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Targeting the “undruggable” proteome remains one of the big challenges in drug discovery. Recent innovations
in the field of targeted protein degradation and manipulation of the ubiquitin-proteasome system open up new
therapeutic approaches for disorders that cannot be targeted with conventional inhibitor paradigms. Proteolysis
targeting chimeras (PROTACs) are bivalent ligands inwhich a compound that binds to the protein target of interest
is connected to a second molecule that binds an E3 ligase via a linker. The E3 protein is usually either Cereblon or
Von Hippel-Lindau. Several examples of selective PROTACmolecules with potent effect in cells and in vivomodels
have been reported. The degradation of specific proteins via these bivalent molecules is already allowing for the
study of biochemical pathways and cell biologywithmore specificity thanwas possiblewith inhibitor compounds.
In this review, we provide a comprehensive overview of recent developments in the field of small moleculemedi-
ated protein degradation, including transcription factors, kinases and nuclear receptors. We discuss the potential
benefits of protein degradation over inhibition as well as the challenges that need to be overcome.
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1. Introduction

During the last two decades, genetic methods for modulating in vivo
protein expression such as CRISPR/Cas9, antisense oligonucleotides and
RNA interference have proven to be powerful for target validation and
hold promise for therapeutic interventions, especially for proteins
which are difficult to target with small molecules. However, clinical
application of these techniques require the administration of large bio-
molecules,which poses significant challenges in terms of bioavailability,
stability and delivery to the tissue of interest [1,2]. Conventional small
molecules suffer less from these complications, which is why PROTACs
have recently received significant attention as a newmodality for ther-
apeutic intervention based on modulation of protein levels [3]. The
technology is based on the creation of bivalent molecules that bring
together an E3 ligase and a target protein that is to be degraded. These
bivalent molecules therefore usually consist of an E3 ligase ligand con-
nected with a defined linker to a specific ligand that binds the target
protein. A successful PROTAC ligand positions the E3 ligase at the appro-
priate distance and orientation to the target protein, allowing the latter
to be ubiquitinated. The ubiquitinated target protein is subsequently
recognized by the proteasome, where it is degraded [4,5]. Or to put it
more poetically, a PROTAC molecule is the instigator of the interaction
by which an E3 ligase is in the position to give its kiss of death to the
target protein.

Potentially, a mode of action whereby a target protein is degraded
has several advantages over a more traditional therapeutic approach
based on inhibition. First, a PROTAC compound only needs to bring
the E3 protein close to the target of interest. Once that target protein
has been ubiquitinated, the PROTAC ligand can dissociate and diffuse
to the next target copy, to repeat its action. As such, the PROTAC ligand
acts like a catalyst, and even sub-stoichiometric amounts of a PROTAC
therapeutic can be expected to achieve (near) complete protein degra-
dation [6]. In theory, much lower concentrationswould be needed com-
pared to traditional inhibitors, which obtain their effect from long-term
binding at concentrations that need to exceed the affinity constant for
the interaction. Second, and related to this, since PROTACs can be effec-
tive at low occupancies, lower-affinity ligands may be sufficient to
achieve pharmacological effects [7,8]. This may open the way for low-
ligandable proteins that are often out of reach for traditional inhibitors
[9]. Third, and again related to the catalytic potential of PROTAC ligands,
onemay expect significant duration of pharmacodynamic effects.When
the initial pool of target protein has been depleted, the PROTAC only
needs to sweep up the newly synthesized protein molecules. And
even after the inevitable metabolic degradation of the PROTAC itself, it
may take a significant amount of time for the cells to achieve pharmaco-
logically relevant levels of the target protein. Fourth, as it is hypothe-
sized that PROTAC efficiency depends strongly on the protein-protein
interactions between the protein of interest (POI) and the E3 ligase
[10], and therefore largely on surface residues of the POI, a PROTAC
may display increased selectivity between closely related proteins,
compared to a compound that relies only on active-site binding. Fur-
thermore, PROTACs may be more effective in countering feedback
mechanisms in which target protein expression is upregulated as a re-
sult of inhibitory intervention. Finally, since PROTACs do not rely on
inhibiting a protein's activity, but merely need to bind to the POI, they
can neutralize any target that contains an area or pocket where ade-
quate affinity can be found. This makes PROTACs particularly attractive
to address scaffolding proteins, pseudokinases and transcription factors.
A large number of studies have recently been published demonstrating
potent in vitro efficacy of PROTAC-induced protein degradation in rele-
vant cell lines. Efficient in vivo target degradation has been demon-
strated in mouse xenograft models (see below), and the first PROTAC
molecules are expected to enter clinical trials early 2019. These prom-
ises have propelled PROTACs into the center of attention of present-
day drug discovery.
Many excellent reviews on PROTACs have appeared over the past
years [11–16], and many of them provide a historic perspective on
PROTAC discovery. In the current review, we focus on the more recent
developments and aim to provide a comprehensive overview of the cur-
rent state of PROTAC research, including the role of ternary complex for-
mation in PROTAC design. Themajority of PROTACs have been designed
against epigenetic targets, kinases and nuclear hormone receptors and
we chose to cluster and discuss them in these target groups. Finally,
we discuss the latest advances of Brd4 degradation, which is the area
of biology most extensively explored by PROTACs.

1.1. Prequel

The concept of using a bivalent ligand to modulate protein levels by
hijacking the ubiquitination pathway dates back to a patent application
in 1999 by Kenten & Roberts fromProteinix Inc. [17]. This application be-
came a granted patent in 2001, with the single claim of: “a method of
generating a compound for activating ubiquitination of a target protein
which comprises covalently linking a target protein binding element
able to bind specifically to said protein to a ubiquitination element.”
Specific examples in the application are largely based on peptidic
ubiquitination recognition elements: small peptides like Arg-Ala-
caproic acid-Cys, and also larger motives like PEST [18] and Destruction
box [19]. The patent describes synthesis routes in which these recogni-
tion elements are directly connected to a set of ligands for various target
proteins – no spacermoiety was incorporated to connect the two pieces.
Described in most detail are bivalent ligands containing derivatives of
L-cichoric acid for degradation of HIV integrase, glutathione for degrada-
tion of GST, and fluorescein-5-maleimide for degradation of an
anti-fluorescein antibody [17]. A125I radiography assay is described to
measure protein levels, and data is shown for lysozyme and GST degra-
dation, but unfortunately there is no discussion as to the effect of the
molecules. Meanwhile, this patent has expired due to nonpayment of
maintenance fees.

A different piece ofwork from the 1990s involving a bivalent inducer
of heterodimerization of proteins was published by the Schreiber lab
[20] who extended the concept of cell-permeable chemical inducers of
dimerization [21] to promote heterodimerization. These bivalent
inducers were envisioned to alter the subcellular localization of signal-
ling proteins, thereby modulating a variety of transcriptional and trans-
lational events.

