should acknowledge and embrace the challenges in the area and come together
as a community to address them.

Concluding remarks

Targeted protein degradation is an exciting therapeutic modality that addresses the key
reason for attrition in clinical trials — lack of efficacy in Phase II. In theory, a degrader will
deliver enhanced efficacy and more closely mimic genetic methods of whole protein
depletion. The field is developing at a remarkable pace and there has been considerable
investment in biotech and pharma companies to further exploit targeted protein degradation
[67].

Our SWOT analysis (Figure 4) highlights not only the advantages and challenges, but also
the considerable opportunities facing targeted protein degradation research. We expect that
degrader molecules represent the tip of the iceberg for a range of novel targeting modalities
that are based on using synthetically tractable molecules as CIDs and hijackers of existing
endogenous cellular machineries towards neo-substrates (see Outstanding Questions).

Overall, we think that one of the first steps the community would need to take is towards
defining validation standards. In our view, the standards are urgently needed to prevent
disclosures and wide-spread use of suboptimal degrader molecules that may lead to
inaccurate scientific record and conclusions, not unlike what has been happening with other
research tools, like chemical probes [68] and antibodies [69].

Some additional outstanding questions that will challenge the researchers in this area in
years to come revolve around developing new methods and platforms to streamline the
process of discovering new “glue” degraders and new ligands for E3 ligases. Additional
technological development is also needed in order to quantify and investigate changes,
including dynamic ones, to the interactome and/or proteome upon degrader treatment. The
field will also need to develop a strategy that will help distinguish targets that are best
addressed via traditional inhibition from those that are best degraded. Here, rules to stratify
targets as well as match the target with the ligase and with the most suitable degrader
molecule will require a significant amount of future work.

Broadly speaking, we consider degraders as examples of a current shift from inhibitor-based
targeting strategies towards binder-based approaches [70]. There are reasons to believe that
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many small molecules in current use affect the levels of their targets, and we strongly
recommend that every small molecule characterization/validation workflow includes
assessment of its effects on protein levels [71]. Small molecule ligands should also be
investigated for their effects on protein location as this may play a key role in their
molecular mode of action [72].

Taken together, we expect that degrader molecules are only the beginning of a range of novel
targeting modalities that hijack existing endogenous cellular machineries to chemically
redirect biological targets and pathways. Therefore, we hope that the roadmap for enhancing
development of both degraders and additional modalities we present here will be a valuable
contribution to these efforts.
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GLOSSARY

“Hook effect”:

phenomenon observed for PROTAC degrader molecules (and previously documented for
antibodies) where the effects decrease with increasing concentration of the degrader past a
certain peak point. This is due to higher concentrations of PROTACs favoring binary
complex formation, rather than ternary resulting in “hook”-shaped activity vs. concentration
curve

Lipinski’s “Rule-of-5” (R05):

an empirical set of rules which states that poor absorption or permeation is more likely when
a compound contains >5 hydrogen bond donors, >10 hydrogen bond acceptors, a LogP >5 or
when the molecular weight is >500 (Lipinski et al)

Small molecule drug:
a low molecular weight compound (often less than 600 Daltons) that is approved for the
treatment of human disease

Strengths-Weaknesses-Opportunities-Threats (SWOT) analysis:
a tool that dissects SWOT characteristics of an entity to identify areas of strategic priority

Targeted protein degradation:

a novel therapeutic modality that uses small molecules to hijack endogenous protein
degradation machinery towards neo-substrates. In this way, small molecules induce
degradation of a protein target of interest

Ubiquitin-proteasome pathway:
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a cellular process involving an enzymatic cascade consisting of three enzymes E1, E2 and
E3 that work together to transfer a small protein called ubiquitin onto a substrate protein.
The result of this process is a ubiquitinated substrate. A substrate that becomes poly-
ubiquitinated is recognized by the proteasome, the intracellular proteolytic machinery, and
degraded. This process regulates homeostasis of many cellular proteins
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Outstanding Questions Box

. What are the validation standards that each newly reported degrader molecule
(regardless whether it is monovalent or bivalent) needs to satisfy?

. How does one effectively decouple degradation effects from inhibition?

. Which targets should be prioritized for degradation vs. inhibition (or other
modes of functional modulation)?

. How can we more effectively discover additional monovalent (“glue”)
degraders?

. Which E3 ligases should be pursued for degrader development?

. What happens to the interactome and/or proteome after a mature protein is

removed from it?

. Do degrader molecules represent a tip of the iceberg and a shift from
inhibitor-based mentality toward a binder-based mentality in drug discovery
and development?
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Highlights

Degrader molecules, small molecules that induce targeted degradation of a
protein of interest, are of increasing interest in drug development and
discovery.

