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ABSTRACT: Many cellular processes and pathways are mediated
by the regulation of protein−protein complexes. For example, E3
ubiquitin ligases recruit substrate proteins and transfer a ubiquitin
tag to target those proteins for destruction by the proteasome. It
has now been shown that this cellular process for protein
destruction can be redirected by small molecules in both
laboratory and clinical settings. This presents a new paradigm in
drug discovery, enabling the rapid removal of target proteins
linked to disease. In this Innovations review, we will describe the
work done on cereblon as a case study on the different strategies available for targeted protein degradation.
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Protein−protein interactions are critical in many cellular
processes and targeting them with small molecule

therapeutics remains one of the most elusive of drug discovery
endeavors, though there is precedent for small molecules
enhancing protein−protein interactions to significant bio-
logical effect.1 Brefeldin A, a fungal metabolite stabilizing the
interaction between ARF1 and Sec7, inhibits protein
secretion.1,2 The structure of the ARF1-Brefeldin A-Sec7
complex revealed that Brefeldin A is bound at the interface
between ARF1 and Sec7, explaining the molecular basis for
stabilization.3,4 Other early examples, rapamycin and FK506,5,6

in contrast to Brefeldin A, bind tightly to one protein, FKBP12.
The complex of FKBP12−rapamycyin then inhibits mTOR,
while the FKBP12−FK506 complex inhibits calcineurin.7,8

Rapamycin and FK506 drive a substantial proportion of the
direct interactions in the ternary complexes,9 though neither
rapamycin nor FK506 bind to the second binding partner,
mTOR, or calcineurin, in the absence of FKBP12. Small
molecules that can act to bring two proteins together resulting
in modulation of a downstream signaling cascade, or even to
trigger the degradation of the protein harnessing the body’s
natural proteosomal machinery, have the potential to expand
the druggable proteome beyond the more classical protein
families possessing small molecule binding sites. Protein
degradation in particular is emerging as a powerful therapeutic
modality, with interest from both academic and biopharma
institutions in this relatively nascent field skyrocketing over the
past 10 years. Although recent advances in understanding of
mechanistic aspects of protein degradation necessary for
realizing the full potential of this modality have garnered a
great deal of attention in the drug discovery arena, a rich
history, including many approved drugs has been quietly
evolving for decades. Selective Estrogen Receptor Degraders
(SERDs) are some of the earliest known small molecule

protein degraders. Approved in 2002, fulvestrant was the first
pure antiestrogen mechanistically linked to the decrease of
intracellular ERα levels.10 Upon binding the ER, fulvestrant
causes a destabilization of the ER and consequent proteasomal
degradation. This early example of protein degradation has
served as an important advance in the field of breast cancer
treatment, and illustrated the potential benefits of protein
degradation over antagonism/inhibition in overcoming
common resistance mechanisms.11 A resurgence in this field
has led to a number of next generation clinical stage molecules,
with more favorable pharmacokinetic profiles and oral routes
of administration.12

■ THE UBIQUITIN PROTEASOME SYSTEM

Targeted protein degradation utilizing the ubiquitin protea-
some system (UPS) has emerged as a therapeutic modality
with broad potential utility, whereby small molecules are able
to hijack the cell’s natural protein degradation machinery to
regulate proteolysis in eukaryotic cells by tagging proteins to
be degraded with ubiquitin.13,14 Ubiquitin is post-translation-
ally added to lysine residues on the surface of the target protein
by a ubiquitin ligase enzyme, and can be subsequently
conjugated to lysine residues on ubiquitin itself, leading to
the formation of ubiquitin chains. Specific ubiquitin chain
linkages then direct the conjugated protein to the 26S
proteasome for ATP-dependent proteolytic destruction
(Figure 1).15 Ubiquitination occurs by way of a three-enzyme
cascade, where ubiquitin is first activated by a ubiquitin
activating enzyme, or E1, and then transferred to one of many
ubiquitin conjugating enzymes, or E2s. Finally, the ubiquitin
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ligase, or E3 brings together a ubiquitin-conjugated E2 and the
target protein (termed the substrate), and facilitates the
transfer of ubiquitin from the E2 to the substrate.16 The
spectrum of activity of a particular ligase is determined by the
substrate-binding subunits or domains, which recognize
specific features including amino acid sequence and post-
translational modifications. E2s, E3s, and substrates can all be
differentially regulated to allow the cell to control specific
target protein levels in response to varying cellular con-
ditions.17 There are multiple approaches to hijacking the UPS
to degrade specific proteins of interest for both therapeutic and
research objectives. The goal of the small molecule in this
context is to confer the appropriate proximity and residence
time of the substrate to the ubiquitin ligase complex to
facilitate tagging, and there are distinct classes of ligands
capable of redirecting E3 ubiquitin ligases toward new
proteins, each with different applications and pharmacological
properties.
Small molecule modulators of E3 ligases that scaffold