1.2. Proteolysis-Targeting Chimeras

The term PROTAC was first introduced in a seminal paper by
Sakamoto and coworkers in 2001 [22], that describes how the
Skp1-Cullin-F box E3 ligase complex can be employed to degrade
MetAP-2. This was done through a chimeric compound where the
IκBα peptide and the angiogenesis inhibitor ovalicin were linked
through a suberate-based linker. The IκBα peptide is recognized by
the F-box protein, and ovalicin binds covalently to MetAP-2. This con-
struct was shown to both ubiquitinate and degrade MetAP-2. While
the authors proposed PROTACs to be useful research tools to study cel-
lular phenotypes, they also recognized that upon replacing the IκBα
peptide with a small, cell-permeable molecule, PROTACs would have
the potential to become therapeutic agents.

In the absence of small-molecule E3 binders, other peptidic PROTACs
were developed that were sufficiently small to be cell permeable. Sev-
eral of these were based on a 7-amino acid sequence derived from
Hypoxia-inducible factor 1, which is the key binding moiety to the
VHL E3 ligase complex. Examples of these were shown to target a
FKBP12 mutant [23], ERα [24] and AHR [25], and these are described
in more detail below.

These peptidic PROTAC molecules were unlikely to have the poten-
tial to become therapeutic modalities, because of their low biostability



Fig. 1. E3 ligase ligands used for PROTACs: thalidomide derivatives targeting Cereblon. Bestatin and compound 7 are ligands of cIAP [34], nutlin is a ligand ofMDM2 [26]. The VHL ligand 9
was optimized starting from a peptide using structure guided design [35]. The asterisk shows the attachment point for the linker.
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and limited bioavailability. It was not until all-small-molecule PROTACs
were developed that the targeted protein degradation field started to
flourish. Initially, these were based on small-molecule inhibitors of
MDM2 [26] and cIAP1 [27–29]. These PROTACswere still not very effec-
tive, and high concentrations of ligand were required to achieve signif-
icant target protein degradation. This is probably attributable to (1) the
MDM2 and cIAP1 ligands not being potent enough when incorporated
in PROTACs, and (2) MDM2 and cIAP1 themselves lacking sufficient
ubiquitination activity. The field really accelerated when Cullin RING
E3 ligase complexes could be addressedwith small molecules, in partic-
ular VHL and CRBN. The vast majority of PROTACs that have been
disclosed in the literature over the last two-three years are based on a
selective inhibitor of VHL or on CRBN inhibitors (thalidomide,
lenalidomide, pomalidomide and derivatives thereof) – see Fig. 1.
Recently, new E3 ligases have been reported that can be hijacked for
protein degradation: DCAF16 [30] and RNF114 [31,32].

Most of these published PROTACs target epigenetic proteins, nuclear
hormone receptors, and a variety of kinases. An overview of these
PROTAC molecules constitutes the body of this review, with the focus
on more recent publications. Over the last years, other terms have been
introduced to describe molecules or platforms for targeted protein deg-
radation. The general expression ‘target protein degradation’ or simply
‘degraders’ is common. Researchers at C4 Therapeutics and at the Dana
Farber Institute refer to their degradation technology as the Degronimid
platform, which was further optimized and designated the dTag system
[33]. Degradation inducers based on cIAP1 are called SNIPERs, for specific
and non-genetic IAP-dependent protein erasers [27]. However, PROTAC
is the most commonly used term in the literature, and we will use it in
this review for any type of chimeric protein degrader.

1.3. Mode of Action of PROTACs

The basic mode of action of PROTACmolecules is visualized in Fig. 2.
The intention of the bifunctional molecule is to bring together an E2/E3
Ub
Ub Ub

Ub
Ub Ub

Ub

POI E3

E3

POI

Bifunctional
molecule

Fig. 2. Schematic representation of the PROTACmode of action. POI: protein of interest – the p
CRBN, cIAP1 orMDM2. The bifunctionalmolecule links together a ligand for the POI, and anE3 li
ubiquitination (Ub) of the POI, which triggers its proteasomal degradation. The released PROT
ligase complexwith the protein that is to be degraded (the POI). Inmost
cases, the E3 ligase has not evolved to bind to the POI, so there is no
natural complementarity of surfaces or other features that promote
the ligase and POI to interact. The interaction therefore critically
depends on the bridging molecule, and consequently, this bifunctional
ligand needs to have adequate affinity for both the POI and the E3 ligase.
No functional activity is required towards either the POI or the E3
proteins. The sole purpose of the ligand is to position the E2/E3 ligase
complex so that it can efficiently (poly)ubiquitinate the POI. The
ubiquitinated POI will be recognized by the proteasome as an entity
that needs to be degraded, which leads to a depletion of the POI over
time. The PROTAC molecule, once dissociated from the proteins, will
be able to repeat its action on the next POI copy, and essentially act as
a catalyst for POI degradation. The fact that the POI and the chosen E3
ligase are no natural binding partners leads to a number of implications
that deviate from conventional drug discovery paradigms [36].

• Once the POI has been ubiquitinated, there is no need for the PROTAC
to continue to bind to the POI. In fact, it would bemore advantageous
for it to dissociate and find a fresh target to be ubiquitinated. Very
tight binding of the PROTAC to the POI (i.e. slowoff-rate)may even re-
duce the overall efficiency of the ligand. In enzymology terms, the res-
idence time of the PROTAC ligand on the POI will affect its catalytic
turnover number. This effect may well have a bell-shaped depen-
dency: too short residence time (low affinity) and the E3 will not
have enough time to catalyse the transfer of ubiquitin from the E2 to
the POI. A residence time, on the other hand, that is too long may
slow down the traveling of the PROTAC ligand between different POI
copies. Of course, once the POI is being degraded, the (non-covalent)
PROTAC molecule will be released so it will always be able to achieve
a base level of catalysis. This suggests there is no need for exquisite
affinity of the bivalent ligand for the POI. Indeed, an elegant and me-
ticulous study reported by the Crews group [10] clearly shows that
very potent kinase binders are not necessarily effective degraders.
Proteasomal
degradation

Ub
Ub
Ub Ub

POI

rotein that is meant to be degraded. E3 denotes the E2/E3 ligase complex, commonly VHL,
gase binder. The induced proximity between the ligase and protein of interest leads to poly-
AC can exert its function again, which gives rise to a catalytic mode of action.
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This observation can be explained by the phenomenon outlined
directly below.

• Given that the E3 ligase chosen to be targeted with the bivalent mol-
ecule has no natural interaction surface with the POI, it is not obvious
that a PROTACwill succeed in positioning the E2/E3 ligase complex so
that it can transfer ubiquitin molecules from the E2 to the POI. That is,
a PROTACmolecule may have very good potency for both the POI and
E3 ligase, but if these two proteins cannot form a complex that allows
for ubiquitination, there will be no degradation. This is very apparent
from the aforementioned study by the Crews lab [10]. They systemat-
ically determined the amount of PROTAC-induced degradation for
two different PROTACS against a panel of kinases. Both constructs
were based on the promiscuous kinase ligand foretinib, one targeting
CRBN and the other VHL. In a first pass, they looked for global proteo-
mic degradation and found that 86 proteins were downregulated by
one of the two PROTACs, while only 12 were degraded by both. Per-
haps even more strikingly, when the authors studied 54 kinases in
more detail, they found no correlation between the affinity of the
PROTAC molecule for the kinases and the extent of induced degrada-
tion. Clearly, the affinity of foretinib for the protein is not a determin-
ing factor here, and instead it is the formation of the ternary complex
that governs the efficiency.

