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Targeted protein degradation has become an exciting
new paradigm in drug discovery with the potential to
target new protein families for therapeutic interven-
tion. In 2010, Hiroshi Handa and colleagues discovered
that the drug thalidomide binds to the protein cere-
blon, a component of the CRL4“RBN E3 ubiquitin ligase.
In contrast to the heterobifunctional small molecule
degraders reported in the literature, thalidomide is of
very low molecular weight (~258Da) with molecular
properties (solubility, metabolic stability, permeability
etc) that readily support pharmaceutical dosing. It was
subsequently shown that thalidomide and the analo-
gues lenalidomide and pomalidomide are able to de-
grade the transcription factors lkaros and Aiolos. CKl«
and GSPTI were subsequently identified as substrates
for specific ligands, indicating that this molecular class
could be tuned for selective protein degradation. Struc-
tural studies showed that the thalidomide analogues
bind to a shallow hydrophobic pocket on the surface of
cereblon, and scaffold a protein-protein interaction
with target proteins. Target proteins do not need
any affinity for the cereblon modulators, and as such
undruggable, or even unligandable, proteins can be
targeted for degradation. A similar mechanism of
action was subsequently identified for the clinical

molecule indisulam, indicating that low molecular
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weight degraders are not unique to cereblon. The
groundbreaking work on cereblon represents a case
study for the discovery and characterization of low

molecular weight protein degraders for other ligases.
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Introduction

The ubiquitin proteasome system (UPS) has proven to be a
challenging but extremely promising area of biology for drug
discovery and development. There are several drugs targeting
the proteasome itself, but considering that there are >700
potential drug targets across the combined ubiquitin ligase
and deubiquitinating enzyme space, there remains relatively
few agents in clinical development and even fewer approved
drugs that target these enzymes (Fig. 1). The —E3 ligases are the
most numerous members of the UPS and have proven tobe very
challenging as drug targets. Developing complex enzyme
screening cascades is difficult and discovering bona fide inhi-
bitors of E3 ligases even more so. Only inhibitors of the p53-
mdm?2 interaction [1] or SMAC mimetics targeting the IAPs [2]
have reached the clinical stage. As the field endeavors to find
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Fig. 1. Clinical stage drugs targeting the ubiquitin proteasome system (UPS).

inhibitors of E3 ligases, an alternate approach has sparked
enormous interest in recent years. In 2001 it was shown that
an E3 ubiquitin ligase could be redirected from endogenous
substrates to selectively ubiquitinate a protein of interest result-
ing in proteasomal degradation [3]. Crews and Deshaies had
pioneered a technique whereby an E3 ligase is co-opted to
ubiquitinate a non-natural protein substrate and coined the
term PROTACs (Proteolysis Targeting Chimeras). In this ap-
proach, discrete substrate binding moieties are connected to an
E3 ligase recognition element via a linker. Early examples of
proteins to be targeted using this approach include the andro-
genreceptor, the estrogen receptor-alpha, and further work has
successfully targeted BRD4, and identified a broad spectrum of
kinases vulnerable to this strategy [4-8]. The requirement for
two independent binding moieties has thus far generated
rather large molecules from a drug discovery perspective, but
the approach holds considerable promise.

Recently, the discovery that the molecular mechanism of
action of thalidomide analogs, namely the IMiD drugs lena-
lidomide and pomalidomide, is by induced substrate recog-
nition by the CRL4“*®N E3 ligase has provided clinical
validation for targeted protein degradation as a new paradigm
in drug discovery [9]. These low molecular weight degraders
remain the only known target protein degraders that have
made it through clinical development (thalidomide, lenali-
domide, and pomalidomide, Fig. 2). The surprising versatility