protein−protein interactions exist in nature, a mechanism
termed “molecular glue”.18 For example, the plant hormone

auxin (Figure 2) binds to the SCF−TIR1 complex and triggers
the degradation of the Aux/IAA proteins,19 transcription
factors sharing a common “degron” that bind with an increased
affinity to auxin-bound SCF−TIR1. Structural studies revealed
that auxin binds in a surface cavity on TIR1 and provides
extensive interactions to the degron peptide,20 providing a
striking proof-of-concept for the regulation of E3 ligases by
very small, efficient ligands. A similar mechanism is found with
the plant hormone jasmonate, which binds to the ligase SCF−
COI1 to drive recruitment of JAZ proteins.21 Along with plant
hormones, further examples of small molecules that induce
targeted protein degradation include indisulam,22 the afore-
mentioned SERDs, specific androgen receptor degraders
(SARDs),23 a recently reported BCL6 degrader,24 and
cereblon modulators, which will be discussed extensively
herein.
Among the E3 ligase family of proteins, cereblon (CRBN)

has emerged as a particularly tractable target for low molecular
weight therapeutics. Small molecule cereblon modulators
scaffold direct protein−protein interactions between the
CRL4−CRBN E3 ubiquitin ligase and substrate, exemplifying

Figure 1. CRL4−cereblon as an example of an E3 ubiquitin ligase that can be targeted with small molecules. The CRL4−cereblon ubiquitin ligase
is a protein complex containing cereblon (CRBN), DDB1, Cul4, and Rbx1. Cereblon modulators (CM) like lenalidomide (len) bind to cereblon
and modify its surface to create a new interface for target substrate (S) binding. Target substrates bind CRBN + CM, allowing a substrate lysine
side chain to attack the E2−ubiquitin bond and leading to ubiquitin transfer from E2 to substrate.

Figure 2. The plant hormone auxin promotes the interaction between TIR1 and IAA7. TIR1 (green) is a ubiquitin ligase substrate adapter to
which TIR1 (blue) is recruited. Auxin (orange) binds to TIR1 at the interface with IAA7 and increases the affinity for the interaction of E3 ligase
and substrate to promote substrate ubiquitination and degradation.

ACS Medicinal Chemistry Letters Innovations

DOI: 10.1021/acsmedchemlett.9b00425
ACS Med. Chem. Lett. 2019, 10, 1592−1602

1593

http://dx.doi.org/10.1021/acsmedchemlett.9b00425


the molecular glue mechanism. The first known cereblon
modulator is the infamous drug thalidomide, first commercial-
ized by Chemie Grunenthal in the 1950s for over-the-counter
use in various indications including morning sickness, causing
thousands of cases of severe birth defects.25 Thalidomide was
withdrawn from the market in the early 1960s, but later found
clinical use in treating leprosy and mutliple myeloma. The
thalidomide analogues lenalidomide and pomalidomide
(Figure 3) were subsequently developed and approved for
hematological malignancies including multiple myeloma.
These molecules were discovered and developed based on
phenotypic observations in cellular assays and whole animals
well before the exact molecular mechanisms underlying their
therapeutic action was identified to be through cereblon.26

Cereblon was found to associate with the protein DNA
damage binding protein-1 (DDB1), an adaptor protein
component of the DDB1−CUL4−Rbx1 ubiquitin ligase
(CRL4), establishing cereblon as a one of ∼70 CRL4 substrate
adapters, or DCAFs (DDB1 and Cul4 associated fac-
tors).18,27−29