• This, in turn, means that the linker plays an important role. As the POI
and E3 ligase are not meant to interact, the linker will to a large extent
determine the relative orientation of the two proteins in the ternary
complex. An effective linker will position the proteins in such a way
that some surface complementarity arises (with POI lysines accessible
to the E3 ligase), and a local interaction minimum is formed. This will
yield the ternary complexwith sufficient stability for the ubiquitination
to occur. Besides linker length, the attachment of the linker to the indi-
vidual POI and E3 ligands plays a role. For example, in a study of
PROTACs for BTK, different degradation efficiencies were observed
when the same 8-atom linker was connected to the C5 compared to
C4 atom on the pomalidomide phthalimide ring [37].

• Finally, in conventional inhibitor discovery, selectivity between mem-
bers within a target family (such as kinases, GPCRs) or between iso-
forms is usually obtained by exploring differences in the active site of
proteins. However, in the case of PROTACs, several examples have
been reported where a non-selective ligand produced selective degra-
dation effects once incorporated in a PROTAC. For example, when the
pan-BET inhibitor JQ1 was conjugated to VHL ligand 9, the resulting
PROTAC molecule selectively degraded Brd4 over Brd2 and Brd3 [38].
Likewise, when a pan-HDAC inhibitor was tethered to thalidomide-
type ligandswith various linkers, one of the PROTACmolecules showed
selective degradation of HDAC6 over the other HDACs tested [39]. This
selectivity is a result of different interaction surface complementarities
of the E3 ligase with the Brd and HDAC proteins, respectively. It is a di-
rect consequence of themode of action of these bifunctional molecules.

Another aspect of the mode of action of PROTAC molecules is the
so-called hook or prozone effect. This is a type of negative interference
commonly observed in sandwich (immunometric) assays, and refers
to the observation that when a bivalent molecule acts as a linker
between two proteins, the amount of fully formed ternary complex ac-
tually decreases with high enough concentrations of that molecule. It is
a delicate source of false negatives in sandwich immunoassays, particu-
larly well-known in home pregnancy tests [40]. These types of bell-
shaped dose response curves are also frequently observed with
PROTACs, and is simply the observation that high doses of bivalentmol-
ecules will saturate the individual proteins, as opposed to linking them
together [41]. It is an intrinsic property of the PROTAC mode of action,
and has significant impact on dosing strategies. However, computa-
tional methods suggest that cooperativity of binding can mitigate or re-
duce the hook effect [42,43]. In the context of PROTAC, cooperativity
means that binding of the bivalent molecule to one protein increases
the affinity for the second protein, skewing the equilibrium from the
formation of binary complexes to the desired ternary complex. The
MT-820 PROTAC developed for BTK does not show an observable
hook effect at concentrations ten times abovemaximal observed degra-
dation, which is attributed to positive cooperativity of binding [37].

1.4. Challenges and Limitations

Despite the continuous and significant improvements that were
made over the last years, several fundamental challenges limiting the
therapeutic applications of PROTACs remain to be addressed. First, the
bivalent ligands have high molecular weight and polar surface areas,
factors that are commonly associated with poor cell permeability, bio-
availability and tissue distribution. These are issues that have troubled
peptide and oligonucleotide drug discovery efforts for many decades,
and have stopped many such molecules from becoming therapeutics.
While it is encouraging that many groups have reported activity of
PROTAC molecules in cell systems and of in vivo protein depletion
[7,44,45], it remains to be seen how effective these compounds will be
in a therapeutic setting.

Second, as wasmentioned above, the size, orientation and composi-
tion of the linker plays an important role in PROTAC efficiency, and we
are only starting to learn how these principles can be used in a rational
way. Until then, PROTAC development will be very much a hit andmiss
exercise. Indeed, some PROTAC patent applications contain hundreds of
pages listing rather diverse linkers, eg [45,46]. Protein-protein docking
may help addressing this, and assist in the design of optimized linkers.

Furthermore, the published PROTAC molecules to date all rely on
hijacking one of only a handful different E3 ligases. Variable target spec-
ificity and efficiency has been demonstrated for the different E3 ligases
[47,48], most likely dominated by the nature of the protein-protein
interactions between the ligase and the POI. Since an estimated 600
E3 ligases are encoded in the human genome [49], it is not unconceiv-
able that E3 ligases exist with degradation efficacies vastly superior to
the ones in use today. Hopefully, efforts will concentrate on finding
small-molecule binders to these alternative E3 ligases. Finally, it is fair
to say that the PROTACs that have been described to date, are based
on previously known protein inhibitors. Maybe the biggest challenge,
but also opportunity, for the PROTAC field is to degrade proteins for
which no inhibitors can be found, such as scaffolding proteins or tran-
scription factors.

2. Overview of Published PROTAC Molecules

Protein destabilization tools and other approaches to influence pro-
tein levels using the ubiquitination system have been reported over the
last two decades. Successful applications include the use of heat-shock
protein inhibitors [50], and of non-natural fusion proteins incorporating
destabilizing domains [51]. The first bivalent molecules came in the
form of hydrophobic tags, mimicking the (partially) unfolded state of
proteins. These tags are believed to recruit chaperones, which mediate
proteosomal degradation. The second-generation bifunctional mole-
cules are instead mediated by E3 ligases, and these are generally
referred to as PROTACs. These molecules consist of a distinct and selec-
tive target protein binding moiety, connected to an E3 ligase-binding
molecule via a linker. Connection of the linker should not result in a
loss of binding affinity of the target ligand to the protein of interest
and for successful degradation the proximity and orientation must
allow for target ubiquitination. Initially, small peptide chains were
used to target VHL mediated degradation. These molecules have been
extensively reviewed by Crews [52,53] and Chopra [54].

The seven amino-acid peptide ALAPYIP is recognized by VHL when
the center proline is hydroxylated, and this entity was incorporated in
the first cell permeable bifunctional molecule. A poly-D-arginine was
fused to the peptide to increase cell permeability and stability. As a
proof of principle, small degraders of FKBP12 and theARwere prepared,
which were effective in selective protein degradation at 25 μM
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concentrations [23]. Following a similar approach, PROTACs were
shown to hijack the VHL-CUL2 complex to degrade ERα at a concentra-
tion of 2 μM. Estradiol was linked via an n-hexyl linker to a shortened
LAPOHYI pentapeptide with a hydroxylated proline, and in this case
the poly-D-Arg tag was not required [24,55]. A two-headed approach
for the degradation of ERα using the same penta-peptide was also
shown to be effective in ERα degradation but a clear loss in solubility
was observed for this molecule [56]. The same pentapeptide sequence
was used to convert the small molecule apigenin into a PROTAC
targeting the aryl hydrocarbon receptor. Despite a loss in binding affin-
ity of the PROTAC compared to apigenin, the PROTAC was found to de-
grade AHR at 10 μM concentrations after 12 h of incubation [25].
Examples of PROTACs using two conjugated peptide sequences
targeting the E3 ligase and the protein of interest were used to target
FRS2α and PI3K [57]. The degradation of FRS2α and PI3Kdepends on in-
tracellular phosphorylation of the proline in the VHL targeting peptide
sequence and the concentration giving maximal target degradation
was 60 μM. More recently, the Smad3 receptor, a critical signalling pro-
tein associated with renal fibrosis was subjected to virtual screening
with the intention to construct a PROTAC molecule. Indeed, suitable
binderswere identified from the screenwhichwere linked to the afore-
mentioned pentapeptide and resulted in a PROTAC that decreased
Smad3 protein levels in a dose-dependent manner in relevant cellular
systems [58].