30 www.drugdiscoverytoday.com

DCAF15
Indisulam

Vol. 31, 2019

CB-5083

VLX1570

Cereblon
Thalidomide
IMiD® compounds
Lenalidomide
Pomalidomide

CELMoDs
CC-122, CC-220
CC-90009, CC-92480

Mdm2
Nutlins

IAPs

SMAC mimetics

TL32711, LCL161

GDC-0917, HGS1029, SM-406

Drug Discovery Today: Technologies

and selectivity of the thalidomide analogs was demonstrated
when it was shown that lenalidomide can induce the degra-
dation of CK1la while the structurally similar pomalidomide
cannot [10]. More recently, related molecules referred to as
Cereblon E3 Ligase Modulating Drugs (CELMoDs) have ex-
panded the range of potential target substrates even further
when the translation termination factor GSPT1 was shown to
be degraded by CC-885 [11]. While these types of molecules
are much smaller than the chimeric PROTACs, the breadth or
scope of CELMoDs may be limited to a smaller set of target
proteins based on the requirement for highly compatible
protein surfaces and a short glycine-containing hairpin loop
[11,12]. However, the exciting possibility that other ligases
beyond CRL4“RBN are capable of a similar ligand-induced or
molecular glue substrate recognition is supported by the
discovery that indisulam, an investigational anti-cancer drug,
also operates via redirection of an E3 ubiquitin ligase [13,14].
Discovery of the E3 ligase CRL4“RBN
the IMiD drugs

Nothing was known about the mechanism of action of tha-
lidomide when it was brought to market in the 1950’s.
Despite the lack of knowledge thalidomide was shown to
have numerous cellular and clinical effects. Its sedative and
anti-nausea activity [15], its remarkable activity in treating
ENL associated with leprosy [16], its anti-wasting activity and

as the target of
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Fig. 2. Structures of clinical stage, low molecular weight targeted protein degraders that redirect E3 ubiquitin ligases.

effects on Kaposi sarcoma associated with AIDS [17-19], and
ultimately its activity in multiple myeloma were all discov-
ered without understanding the underlying molecular mech-
anism.

In seemingly unrelated research, Higgins et al. published a
paper describing the association of mild mental retardation
in children with a truncating mutation in a gene of unknown
function [20]. Because of the cognitive effects associated with
this mutation and the sequence similarity with a structural
domain from bacterial lon protease, the new gene was called
cereblon. In March of 2010, over fifty years after thalidomide
was first developed, cereblon was discovered by the laborato-
ry of Hiroshi Handa to be involved in the mechanism of
thalidomide teratogenicity and was proposed to be part of a
Cul4 E3 ligase [9]. Subsequently, cereblon was demonstrated
to be necessary for the immunomodulatory and anti-myelo-
ma effects of lenalidomide and pomalidomide [21,22]. In
2014, the molecular and structural mechanism of the IMiD
drugs was revealed. Remarkably, it was shown that the tha-
lidomide analogs imparted a gain of function or
‘neomorphic’ activity to the CRL4“FBN ligase. Interaction
of lenalidomide with cereblon enhanced the binding and
subsequent ubiquitination of the zinc finger transcription
factors, Ikaros and Aiolos [23-25]. Proteasome-dependent
destruction of these transcription factors was shown to have
a direct anti-proliferative effect on myeloma cell lines while
providing a stimulatory effect to T cells and offered a mecha-
nistic rationale for this class of drug that had evaded research-
ers for over fifty years.

It was subsequently shown that the protein kinase
CKla was a substrate for lenalidomide induced proteasomal

degradation [10]. This finding was of clinical significance as
it provided an explanation for the efficacy of lenalidomide
in del(5q) myelodysplastic syndrome, as the gene for CKla
resides in the 5q chromosomal region, and haploinsuffi-
ciency potentiates susceptibility to further degradation
[26]. The discovery of CKla provided evidence that further
protein substrates could be found for next-generation cere-
blon modulators. Furthermore, the discovery of CKla pro-
vided a demonstration that small differences in ligand
chemical structure could drive substantial differences in
substrate ubiquitination: pomalidomide, thalidomide and
CC-122 do not induce the recruitment of CKlea. It also
provided clinical validation for targeted protein degradation
as an important new mechanism for drug discovery and
demonstrated the potential for this approach to target pro-
teins otherwise deemed ‘““undruggable”’. However, the mech-
anism for how the IMiD drugs were directing the CRL4“®PN
ligase to target Ikaros, Aiolos, and CKla was not clear.