■ UNLOCKING THE CEREBLON MECHANISM OF
ACTION

Further mechanistic understanding emerged when multiple
groups demonstrated that lenalidomide and pomalidomide and
other cereblon modulating drugs were not inhibiting, but
instead activating the cereblon-CRL4 ubiquitin ligase toward
specific proteins targets, termed neosubstrates.30−33 The first
neosubstrates to be identified were Ikaros (IKZF1) and Aiolos
(IKZF3), two C2H2 Zn-finger transcription factors that
regulate hematopoetic cell differentiation.34 The protein kinase
casein kinase 1α (CK1α) was also shown to also be a
neosubstrate recruited to cereblon by lenalidomide, but not
pomalidomide, indicating the potential for ligand-differentiated
neosubstrate recruitment.35

The ability to selectively and differentially degrade substrates
with different chemical matter is critical to the potential for
cereblon E3 Ligase Modulators (CELMoDs) in drug
discovery. For example, CC-885 exhibits highly potent
antiproliferative activity against a broad panel of tumor cell
lines (Figure 4).36 Immunoprecipitation of cereblon in the
presence of CC-885 identified G to S Phase Transition Protein
1 (GSPT1) as the target protein, and GSPT1 degradation by
CC-885 was the driver for the potent antiproliferative activity.
Of the panel of cell lines tested, acute myeloid leukemia
(AML) lines showed extreme sensitivity to GSPT1 degrada-
tion, a finding that was reproducible in patient-derived ex vivo
AML cells. In a demonstration of the potential versatility of
CELMoDs, GSPT1 recruitment is not mediated by lenalido-
mide or pomalidomide. However, the molecular mechanisms
of ligand-dependent substrate recruitment remained unclear,
and it was unknown whether Ikaros/Aiolos, CK1α, and
GSPT1 degradation would function through a common

mechanism, given their apparent lack of any overlapping
sequence, function, or unifying theme.

■ STRUCTURE−FUNCTION STUDIES ON
NEOSUBSTRATE TERNARY COMPLEXES

The cocrystal structure of lenalidomide bound to cereblon−
DDB1 confirmed that the glutarimide ring of lenalidomide was
a common moiety critical for functional activity, and multiple
X-ray structures revealed that this glutarimide ring docks in a
hydrophobic tritryptophan pocket on the cereblon surface,
leaving the isoindolinone exposed on the protein surface.37,38 It
was hypothesized that drug binding altered the surface of
cereblon such that a planar hydrophobic group was positioned
among available hydrogen bond donors and acceptors, creating
a hotspot for the nucleation of protein−protein interactions. In
this way, the surface of cereblon can be modified by ligands to
form a neomorphic interfacean interface that imparts new
features and activities. Two structural studies of substrates
bound to cereblon and ligand confirmed the molecular
mechanism of substrate recruitment for these compounds:
CK1α was crystallized bound to cereblon through lenalido-
mide, and GSPT1 was crystallized bound to cereblon and CC-
885 (Figure 5).39,36 In both cases, the major substrate−
ubiquitin ligase interface involves a surface turn on the
substrate that contributes three hydrogen bonds to cereblon
from backbone carbonyl oxygens and contains a key glycine
residue that packs directly against compound and takes on
backbone torsion angles only accessible to glycine (Figure 5).

Figure 3. Chemical structures of thalidomide, lenalidomide, and pomalidomide.