Not surprisingly, these peptidic PROTAC molecules are not particu-
larly druglike, and their poor pharmacokinetic properties (notably ab-
sorption/distribution, solubility and stability) likely prevent the
progression of these compounds into therapeutic modalities. Therefore,
the discovery of small-molecule ligands for several E3 ligases (Fig. 1)
was an important milestone for the PROTAC field, as this opened the
door to the development of more druglike molecules. Below we will
give an overview of the small-molecule PROTACs described to date.
The majority of these have been designed against epigenetic targets, ki-
nases or nuclear hormone receptors. We chose to cluster and discuss
them accordingly.

2.1. PROTACs Targeting Epigenetic Processes

There is a large demand for therapeutic molecules that can effec-
tively modulate transcriptional activity. The development of small-
molecule inhibitors for transcription factors is challenging due to the
lack of discrete cavities that allow for modulation of functional activity
with ligands [59,60]. However, gene expression is also modulated indi-
rectly by epigenetic processes such as DNA methylation and histone
modification. As it turns out,many of the enzymes involved in these epi-
genetic processes can be targeted with small-molecule ligands, and
many research groups have developed inhibitors of epigenetic proteins
to modulate protein transcription [61–63]. Not surprisingly, those epi-
genetic targets were amongst the first to be explored with PROTACs.
Degradation of bromodomain proteins, especially Brd4, has been
researched extensively using the JQ1 inhibitor or the closely related
OTX015, resulting in a variety of BET degraders. Some of the Brd4 mol-
ecules have become commercially available, putting PROTACs in the
hands of any biologist who wants to study the effect of knocking out
the Brd4 protein. A specific paragraphwill be devoted to Brd4 PROTACs
in this review.

The bromodomain-containing protein Brd9, a subunit of the human
BAF nucleosome remodelling complex, has been implicated in acute
myeloid leukemia [64] and severalmedicinal chemistry efforts targeting
Brd9 have been reported [65,66]. Degraders of Brd9 demonstrated en-
hanced potency towards the parental ligands (Table 1, entry 6). Efficient
degradation of Brd9 was shown at concentrations starting at 5 nM in
MOLM-13 cells and Brd9 was the only protein with an altered abun-
dance compared to 7326 proteins [67].

Sirtuins are proteins that possess eithermono-ADP-ribosyltransferase
or deacetylase activity. Sirtuins influence a range of cellular processes
such as inflammation, aging and apoptosis. The human genome encodes
seven isotypes of sirtuins (Sirt1–7). Sirt2 has been shown to be a pivotal
regulator of cell cycle regulation [68] and dysregulation of Sirt2 has
been associatedwith neurodegenerative diseases [69] and cancer [70]. In-
vestigations into the role of Sirt2 as epigenetic regulator protein has been
hampered by the lack of compounds that have sufficient isotype selectiv-
ity and good pharmacokinetic properties. To investigate the effects of
Sirt2-dependent deacetylation and downstream signalling, selective
Sirt2 degraders were designed. Effective degradation of Sirt2 was shown
in the concentration range of 0.05 to 5 μM. At higher concentrations the
efficacy of the PROTAC dropped, which is likely due to the hook effect
[71].

TRIM24, also known as TIF1α, is a multidomain transcriptional co-
regulator involved in nuclear receptor signalling [72,73]. Potent and selec-
tive inhibitors of the TRIM24bromodomainhavenot been able to demon-
strate efficacious effects on cancer proliferation [74]. The potent TRIM24
inhibitor IACS-9571 [75] was converted into a heterobifunctional de-
grader hijacking VHL, which achieved efficient, selective and sustained
degradation of TRIM24 (Table 1, entry 10). Furthermore, TRIM24 depen-
dency in acute leukemia was demonstrated [9].

HDACs are epigenetic erasers, which control gene transcription via
the removal of epigenetic markers, that play crucial roles in many dis-
eases [76]. In an effort to create degraders for this protein family, a
non-selective HDAC inhibitor was connected to pomalidomide via
click chemistry. Four different length PEG linkers were tested, and the
bifunctional molecules were observed to non-specifically inhibit
HDACs. However, the most potent bifunctional molecule selectively de-
graded HDAC6 over other members of the family. The concentration at
which half-maximal degradation was achieved (DC50) was 34 nM, and
the maximum percentage of degradation was 70% [39]. Degradation of
HDAC6 may negate the effects of overexpression of HDAC6 in cancer
by reducing the protein amount to physiological levels [77,78].

The epigenetic proteins PCAF andGCN5 each contain an acetyltrans-
ferase domain and a bromodomain. The small molecule GSK-4027
(Table 1, entry 14) is a potent inhibitor of the bromodomains of PCAF
and GCN5, but inhibition alone was found to be insufficient to disrupt
the immunomodulatory functions of these proteins. To explorewhether
PCAF or GCN5 degradationwould bemore successful, a PROTACwas de-
signed from GSK-4027. The resulting compound had a DC50 (the com-
pound concentration that results in 50% target protein degradation) of
1.5 nM and 3 nM in THP1 cells for PCAF and GCN5, respectively. Degra-
dation was observed rapidly, with 80% reduction of protein levels after
10min at a concentration of 30 nM. This PROTACwas shown to potently
modulate the expression of multiple inflammatory mediators in
lipopolysaccharide-stimulated macrophages and dendritic cells and af-
fect the differentiation of monocytes. This is a compelling study in
which protein degradation and not inhibition provides therapeutic op-
portunities [79].

Bcl6 inhibition is a promising strategy for the treatment of diffuse
large B-cell lymphoma cancers. Recently, potent and selective macrocy-
clic Bcl6 inhibitors were discovered, amongst others via a fragment-
based drug discovery program [80]. In an effort to develop high-
quality chemical probes to evaluate the therapeutic potential of Bcl6,
the macrocycles were converted into PROTACs to engage the
ubiquitination pathway. Despite efficient target engagement and effec-
tive cellular concentrations, the PROTAC failed to induce a significant
phenotypic response in B-cell lymphoma cell lines. Detailed mass anal-
ysis showed a small residual Bcl6 population across all subcellular frac-
tions [81].

2.2. PROTACs Targeting Kinases

GPCRs and kinases are the two biggest target classes in drug discov-
ery. And while there are many GPCR-targeting drugs on the market,
coveringmany indicationswith great efficacy and safety [88], kinase in-
hibitors are largely developed for oncology indications only [89]. They



Table 1
E3 protein ligand, structure of the linker and POI ligand with a description of the potency and efficacy against the specific epigenetic target.