Molecular glue as the mechanism of action of IMiD
drugs

Later in 2014, the first crystal structures of IMiD drugs bound
to cereblon in complex with DDB1 were published [27,28].
The glutarimide ring common to this class of compound
bound in a shallow pocket made up of 3 tryptophan residues
(tri-Trp pocket) with a phenylalanine side chain as the base.
The variable part of the clinical compounds (Fig. 2), in these
cases the phthalimide or isoindolinone groups, protruded out
of the tri-Trp pocket and were exposed on the surface of
cereblon. The IMiD drugs are very small molecules with
modest affinity for cereblon and no measurable affinity for
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the target proteins Ikaros and Aiolos, so a direct and specific
high affinity interaction between the substrate protein and
the ligand was unlikely to drive the observed ubiquitination
and degradation. Chamberlain et al. proposed that this bind-
ing mode created a ‘hot-spot’ for protein-protein interac-
tions, with unsatisfied hydrogen bonds available in a local
hydrophobic environment composed of both the cereblon
surface and the exposed portion of the drug molecules [27].

There are several noted examples of small molecules that
bridge or induce a protein-protein interaction, and several nat-
ural products including FK506 and forskolin work in part by
inducing or complementing a protein-protein interaction
[29-31]. In the world of E3 ligases, the plant hormones auxin
and jasmonate scaffold protein-protein interactions with sub-
strate proteins prompting the team of Ning Zheng to coin the
term ‘molecular glue’ [32,33]. These low molecular weight plant
hormones display only modest binding affinity for either of their
respective ligases or cognate substrates alone, but the ternary
complex is formed with sufficiently high affinity to allow for
successive rounds of ubiquitination and subsequent proteolytic
degradation. Indeed, in 2016 the molecular glue model was
confirmed from the first structures of the ternary complexes
of two different substrates bound to cereblon: Petzold et al.
solved the structure of cereblon in complex with lenalidomide
and CKla [12], and Matyskiela et al. solved the structure of
cereblon in complex with anewly described substrate (GSPT1) in
complex with a newly described degrader, CC-885 [11]. The
discovery of CC-885 and GSPT1 represents a prototype for the
expanded potential of this new ligand class, the CELMoDs.

A novel CELMoD targeting Ikaros and Aiolos for degrada-
tion was reported in 2017, and show-cases the ability for the
molecular understanding of the mechanism to assist in
differentiating clinical candidates. Iberdomide (CC-220,
Fig. 2) exhibits more than an order of magnitude improved
affinity towards cereblon than thalidomide, lenalidomide, or
pomalidomide, and consequently exhibits far more potent
degradation of Ikaros and Aiolos [34]. The crystal structure of
iberdomide revealed that increased potency correlates with
more extensive interactions with the surface of cereblon.
Iberdomide is currently in phase 2 clinical development for
lupus and phase 1b/2a clinical trials for relapsed refractory
multiple myeloma [35].

Structural understanding portends potential of
CELMoDs

CC-885 was discovered to be broadly active across a panel of
cancer cell lines with the most striking activity seen in AML
cell lines. Immunoprecipitation with tagged cereblon in the
presence of CC-885 identified GSPT1 as a ligand-induced
member of the cereblon-DDB1 complex. GSPT1 is a transla-
tion termination factor and a GTPase enzyme that is unre-
lated to Aiolos, Ikaros or CK1la in sequence, fold, or function
and yet each of these proteins is a substrate for cereblon
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modulating compounds. The crystal structure of GSPT1 in
complex with CC-885 and cereblon, along with biochemical
data indicating no measurable affinity of the ligand for
GSPT1 alone, provided confirmation for the molecular glue
mechanism. An extremely surprising finding was that al-
though there is no predicted homology between the various
target classes, GSPT1 and CK1la were found to bind cereblon
through the same molecular feature, a beta hairpin contain-
ing a glycine residue at a key location (Fig. 3). Both structural
teams were able to predict the occurrence of the same feature
in Ikaros and Aiolos [11,12], and this was subsequently
confirmed by co-crystallization of the key zinc finger do-
main of Ikaros with cereblon by the Thoma lab [36]. It was
posited that additional substrates may be uncovered by
searching for this structural degron across the proteome
and that these could become targets for the next CELMoD
drugs. It is anticipated that this sort of structural and mech-
anistic understanding will support the optimization of fu-
ture compounds of the molecular glue type.