Figure 4. Chemical structures of CC-885, iberdomide (CC-220), and
avadomide (CC-122).
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Both accounts were able to predict that Ikaros and Aiolos
contained a similar molecular feature that mediated their
recruitment to cereblon, leading to the startling finding that
even though CK1α, GSPT1, and Ikaros/Aiolos are structurally
and functionally unrelated and share no obvious sequence
homology, they are recruited through a homologous
interacting structural feature, termed a “degron”, defined by a
specific loop containing a glycine residue at a key position. As
predicted by the model, the key glycine residue in each case
could not be mutated (even to an alanine) with preservation of
function.36 Both crystal structures show that these substrates
directly contact both cereblon and ligand, with the ligand
scaffolding protein−protein interactions in a mechanism
reminiscent of auxin and jasmonate. The role of the
protein−protein interactions in scaffolding the recruitment of
GSPT1 was confirmed by alanine-scanning mutagenesis of
residues on the cereblon surface, showing that regions outside
of the CELMoD binding pocket are critical for protein−
protein complex formation and degradation of substrate.
Importantly, neither GSPT1 nor CK1α was observed to bind
cereblon in the absence of a CELMoD using biochemical and
biophysical techniques, and there is no detectable binding
between the CELMoD and the substrate protein. The
structures of cereblon in complex with the zinc finger domains
from the substrates Ikaros and ZNF692 showed that the
degron in zinc fingers is recruited to cereblon in the analogous
manner to GSPT1 and CK1α,40 further confirming the degron
hypothesis. It is clear from the structural and biophysical
studies that molecular glue offers therapeutic accessibility to a
broad family of proteins previously thought to be undruggable,
and by scaffolding protein−protein interactions, degradation
can be achieved without the need for canonical small molecule
binding sites on the target protein.

■ TERATOGENICITY: ELUCIDATING PLEIOTROPY OF
THALIDOMIDE

Once a common mechanism of neosubstrate recruitment was
elucidated, it became possible to search for new substrates
through the degron feature, and the degradation of an
unidentified neosubstrate was hypothesized to be responsible
for the teratogenic effects of thalidomide and its analogues. A
candidate-based approach of testing developmental regulators
with potential glycine-containing structural degrons identified

the embryonic zinc finger transcription factor SALL4 as a new
thalidomide-dependent neosubstrate.41 Thalidomide was
found to induce the ubiquitination of SALL4 by cereblon-
CRL4 in vitro as well as proteasomal degradation of SALL4 in
human iPSCs, both dependent upon a glycine-containing
degron zinc finger within the protein. A separate unbiased
approach used mass spectrometry on human embryonic stem
cells treated with thalidomide and thalidomide analogs, also
leading to the identification of SALL4 as a cereblon
neosubstrate.42 Loss-of-function mutations in SALL4 cause
human syndromes characterized by forearm malformations as
well as varying degrees of ear, eye, kidney, and heart defects.43

The effects of SALL4 mutation are sufficiently overlapping
with those of thalidomide embryopathy that patients
misdiagnosed with thalidomide embryopathy have later been
found to harbor heritable mutations in SALL4.44,45

SALL4 degradation has also been assessed in animal models,
where a confounding factor in thalidomide teratogenicity
studies has been a strong species-specificity. As early as the
1960s there were reports of differential teratogenic effects in
rabbits, mice, and rats, with rabbits being sensitive to
teratogenicity, while mice and rats are resistant.46 Amino
acid differences between species in SALL4 and cereblon led to
SALL4 degradation in rabbits, while sequence variations in
both mouse cereblon and mouse SALL4 prevent SALL4 from
being targeted in mice or mice engineered to express human
cereblon, which are both insensitive to teratogenicity. SALL4
degradation was confirmed in rabbit embryos treated with
thalidomide during the sensitive window of development,
correlating with the observed limb defects and gross
developmental abnormalities.41 While these studies do not
conclude that SALL4 is the only neosubstrate whose
degradation is capable of causing thalidomide embyropathy,
the strong link to human genetics indicates that SALL4
degradation is likely a major contributor. Importantly, SALL4
degradation does not always correlate with degradation of
therapeutic targets. Clinical molecules iberomide (CC-220)
and avadomide (CC-122) showed enhanced degradation of
Ikaros and Aiolos, but significantly weaker activity toward
SALL4, demonstrating an important SAR break and proof of
principle for increasing desired efficiency on a target while
reducing SALL4 degradation.