Table entry E3 protein
(ligand)

Linker POI ligand POI Potency/efficacy Reference

1. CRBN
(pomalidomide)

Brd4 Near complete degradation at 10nM
within 6 hours, in all tested Burkitt’s
lymphoma cell lines.

ARV-825
Lu [82]

2. CRBN
(thalidomide,
lenalidomide
and
pomalidomide)

n-butyl
Brd4 Near complete degradation at 100 nM in a

human AML cell line.
dBET1
Winter [6]

3. VHL (9) Brd4 Selective degradation of Brd4 over Brd2
and Brd3 at low concentrations.

MZ1
Zengerle
[38]

4. VHL (9) Brd4 Suppression of both AR signaling and AR
levels and tumor regression in a CRPC
mouse xenograft model

ARV-771
Raina [83]

5 CRBN
(thalidomide)

Brd4 In-cell click reaction with complete
degradation of Brd4 at 10 and 3 μM and
partial degradation at 1 and 0.3 μM

Lebraud
[84]

6. CRBN
(Lenalidomide,
pomalidomide
and 5)

Brd9 Selective degradation of Brd9 over Brd4
and Brd7. Efficient and fast degradation in
the concentration range of 5 to 50 nM.

Remillard
[67]

7. CRBN
(thalidomide)

Sirt2 Selective over Sirt1 and Sirt3. Degradation
of Sirt2 observed in the range of 0.05 to
5 μM

Schiedel
[71]

8. CRBN
(thalidomide)
and VHL (9)

Brd4 Longest linker was the most active,
resulting in a DC50 of 0.20 μM for the
CRBN PROTACs.

Wurz [47]

9. CRBN
(thalidomide)

Extensive linker optimization, highest
potency was obtained for the n-pentyl
linker

Brd4 Effective Brd4 degradation at 30 pM in
RS4-11 leukemia cells. IC50 51 pM in
inhibition of RS4-11 cell growth. Induced
rapid tumor regression in vivo against
xenograft tumors

Zhou [85]

10. VHL (9) TRIM24 dTRIM24 induced rapid, selective and
sustained proteasomal degradation of
TRIM24. Dependence of acute leukemia
on TRIM24 was shown

Gechijian
[9]

11. CRBN
(pomalidomide)

n-pentyl Brd4 Selective Brd4 degradation over Brd2/3.
Off-target degradation can be tuned by
the linker composition

ZXH-3-26
Nowak
[86]

(continued on next page)
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Table 1 (continued)

Table entry E3 protein
(ligand)

Linker POI ligand POI Potency/efficacy Reference

12. CRBN
(pomalidomide)

HDAC6 DC50: 34 nM with a maximum HDAC6
degradation of 70% in MCF-7 cells.

Yang [39]

13. CRBN
(thalidomide)

Brd4 Effective degradation at low pM
concentrations in human leukemia cell
lines. QCA570 achieves tumor regression
in both the MV4-11 and RS4-11 acute
leukemia xenograft models

QCA570
Qin [87]

14. CRBN
(thalidomide)

PCAF/
GCN5

Degradation of PCAF and GCN5 in THP1
cells, DC50: 1.5 nM and 3 nM, inhibiting
the differentiation of monocytes into
macrophages

Bassi [79]

15. CRBN
(thalidomide)

Bcl6 No significant phenotypic response.
Incomplete Bcl6 degradation despite

McCoull
[81]
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often suffer from the occurrence of resistance [90] and the lack of kinase
selectivity, translating into side effects. Not surprisingly, the kinase field
was early and eager to test whether depletion of target kinases would
be beneficial over inhibition. Since PROTAC efficacy appears to depend
to a large extent on the interface between the E3 ligase and the POI,
and less on specific interactions at a protein's active site, it was hypoth-
esized that PROTACs will suffer less from inter-kinase cross-reactivity.
Also, it has been rationalized that resistance through upregulation of
the kinase can be more successfully countered with a protein degrader
as opposed to an inhibitor [91,92].

Inhibitors of RIPK2 are of interest for the treatment of inflammatory
diseases, because RIPK2 plays a central role in the innate immune re-
sponse and the production of inflammatory cytokines. RIPK2 also has
a pro-inflammatory scaffolding function [93], whichmakes degradation
of RIPK2 an attractive therapeutic strategy. A RIPK2 modulator
appended with a linker and a VHL recruiting ligand (9, Fig. 1) showed
catalytic degradation of RIPK2 with high specificity and a DC50 of
1.4 nM (Table 2, entry 1) [7].

The marketed kinase inhibitors imatinib, bosutinib and dasatinib
were conjugated to either a VHL or CRBN ligand with a range of linkers
to demonstrate the degradation of c-ABL and BCR-ABL. Effective protein
degradation depended on the recruited E3 ligase and linker length [48].

The MAP kinase signalling cascade with the centrally placed ERK ki-
nases is involved in a large variety of cellular and physiological pro-
cesses [94]. A click-chemistry approach showed efficient in-cell
assembly of a covalent PROTAC (Table 2, entry 3), followed by complete
and time-dependent degradation of ERK1/2 [84]. Themain potential ad-
vantage of PROTAC assembly in cell via click chemistry is a significant
reduction of themolecular weight and polar surface area of the separate
reaction partners compared to the pre-assembled PROTAC molecule.
The main difficulty, on the other hand, for this approach is that the
two click partners may undergo their reaction outside the cell.

Enhanced selectivity by converting kinase inhibitors into PROTACs
was demonstrated for CDK9. Development of selective CDK inhibitors
is challenging because of the structural similarity of the ATP binding
sites between the CDKs. However, the surfaces of the CDKs differ and
this offers the opportunity to develop selective CDK degraders. Three in-
dependent research groups have described selective CDK9 degraders
(Table 2, entries 4, 10 and 18). A pan CDK inhibitor was appended
with a n-pentyl linker and converted into a PROTAC hijacking cereblon.
Selective degradation of CDK9 over other CDKs was shown in the con-
centration range of 5 to 25 μM [95]. Following this success another
PROTAC was designed which was also more selective in degrading
CDK9 over several other CDKs compared to the parent molecule SNS-
032. At 250 nM, the PROTAC did not achieve measurable occupancy of
any other CDK target of SNS-032 in cells, even though these targets
are engaged in cell lysates. This suggests that the selectivitywas induced
by the ability of the PROTAC construct to act catalytically, at sub-
stochiometric concentrations in the cell [96], and/or due to the fact
that PROTACs do induce a protein-protein interaction between the pro-
tein and the ligase, leading to a more selective action. Finally, a series of
PROTACs based on the natural product wogonin was effective in selec-
tive downregulation of CDK9 in MCF-7 cells in the concentration
range of 10 to 30 μM [97].

The degradation of receptor tyrosine kinases (RTKs) was first dem-
onstrated using the kinase inhibitors lapatinib, gefitinib and afatinib.
The PROTAC molecules capable of degrading the intended RTKs
inhibited downstream signalling and cell proliferation at lower concen-
trations than the parent compounds achieved through inhibition only.
Resistance through mutations and rewiring of the kinome, which is
common with kinase inhibitors could be avoided [98].