Neosubstrate degradation in safety considerations
Thalidomide is a highly potent teratogen and strict risk man-
agement programs have been implemented to minimize the
possibility of fetal exposure to molecules in this class. Tragi-
cally, thalidomide teratogenicity was established after wide-
spread use of the drug to treat morning sickness in the 1950s,
and thousands of babies were affected worldwide. Two studies
published in 2018 have now established a plausible explana-
tion for the potent teratogenicity by demonstrating that SALL4
is a robust substrate for thalidomide mediated degradation
[37,38]. Critically, human mutations that reduce SALL4 activ-
ity have a clinical presentation that resembles thalidomide
embryopathy so closely that it has led to misdiagnosis [39-41].
Like Ikaros and Aiolos, SALL4 is a C2H2 zinc finger transcrip-
tion factor and based on mutagenesis appears to contain the
critical glycine-containing neosubstrate degron found in the
other validated neosubstrates. Critically, it is not only CEL-
MoDsthat exhibitdegradation of neosubstrates, heterobifunc-
tional molecules co-opting cereblon have alsobeen commonly
reported: SALL4 degradation has been shown to be a property
of some heterobifunctional ligands [37,38]. SALL4 degrada-
tion is not the only neosubstrate activity to have been identi-
fied in heterobifunctional molecules, as Ikaros/Aiolos
degradation hasbeen reported to occur with several molecules,
and GSPT1 degradation has been discovered as an off-target
able to drive antiproliferative effects [42].

Efforts across multiple research teams have reported an
expanding number of cereblon neosubstrates including many
further members of the zinc finger transcription factor family
[10,36-38,43]. Based on homology and mutagenesis, is appears
that most of these proteins will be found to exhibit the neo-
substrate degron, although cereblon-substrate complexes have
so far have only been reported for the substrates IKZF1, ZNF692,
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Fig. 3. The cereblon neosubstrate degron, shown in red on the complex of cereblon with CC-885 and GSPT | with the key glycine shown as a sphere (a). The degron
sequence shows no conservation apart from the key glycine as shown in (b), and the occurrence of the degron on validated substrates with different folds (c).

CKle, and GSPT1 [11,12,36]. The discovery of novel neosub-
strates holds considerable promise for the discovery of differ-
entiated therapeutics across multiple disease areas. However, it
is going to be critical to monitor off-target activities in the
discovery and development of both new CELMoDs and cere-
blon dependent heterobifunctional degraders.

Conclusions

The discovery of the CELMoD mechanism of action has
provided a revolution in drug discovery, providing both
clinical validation for the new paradigm of targeted protein
degradation, but also rewriting the rules of druggability:
Researchers now have chemical tools and candidate thera-
peutics to drive the destruction of disease causing proteins
from families that do not even contain small molecule bind-
ing sites. Beyond the discovery that the Ikaros family of zinc
finger transcription factors are CELMoD substrates, research
teams have been able to substantially expand the known
breadth of activity into diverse protein families including
translation factors and kinases and further substrates are
greatly anticipated.

The discovery that indisulam also acts as a molecular glue
implies that the principles uncovered in the first case studies
may find broader utility in the discovery of new therapeutics.
As the field of drug discovery is now aware of targeted protein
degradation as a valid clinical mechanism, we can be vigilant
for this modality in existing drugs of unknown mechanism as
well as to prospectively engineer molecules to take advantage
of the powerful ubiquitin proteasome system to remove
disease causing proteins from the cell. Whether via chimeric

molecules or molecular glue mechanisms, targeted protein
degradation is an important new paradigm in drug discovery.
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