Figure 5. CRBN interacts with a similar feature on the substrate proteins GSPT1, CK1α, and Ikaros. CRBN (green) bound to GSPT1 (a, blue,
PDB ID: 5HXB), CK1α (b, blue, PDB ID: 5FQD), or Ikaros (c, blue, PDB ID: 6H0F) interacts with a hairpin on the substrate protein. Ligands are
represented as sticks (maroon) with CC-885 present in panel a, lenalidomide present in panel b, and pomalidomide present in panel c. The same
pattern of three direct hydrogen bonds from residues N351, H357 and W400 is present between CRBN and GSPT1, CK1α, or Ikaros.
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■ FROM PHENOTYPIC TO TARGET-BASED
APPROACHES

Although thalidomide and lenalidomide were discovered and
developed without knowledge of the direct molecular targets,
understanding of substrates such as Ikaros and Aiolos, GSPT1,
and SALL4 have opened new opportunities for target-based
approaches. The identification of mechanism-of-action and
subsequent biophysical characterization of cereblon in ternary
complexes, both as molecular glue and in more recent
heterobifunctional degraders, are transformative to the
application of hypothesis-driven rational drug design for
cereblon-accessible targets. Knowledge of molecular mecha-
nism enables the discovery of novel substrates with potentially
new clinical utility and enables the differentiation of clinical
molecules with shared or overlapping target degradation
mechanisms. For example, iberdomide (CC-220) is an Aiolos
and Ikaros degrader in clinical development for lupus and
relapsed refractory multiple myeloma47 and is roughly 30-times
more potent at engaging cereblon compared to lenalidomide.48

Correspondingly, iberdomide has a similar increase in potency
for the degradation of Ikaros and Aiolos. A crystal structure of
cereblon in complex with iberdomide showed that increased
interactions with the surface of cereblon underlie the observed
potency enhancement (Figure 6).

■ THE EMERGENCE OF HETEROBIFUNCTIONAL
DEGRADERS

Building upon historical learnings in protein degradation, a
conceptually simple yet operationally complex modality, has
emerged, which may be capable of bringing a wider swath of
the human proteome into the realm of druggable. Hetero-
bifunctional degraders, or Proteolysis TArgeting Chimeras
(PROTACs), provide an approach for targeting proteins that
lack a functional degron.49 In contrast to molecular glue,
heterobifunctional degraders comprise multiple structurally
and functionally differentiated components: one end of the
molecule binds to an E3−ligase, the second to a binding
interface of a target protein, and these are connected by a
linker of sufficient length and architecture to span the binding
pockets and promote ternary complex formation. Following
initial proof-of-principle experiments using peptidic E3−ligase
binding moieties,50 the field advanced by optimization of the
peptidic ligands into more drug-like chemical matter.51,52 This
work converged with the cereblon mechanism of action
learnings as it was demonstrated that thalidomide analogs
could function as ligase binding moieties in heterobifunctional
degraders. The seminal report of an effective heterobifunc-
tional degrader leveraging a thalidomide analog as the E3−
ligase binder demonstrated the degradation of BRD4 using
dBET1 (Figure 7).53 This approach has proven to be broadly
applicable, with success subsequently demonstrated in the
degradation of BTK, CDK6, p38, etc.54−77

Heterobifunctional degraders in the broadest definition
comprise a target binding moiety (TBM), a ubiquitin E3 ligase
binder, and an adjoining linker. Heterobifunctional degraders
are designed to maximize specific interactions with the proteins
of interest through conformational optimization, while
balancing pharmacokinetic and physicochemical properties.
Each component brings with it a set of unique and tunable
properties, the culmination of which results in a concerted
functionality that is unlikely to be purely additive or easily
predicted based upon first principles. (1) TBM. There are
numerous factors to consider in the identification and
optimization of a TBM. Transient association of the TBM
can induce irreversible degradation; therefore, an expanded
range of properties have utility in heterobifunctional degraders
compared to functional inhibitors. In addition, there is
opportunity to override intrinsic functional activity and
selectivity of autonomous binders. The affinity of the TBM
to the target of interest need not be of the same potency range

Figure 6. Iberdomide makes more extensive interactions with the
cereblon surface than lenalidomide. Crystal structures of cereblon
(green) bound to either lenalidomide (a, red, PDB ID: 4TZ4) or
iberdomide (b, red, PDB ID: 5V3O) demonstrate the increased
surface interactions of iberdomide compared to lenalidomide,
contributing to the increased potency of iberdomide.