Through a chemoproteomic approach, a multi-kinase degrader was
found, that targeted 28 kinases including the drug targets BTK, FLT3
and nine members of the CDK family. This study showed that the de-
graded set of 28 kinases represented only a fraction of the targets to
which the degrader bound, indicating that successful degradation de-
pends on more than only target engagement. Selective degraders for
BTK and FLT3 were found that were efficacious at concentrations of
100 nM [91]. Selective and effective TBK1 degraders were generated
via systematic optimization of the linker and the TBK1 binding ligand.
Greater potency and selectivity was achieved than anticipated from
the individual components [99].

PI3K inhibitors have been advanced for the treatment of cancer, but
their clinical application is hindered by acquired drug resistance. This
prompted the design of PI3K targeting PROTACmolecules, through con-
jugation of pomalidomide with the pan class-I PI3K inhibitor ZSTK474,
using six different linkers (Table 2, entry 11). Four of the linkers demon-
strated time- and concentration-dependent degradation of PI3K and
mediated expression of downstream proteins. Interestingly, further
study on a representative compound indicated the construct inhibited
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cancer cell growth by autophagy and not by the induction of apoptosis
or by cell cycle arrest, suggesting that degradation can lead to a different
pharmacological phenotype compared to inhibition [100].

The kinase ALK is an interesting target for degradation because
absence of ALK protein is not toxic in mammals, and the four FDA-
approved inhibitors used against ALK-positive non-small cell lung
cancers suffer from drug resistance. Three independent research groups
have reported PROTACs based on the selective ALK inhibitor ceritinib
using different linkers and employing either CRBN or VHL (Table 2,
entries 12, 13 and 20). The PROTACs hijacking the cereblon ligase all
demonstrate low nM DC50s in various cell lines. Moreover, these
PROTACs showed beneficial downstream effects and displayed good
plasma exposure in mice [101]. In addition, for the first time a drug
transporter protein (ABCB1) was identified to be responsible for efflux
of a PROTAC [102]. Utilizing the VHL E3 ligase, the PROTAC showed
90% degradation of ALK at 1 μM concentration in SU-DHL-1 cells and
demonstrated excellent efficacy in an in vivo xenograft mouse model
[100].

In attempts to simplify the CDK8 ligand cortistatin A, a steroid scaffold
was developed which exhibited very high selectivity and only a slight re-
duction in potency against CDK8 compared to cortistatin A. Further inves-
tigations revealed that this scaffold could be converted into a proteasomal
degrader of CDK8. Significant degradation of CDK8 was observed after
24 h at 1 μM concentration. The degrader was used to confirm target en-
gagement and will be used to investigate the pharmacological conse-
quences of degrading CDK8 [103].

Inhibition of BTK with the irreversible inhibitor ibrutinib has
emerged as a treatment for patientswith chronic lymphocytic leukemia,
but a large population of patients develop resistance through amutation
of cysteine 481 to a serine (C481S). Three recent independent studies
report efficient and highly potent BTK PROTACs capable of degrading
both BTK wildtype and the C481S mutant at low nM concentrations
[37,41,104].

CK2 is a constitutively active serine/threonine kinase that can phos-
phorylate over 300 substrates [105]. Overexpression of this kinase has
been reported in several cancers and different kinds of tumors. CK2
function can be reduced by downregulation of the protein levels or inhi-
bition by small molecules [106]. The CK2 inhibitor CX-4945 (Table 2,
entry 19) was appended to pomalidomide via click chemistry, and
was found to degrade CK2 in a time- and dose-dependent manner, al-
beit with relatively high concentrations in the range of 10 μM. Degrada-
tion of CK2 resulted in downstream changes, such as reduced
phosphorylation of Akt and upregulation of the P53 tumor suppressor
[107].

In summary, a large number of potent and efficient PROTACs have
been described for kinases. While none of these have been extensively
tested in a complex environment, evidence emerges that PROTACs can
enhance selectivity and that kinase protein degradation can result in
distinct pharmacological effects compared to classical inhibition. Ki-
nases are particularly suited for a PROTAC approach because of the
abundance of suitable starting points, namely the kinase inhibitors,
many of them with crystallographic information and usually harboring
a solvent exposed functional group that can be used for conjugation. In
addition, kinase inhibitors often suffer from drug resistance, and
PROTAC-mediated degradation is an exciting new strategy to modulate
both phosphorylation activity and kinase scaffolding function.
2.3. PROTACs Targeting Receptors

Nuclear hormone receptors play key roles in obesity, diabetes and
cancer, and they have been drug discovery targets for decades. Modula-
tion of the activity of these receptors has been very successful, but phar-
maceutical applications have been hampered by resistance through
post-translational modifications, upregulation or mutations [109]. The
first degraders of nuclear receptors made use of peptide-based
molecules which required high concentrations of PROTACs for efficient
degradation [23,24,55].

The first non-peptidic PROTAC hijacked MDM2 to degrade the an-
drogen receptor (Table 3, entry 1). Treatment of Hela cells with 10 μM
concentration of a bivalent molecule consisting of a SARM linked to
nutlin, demonstrated decreased AR levels [26]. This study is somewhat
atypical as AR is known to have endogenous interactions with MDM2
[110] and nutlin itself induces ubiquitination [111]. Hijacking the E3 li-
gase cIAP1 was shown to be effective for bivalent molecules called
SNIPERs. The first example addressing cIAP1 consisted of a bestatin
methyl ester linked to all-trans-retinoic acid, and degraded the cellular
retinoic acid binding protein (CRABP-II) [28,29]. The same strategy
was applied for three nuclear hormone receptors: RAR, ERα and AR.
Degradation was observed for all three proteins with moderate cell po-
tencies in the range of 30 μM [27].

High affinity and effective degradation was observed for the ERRα
with a DC50 of 100 nM in MCF-7 breast cancer cells using a selective
ERRα ligand linked to 9 (Table 3, entry 6). In addition to high potency
in cells, the PROTAC showed in vivo depletion of ERRα in mice bearing
xenograft tumors and subsequent significant reduction of tumor size [7].

There are several antitumor agents targeting AR, including the an-
tagonist enzalutamide. Recent reports have shown that the F876 L mu-
tation in the AR ligand binding domain causes induced tolerance for
enzalutamide [112]. In the hope of bypassing resistance through AR
degradation, a hydrophobic tagging strategy was employed. An AR
binder with an adamantyl tag bound to the protein will display this
very lipophilic tag to the surface, mimicking a protein misfolded state.
This exposes the protein to proteosomal degradation via the
ubiquitination pathway. The adamantyl tag decreased the binding affin-
ity of the AR ligand significantly, but nevertheless induction of AR deg-
radation at sub-micromolar concentrations was observed [113].
Building on this result, highly effective AR PROTACs were prepared
based on the structure of enzalutamide linked to 9. With a DC50 of
5 nM and Dmax of 98% for the wildtype AR, the PROTAC named ARCC-
2was also shown to degrade all clinically relevant ARmutants indepen-
dent of elevated androgen levels [114].