What makes degrader molecules attractive is that they offer several
advantages over both small molecule inhibitors and biologies.

Examples of degrader molecules that have been approved for human
treatment are immunomodulatory drugs (IMiDs), while additional degrader
molecules are undergoing clinical trials.

The Strengths-Weakness-Opportunities-Threats (SWOT) analysis was used as
a framework to identify key components that need to be in place to ensure
accelerated future growth and prepare for some of the challenges.

In our view, the field represent just the beginning of a new wave of small
molecule based modalities that act via hijacking specific elements of
endogenous cellular machineries.
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Fig. 1. Schematic representation of mechanism of action of small molecule degraders.
(a) “molecular glue” compounds are low-molecular weight degrader molecules that “glue”

together the target protein of interest (POI) and an E3 ligase. In this instance, the “molecular
glue” compound serves as a scaffold that induces protein-protein interactions that results in a
productive, ubiquitination-competent ternary complex.

(b) PROTACS (proteolysis targeting chimeras) are degrader molecules that employ two
distinct recruiting arms, one that binds the POI and the other that binds the E3 ligase. The
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two arms are connected via a linker that may also be involved in mediating productive
ternary complex formation.

Both types of degrader molecules result in POI poly-ubiquitination, marking the POI for
proteasomal degradation and removal from the cell.

Trends Pharmacol Sci. Author manuscript; available in PMC 2021 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kostic and Jones Page 19

[o]

(R)-thalidomide

Linker
A
[
o NN N NN
N
(4]
° ARV-825
NH 1 J
— / Y
E3 ligase recruiting arm POI recruiting arm
Linker
[ |
N
SN
0 0
T
o
° dBET1
Le J { J
| Y
E3 ligase recruiting arm POl recruiting arm

Trands in B

Fig. 2. Chemical structures of representative degrader molecules: thalidomide, example of a
“molecular glue” compound, ARV-825 and dBET-1, examples of PROTAC compounds.

As clearly indicated, the two PROTAC molecules have an E3 recruiting arm (thalidomide-
derived warhead optimized to bind E3 ligase cereblon (CRBN)), a protein-of-interest (POI)
recruiting arm (JQ1 warhead targeted towards BET bromodomain containing proteins), and
a variable linker.
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Fig. 3. Degrader molecules validation criteria.
A set of criteria that can help formalize the process of degrader characterization and

validation. The criteria can be useful for structuring laboratory workflows, as well as for
evaluating newly reported degraders. The criteria presented here are based on Collins et al.
[58]. Overall, in addition to control compounds that should be used in parallel throughout
the validation process (1), the workflow for degrader validation needs to include
experimental evidence of: (2) target engagement and degradation; (3) target and E3 ligase
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binding; (4) polyubiquitination and proteasome dependence of the process; (5) cellular
permeability and in-cell target selectivity; and (6) phenotype dependence on degradation.
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Fig. 4, Key Figure. Summary of the SWOT analysis of targeted protein degradation.
Here we summarize the different strengths, weaknesses, opportunities and threats in the field

in an attempt to help in a strategic development of the field. Key Strengths of targeted
protein degradation as pharmacological and research tool modality are: (1) their unique
mechanism of action (MOA) as they induce degradation of the target, therefore removing
not only its activity (which is the feature inhibitors affect) but scaffolding or other roles the
target may have; (2) potential to target proteins currently considered to be difficult to address
using small molecules given that degrader molecules does not require tight binding or the
presence of high-affinity binding pockets on the target, and (3) potential for improved
selectivity and efficacy. On the other hand, major Weaknesses of degrader molecules are: (1)
lack of rules and standards to guide their development and optimization, as well as sufficient
numbers of E3 ligases that can be employed for degrader development; (2) concentration
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dependence that results in decreased activity at high concentrations called “hook effect”,
which may render dosing difficult and raise concerns regarding the safety; (3) potential for
chemical/synthetic complexity, something that may become increasingly important as
attempts to decouple inhibitory activity from degradation activity become more prominent.
In terms of Opportunities, the major ones are: (1) use of degrader molecules as research
tools to better understand biological function and disease physiology, as well as potentially
expand the target space; and (2) use of degraders as a test case for developing additional
modalities that use similar activity-hijacking mode of action (activity-hijacking chemical
inducers of dimerization (CIDs). In terms of threats, the most significant ones are: (1)
biological and functional complexity of the biology coupled with potentially inflated
expectations; and (2) lack of cohesive community to drive standard and technology
development in a more organized and open manner. Taken together this roadmap identifies
clear opportunities to explore and points to potential pitfalls to avoid in order to accelerate
future growth in this area.
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