Figure 7. Conceptual framework of the components of a heterobifunctional degrader and chemical structure of dBET1.
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typically required of an inhibitor, and below a certain
threshold, considerations of ligand efficiency and selectivity
need to be balanced in order to impart suitable pharmaceutics
properties to the overall heterobifunctional molecule. (2)
Ubiquitin E3−ligase binding moiety. Ligands have been
identified for recognition of Mouse Double Minute 2
homologue (MDM2), Von Hippel−Lindau (VHL), inhibitor-
of-apoptosis proteins (IAP), and cereblon, and employed in
the degradation of a variety of protein classes including
proteases, nuclear hormone receptors, epigenetic regulators,
and kinases. Utility of a ligand for a given ubiquitin E3 ligase
depends upon its ability to promote ternary complex
formation, ubiquitination, and degradation, as well as its
physiochemical properties, the latter of which is particularly
important for systemic administration and oral bioavailability.
Furthermore, considerations regarding subcellular colocaliza-
tion of the E3 ligase with the target protein of interest can be
an important factor driving effectiveness of protein depletion.
(3) Linker. Linker design is guided by the same principles as
TBMs and E3 ligase binders. However, linker architecture
presents an expanded opportunity for diversification and
optimization toward improved drug-like properties. Strategies
for linker optimization include increasing rigidity/minimiza-
tion of entropic cost, increasing atom economy, modulating
physicochemical properties by thoughtful introduction of
heteroatoms and lipophilicity, and fine-tuning of the trajectory
from target protein to ubiquitin ligase binding sites. Depending
on the depth of the binding pocket within the protein of
interest, the linker may also be engaged in binding contacts in a
channel on the way to the pocket, and as such, can also impact
affinity and selectivity.
Molecular glue and heterobifunctional degradation are on a

conceptual continuum; in practice, there are notable
distinctions in the way these strategies are deployed in drug
discovery. Target proteins for molecular glue degraders are
neo- or hypermorphic in their ability to interact with hotspot
surfaces of ubiquitin ligases. Target protein identification
requires a nuanced understanding of protein−protein and
protein−small molecule structural interactions. Historically,
molecular glue degraders were discovered serendipitously and
phenotypically, followed by deconvolution of the participants
and mechanism of degradation. More recently, rational design
of molecular glues have relied on identification of target
proteins with a conserved glycine-containing structural degron,
and their optimization can be achieved through structure-
guided medicinal chemistry. An understanding of off-target
neosubstrate activity is paramount for managing safety and
tolerability.
There are numerous complexities in the application of

rational design principles for heterobifunctional degraders
compared to molecular glue. In molecular glue, there is the
presumption of a positive cooperative interaction with the
neosubstrate protein leading to ternary complex formation
resulting in ubiquitination/degradation. With heterobifunc-
tional degraders, a substrate protein in ternary complex with a
heterobifunctional ligand and an E3−ligase can be either
positively or negatively cooperatively stabilized by interaction
with the E3−ligase. And, while X-ray crystallography has
resulted in detailed molecular views of the ternary com-
plexes,78,79 protein−protein interactions can be differentially
modulated by different target and ligase binding moieties,
respectively, possessing different vectors and linker geometries.
Due to the wider relative degree-of-freedom between the

protein surfaces by virtue of the lack of a discrete degron, new
methods have developed to rationally model the complexes.
Some focus on designing complexes to active ligands,
effectively aligning the protein structures to active ligand
conformations, whereas others focus on obtaining ternary
models of the most highly cooperative pairing between E3−
ligase and neosubstrate, using molecular dynamics and/or
protein−protein docking.
Target selection for molecular glue or heterobifunctional

degradation is guided by the biologic phenotype and safety
profile associated with transient removal of the protein of
interest. There are, however, a number of target attributes for
which ligand directed degradation (LDD) is uniquely advanta-
geous compared to small molecule or biologic therapeutics.
Additionally, there are special considerations for assessing
tractability of LDD for a given protein of interest. The most
notable and differentiating aspect of LDD compared to small
molecules and biologics is that LDD results in removal of
entire proteins. As a result, LDD can elicit amplified biological
responses and provide a means of targeting proteins that are
catalytically inactive and/or function exclusively, or in part,
through scaffolding. In cases of novel biology, LDD can be
readily compared with human genetic data and genetic
knockdown (KD), knockout (KO), or inducible KO in
preclinical in vitro or in vivo systems. Additionally, LDD
expands the binding sites that can be leveraged to modulate
functional effect beyond catalytic sites and protein−protein
interfaces. Because LDD is catalytic and irreversible, degraders
can provide chemical KD that persists beyond the circulating
or tissue resident half-life of the degrader. Accordingly, de novo
synthesis rates of target and off-target proteins should be
considered. Selectivity with respect to both inhibition and
degradation of off-target proteins and the potential for
proximity induced off-target degradation are also important
considerations. Lastly, spaciotemporal colocalization of the
target protein and E3 in disease relevant tissues, cells, and
intracellular compartments is critical.