Altogether, these results demonstrate the potential of PROTACs for
the degradation of nuclear hormone receptor proteins. Global
frontrunners in this area are two programs run at the company Arvinas:
ARV-471 and ARV-110, targeting ERα and AR, respectively. The struc-
tures of these compounds have not yet beendisclosed, and are therefore
not included in this review. Based on the promising in vitro and in vivo
data [45,114] Arvinas is preparing both programs for phase I clinical
trials.

2.4. PROTACs Targeting Other Proteins

While the bulk of the reported PROTACmolecules target kinases, nu-
clear hormone receptors and epigenetic proteins, examples are
appearing in other areas as well. The results described in Table 4 dem-
onstrate the potential of PROTACs as research tools to investigate bio-
chemical pathways, and also as therapeutic interventions. The
cytosolic signalling protein FKBP12 plays a role in cardiac development
as well as oncogenic signalling. Engineered mutants of human FKBP12
have been reported that are rapidly and constitutively degraded when
expressed in mammalian cells, and this instability is conferred to pro-
teins fused to these destabilizing domains [51,115]. This provides a
new strategy to control protein function in living organisms, but is of
course limited to non-endogenous fusion proteins. FKBP12 has also
been subjected to degradation with more conventional PROTAC ligands
by linking the FKBP12 ligand SLF to thalidomide, with two different
spacers (Table 4, entry 1). Both molecules effectively reduce FKBP12
levels in MV4–11 leukemia cells [6].

E3 ligases play an important role in normal cellular physiology and
disease, and VHL itself is also an attractive drug target [49,116]. In an ef-
fort to achieve VHL degradation homo-PROTACs were designed. Two



Table 2
E3 protein ligand, structure of the linker and POI ligand with a description of the properties for kinases.

Table entry E3 protein
(ligand)

Linker POI ligand POI Potency/efficacy Reference

1. VHL (9) RIPK2 50% RIPK2 degradat .4 nM after 1 hour. Dmax of N95% at 10 nM Bondeson
[7]

2. VHL and CRBN (9
and
pomalidomide)

imatinib, bosutinib, and dasatinib Tyrosine
kinase:
BCR-ABL

N60% degradation at or the dasatinib-CRBN PROTAC. No degradation
for the VHL-based P s.

Lai [48]

3. CRBN
(thalidomide)

ERK1 and
ERK2

In-cell click reaction ERK1/2 degradation is observed partially after
4 h and is complete 6 h at 10 μM

Lebraud
[84]

4. CRBN
(thalidomide)

n-pentyl CDK9 Selective for CDK9. 5 radation of CDK9 at 10 μM. Robb [95]

5. VHL (9) Diethylene glycol Lapatinib, gefitinib, afatinib RTKs: EGFR,
HER2 and
c-MET

Efficient degradation nsmembrane RTKs with superior outcome over
RTK inhibitors.

Burslem
[98]

6. CRBN
(pomalidomide)

Multi- kinase
degrader

Quantitative proteo owed degradation of 28 kinases including BTK,
FLT3 and nine mem the CDK family

Huang
[91]

7. CRBN
(pomalidomide)

BTK Most efficient degra at 100 nM concentration. In addition, a
bosutinib-based deg as reported

Huang
[91]

8. CRBN
(pomalidomide)

FLT3 Concentrations betw and 100 nM resulted in the most efficient
degradation of FLT3

Huang
[91]

9. VHL (9) TBK1 Extensive linker opt on. DC50: 12 nM with Dmax: 96%. Crew [99]

10. CRBN
(pomalidomide)

CDK9 The multi target inh NS-032 became selective for CDK9 as PROTAC
with near complete ation at b250 nM concentration

Olson [96]

11. CRBN
(pomalidomide)

Six different linkers were used. The best results
were obtained with:

PI3K IC50 for PI3K: 24 nM /concentration-dependent degradation PI3K
protein observed. In n of HepG2 cell growth via autophagy

Li [100]
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12. CRBN
(pomalidomide)

ALK DC50: 3 and 11 nM respectively after 16 h in SU-DHL-1 cells. Potent
inhibition of proliferation of SU-DHL-1 cells. Both linkers effective

Zhang
[101]

13. CRBN
(pomalidomide)

Ceritinib and TAE684[108] ALK DC50 of 10 nM for both PROTACs in H3122 cells. ABCB1 was responsible for
efflux.

Powel
[102]

14. CRBN
(pomalidomide)

CDK8 CDK8 IC50: 159 nM. Significant degradation of CDK8 in Jurkat cells after
treatment for 24 hr at 1 μM concentration

Hatcher
[103]

15. CRBN
(pomalidomide)

BTK Efficiently degradation of BTK-WT. Induced degradation of
ibrutinib-resistant BTK-C481S (50% degradation efficiency at 30 nM)

Sun [104]

16. CRBN (5) BTK N99% degradation of mutated C481S and wildtype BTK at nM
concentrations. Enhanced selectivity over ibrutinib

Buhimschi
[37]

17. CRBN
(pomalidomide)

BTK For n = 4 – 6 DC50’s between 1 and 40 nM. n = 1 – 3 are ineffective in
degradation of BTK.

Zorba [41]

18. CRBN
(pomalidomide)

CDK9 Serie 2 (n = 5) showed the most efficient CDK9 degradation in the
concentration range of 1 to 30 μM. Inhibition of MCF cell proliferation with
an IC50 of 17 μM

Bian [97]

19. CRBN
(pomalidomide)

CK2 Most promising results for n = 2. Degradation of CK2 in a dose and
time-dependent manner resulting in downstream reduced
phosphorylation of Akt

Chen [107]

20. VHL (9) ALK n = 1 displayed the best properties. 90% ALK degradation at 1 μM after 16
h. in SU-DHL-1 cells. Excellent efficacy in tumor xenograft mice.

Kang [100]

The structure of the CRBN ligands and the VHL ligand (9) are shown in Fig. 2.
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Table 3
E3 protein ligand, structure of the linker and POI ligand with a description of the properties for (nuclear) receptors.

Table entry E3 protein
(ligand)

Linker POI ligand POI Potency/efficacy Reference

1. MDM2
(Nutlin)

AR Upon treatment of HeLa cells with 10 μM compound for
7h, a decrease in androgen receptor levels was observed

Schneekloth
[26]

2. cIAP1
(Bestatin)

CRABP-II Degradation of CRABP-II in IMR-32 cells was observed
at 10 μM PROTAC concentration.

Itoh [28] and
Okuhira [29]

3. cIAP1
(Bestatin)

RAR Maximal RAR degradation at 30 μM concentration in
HT1080 cells

Itoh [27]

4. cIAP1
(Bestatin)

ERα Maximal ERα degradation at 30 μM concentration in
human mammary tumor MCF7 cells

Itoh [27]

5. cIAP1
(Bestatin)

AR Maximal AR degradation at 30 μM concentration in
human mammary tumor MCF7 cells

Itoh [27]

6. VHL (9) ERRα 50% ERRα degradation at 100 nM. Protein knockdown
in tumor xenografts (mouse)

Bondeson
[7]

7. HSP70
(adamantyl)

AR DC50: 1.1 μM, Dmax: 69%. Anti-proliferative activity
remained in castration-resistant prostate cancer cells

Gustafson
[113]

8. VHL (9) AR DC50: 5 nM, Dmax: 98%. ARCC-4 effectively degrades
clinically relevant AR mutants. ARCC-4 outperforms
enzalutamide in cellular models of prostate cancer drug
resistance

Salami [114]

The structure of the CRBN ligands and the VHL ligand (9) are shown in Fig. 2.
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VHL ligands were linked via ethylene glycol linkers demonstrating very
efficient depletion of a specific isoform of the VHL protein (pVHL30),
allowing interrogations of biological functions of this VHL isoform
[117]. Similarly, by linking two pomalidomide molecules, CRBN homo-
PROTACsweremade that were able to promote ubiquitination and deg-
radation [118].