■ PHARMACOLOGICAL PROFILING OF LDDS
The suite of assays required to prosecute LDD as a
pharmacological approach differ from and are more labor
intensive than a canonical small molecule effort. Typically, an
on-target screening cascade to enable a drug discovery program
is supported by a biochemical binding assay to assess on-target
intrinsic potency as well as a cellular functional assay to
account for permeability and potential potency shifts relevant
to the target of interest and its proximal biological interactions.
There are numerous additional considerations to further
inform on-target biologically relevant potency, off-target
selectivity, and pharmacokinetic−pharmacodynamic−efficacy
relationships. A binding assay to the target of interest is a
useful starting point and should be paired with a relevant
functional assay, degradation of a protein of interest in the case
of a heterobifunctional degrader, or neosubstrate(s) of interest
in the case of molecular glue. For cereblon, a host of
neosubstrates have been identified and characterized allowing
selectivity profiling for a phenotypic degradation fingerprint to
be established and optimized. The intermediate steps between
binding and degradation: ternary complex formation, ubiquiti-
nation, and proteasomal trafficking, can each be assessed to
inform design and optimize degradation.80 There are a number
of methods available to characterize these processes and the
resultant degradation with varying levels of investment
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required to operationalize and generate data. Critical metrics
include the potency, or concentration needed to induce
degradation of a particular level (e.g., DC50 representing a 50%
reduction of the target protein present), as well as the
corresponding depth of degradation achieved (e.g., Ymin)
(Figure 8). As a relevant example, thalidomide, lenalidomide,

and pomalidomide interact with cereblon to induce degrada-
tion of neosubstrates, including Aiolos. These three small
molecules differentiate on DC50 and Ymin, and this differ-
entiated pharmacology is clinically validated with greater
efficacy achieved with lenalidomide versus thalidomide and still
further affect pomalidomide in lenalidomide refractory
patients. Unlike a pure sigmoidal potency continuum for a
typical inhibitor, there is often a threshold effect for tipping
cells into apoptosis with degradation mechanisms. As noted in
the literature for heterobifunctional degraders, a “hook effect”
or “prozone region” can be observed when the system is
oversaturated in vitro and ternary complex formation is
reduced in preference to separate binding events to the target
of interest and the ligase of interest.81 Degradation is often
assessed via Western blot in a cell type of interest, though
technologies continue to advance enabling higher throughput,
quantitative data generation in overexpressing, and endoge-
nous tagged systems (Table 1). Global proteomics can also be
leveraged to probe off-target selectivity for reduction in protein
levels.
Once degradation and the preceding intermediary steps are

characterized in vitro, LDD can be assessed in vivo to introduce
the additional interdependencies of plasma levels and tissue

distribution. Heterobifunctional degraders present challenges
for achieving oral bioavailability, though since they can
function in a substoichiometric catalytic manifold, careful
consideration to target coverage and downstream functional
implications is critical. Depending upon the target or
neosubstrate of interest along with its corresponding resyn-
thesis rate,82 endogenous local levels of the E3 ligase, and
kinetics of ternary complex formation, ubiquitination, and
proteasomal trafficking, a single molecular glue or LDD can
participate in multiple degradation events. Further, since the
downstream proteasome-mediated degradation is independent
of small molecule binding, functional effects may persist
beyond systemic exposure of the degrader (Figure 9). This
characteristic may invoke safety implications if off-target
proteins are degraded, even transiently at Cmax.

The development of LDDs since first conceptualized and
described in 1999 has evolved from rudimentary chemical
biology tools to molecules with real therapeutic potential. An
early heterobifunctional degrader of androgen receptor with a
peptidic binding moiety had consequently poor physicochem-
ical properties, requiring microinjection into the cell to observe
degradation.83 Advancing toward therapeutic relevance, a
CRBN-based heterobifunctional BRD4 degrader (dBET1)
showed in vivo efficacy when dosed at 50 mg/kg QD for 14
days, delaying leukemia progression in mice,53 though using
intraperitoneal (IP) injection. To date, most accounts assessing
PD and/or efficacy of heterobifunctional degraders in vivo have
been administered via IP or subcutaneous (SC) injection.
While oral bioavailability data for heterobifunctional degraders
have not yet appeared in the literature, it has been reported

Figure 8. In vitro Aiolos degradation via molecular glue with
thalidomide (Thal), lenalidomide (Len), and pomalidomide (Pom) in
DF-15 cells at 4 h.

Table 1. Representative Assays and Techniques for Assessment LDD in Cells

assay
cell

lysates
live
cells

target
engagement

ternary complex
formation ubiquitination

proteosome
trafficking degradation

Western blot √ √
enzyme-linked immunosorbent assay
(ELISA)

√ √

multiplexed immunoassays √ √
proteomics √ √ √
enzyme fragment complementation √ √ √
protein fusion tags √ √ √
bioluminescence √ √ √ √ √ √ √

Figure 9. Representative indirect PK−PD−efficacy−safety relation-
ship in vivo of degraders compared with conventional inhibitors.
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that androgen receptor degrader ARV-110 was dosed orally in
a mouse xenograft model and entered clinical trials in 2019.
For continued progression of LDDs toward clinical utility,

favorable pharmacokinetics will be critical. In an effort to
categorize molecular properties that could guide development
of oral bioavailability, a recent review evaluated a representa-
tive set of published heterobifunctional degraders that included
a table of calculated properties for each entry as well as
averaged scores for a set of CRBN-based degraders.84 Notably
among the 38 molecules cited, of the 13 degraders that have
been evaluated in vivo, only one was reported with oral
administration, without mention of fraction absorbed. The
challenge of designing heterobifunctional degraders with oral
bioavailability was noted early in the evolution of this field,85

although realization of this goal should be achievable through
highly ligand-efficient degraders with reduced molecular
weight and lipophilicity.

■ CONCLUSION

While both the heterobifunctional and molecular glue classes
of degraders share the advantages described above, their
unique molecular characteristics engender significant differ-
ences in their scope of utility and in their physicochemical and
pharmacological properties. Molecular glues have significantly
lower molecular weights than heterobifunctional molecules, a
substantial advantage in the development of drug-like
therapeutics. This increased molecular efficiency is possible
because binding affinity is also contributed from the protein
surfaces within the complex, placing considerable constraint on
the molecular glue approach: the protein surfaces must be able
to complement one another and the ligand. However, this
means that the ligand need not have binding affinity for each of
the individual complex members. Consequently proteins can
be targeted to the complex, which entirely lacks small molecule
binding affinity, as in the case of the Ikaros family of zinc
fingers, which would generally be considered “undruggable” to
conventional modalities.
A key question for the future of cereblon modulators is the

breadth of protein targets that will be accessible given
sufficiently elaborated chemical libraries. Recent studies have
identified more neosubstrate targets of even the clinically
approved cereblon modulators thalidomide, lenalidomide, and
pomalidomide,40−42 encompassing both zinc finger and
nonzinc finger domain proteins. While heterobifunctional
linker-based molecules offer expanded possibilities, these may
require optimization for substrate and ligase compatibility. The
ligand-directed protein−protein interaction approach, as
typified by the CELMoDs, offers the possibility of recruiting
and degrading proteins for which there are no ligands, but
requires specific complementarity between the proteins and
ligand. The identification of proteins with a potentially
compatible degron paired with expanded CELMoD libraries
offers wide potential to address previously undruggable targets.
Given the ∼600 ubiquitin ligases in the genome86 and the
potential for both tissue- and organelle-specific ubiquitin
ligases, there remains great potential for diversity in targeting
options. These approaches in the emerging modality of
targeted protein degradation should be expected to consid-
erably expand the “druggable proteome” to provide countless
new therapeutic opportunities.
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