DHODH inhibitors are used in the treatment of autoimmune dis-
eases such as rheumatoid arthritis, psoriasis and multiple sclerosis
[119,120]. To study the therapeutic relevance of DHODH and to create
an intracellular knockdown a PROTAC was developed based on the
DHODH ligand brequinar (Table 4, entry 3). Although the bifunctional
molecules inhibited DHODH with an IC50 of 93 nM, degradation of the
target was not observed. The lack of degradation was explained by the
lower expression of VHL in the mitochondrial ubiquitination system
compared to the cytosol [121].

For many years, amyloid-β (Aβ) has been a key target for therapeu-
tic intervention in Alzheimer's disease (AD), but clinical candidates
have not demonstrated slowing of the disease progression. ADneuropa-
thology is characterized by accumulation and aggregation of Aβ but also
of Tau proteins. Therefore, tau pathology is an important area for the
development of disease-modifying therapies [122,123]. A Keap1-Tau
fused peptide PROTAC appended with a poly-D-Arg showed
strong in vitro binding to Keap1 and Tau with decent cell permeability.
Western blotting and flow cytometry confirmed time- and
concentration-dependent degradation of Tau. The results suggested
that Tau can be degraded via Keap1 dependent ubiquitination using
PROTACs, and this approach holds promise as a strategy in the treat-
ment of neurodegenerative diseases [124].

Temporal control of signal transduction pathways via chemical-
genetic model systems provides insights into cellular processes. A series
of dTAG tool molecules capable of recruiting the CRBN E3 ligase com-
plex to several targets fused to FKBP12F36V including Brd4, HDAC1,
EZH2, Myc, PLK-1 and KRASG12V has been described. Using a selective
FKBP12F36V degrader (Table 4, entry 5), the downstream effects of deg-
radation could be studied for these proteins [33].

3. Brd4: A Mechanistic Case Study

The bromodomain and extra-terminal domain (BET) proteins con-
stitute a family of epigenetic readers that regulate gene expression by
recruiting transcriptional complexes to acetylated chromatin domains
[128,129]. The bromodomain subset of proteins, including the widely
investigated Brd4, have a crucial function in the expression of onco-
genes and are therefore attractive targets for cancer treatment
[125,130,131]. Consequently, these epigenetic proteins were amongst
the earliest candidates to be targeted by protein degradation. Specifi-
cally, Brd4-degraders have been used extensively inmechanistic chem-
ical biology studies.



Table 4
E3 protein ligand, structure of the linker and POI ligand with a description of the properties research for FKBP12, E3 ligases, an enzyme, a Tau degrader and a recent non-natural fusion
protein.

Table entry E3 protein
(ligand)

Linker POI ligand POI Potency/efficacy Reference

1. CRBN
(thalidomide)

n-butyl and FKBP12 80% reduction of FKBP12 at 0.1 μM and 50%
reduction at 0.01 μM in MV4-11 cells

Winter [6]

2. VHL (9) (9) VHL CM11 (n = 5) induced complete depletion of
VHL after 4 h at 10 nM. Potent, long-lasting
and selective degradation of VHL, with DC50 of
b 100 nM

Maniaci
[117]

3. VHL (9) DHODH IC50 for DHODH 93 nM. No degradation
observed. Linker optimization needed to target
the inner mitochondrial protein.

Madak
[121]

4. Keap1 (Keap1
binding
peptide)*

GSGS peptide YQQYQDATADEQG Tau Poly-D-arginine was added for cell penetration.
Strong in vitro binding with Keap1 and Tau.
Keap1-dependent degradation by enhancing
the ubiquitination of Tau.

Lu [124]

5. CRBN
(thalidomide)

FKBP12F36V

Fusion
proteins

Degradation of a panel of fusion chimeras with
FKBP12F36V including: BRD4, HDAC1, EZH2,
Myc, PLK1 and KRASG12V. Rapid degradation
in vivo was shown

Nabet [33]

6. CRBN
(pomalidomide)

pomalidomide CRBN The homo-PROTAC with n = 2 was identified
as the most potent degrader. Degradation
observed at 10 nM after 16 h. Hook-effect
observed at 100 μM

Steinebach
[118]

The structure of the CRBN ligands and the VHL ligand (9) are shown in Fig. 2. *Keap1 binding peptide: Ac-LDPETGEYL-OH.
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In 2015, three publications appeared almost simultaneously, all de-
scribing Brd4-targeting degraders with differentiating characteristics
compared to normal small molecule inhibitors. Both the labs of Crews
and Bradner reported degraders using Cereblon as ligase and JQ1
(ARV-825) and OTX015 (dBET1) as Brd-inhibitors (Fig. 3) [6,82]. Most
interestingly, these papers demonstrate that the use of the small mole-
cule inhibitors JQ1 and OTX015 led to significant accumulation of Brd4
protein, which likely limited the desired downstream effect on c-Myc
levels and cell proliferation [82]. The degrader molecules, on the other
Fig. 3. Structures of Brd4 inhibitors (+)-JQ1 and OTX015 [125]. Structures of the B
hand, caused persistent suppression of c-Myc and yielded a significantly
stronger antiproliferative effect in lymphoma and leukemia cells [6,82].

The group of Ciulli described a PROTAC of JQ1 as well, utilizing VHL
as the ligase (MZ1, Fig. 4). Surprisingly, this approach resulted in signif-
icant selectivity for Brd4 over Brd2/3, a quality that the previouslymen-
tioned Cereblon-based degraders did not possess [38]. No small
molecule inhibitors reported to date exhibit both substantial intra-BET
selectivity and high potency [132]. This lack of selectivity is believed
to cause side-effects in recent clinical trials and has limited elucidation
rd4 PROTACs: ARV-825 [82], ARV-763 [126,127] dBET1 [6], and ARV-771 [83].
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of the specific functions of separate BET proteins [133]. Since the de-
grader molecules showed no binding preference for either protein, the
observed selectivity was reasoned to be caused by direct interactions
between the Brd and VHL proteins. This rationale gained credence
when the same group published the first crystal structure of a ternary
complex, in this case Brd4-MZ1-VHL (Fig. 4) [8]. The extensive interac-
tions observed between Brd4 and VHL suggest a strong relative influ-
ence of the stability of the ternary complex, on both the effectiveness
and the selectivity of the degrader. In follow-up work, the importance
of ternary complex formation was further highlighted, by exchanging
the original MZ1-based BET-protein ligand for a higher affinity inhibitor
[134]. Despite possessing higher affinity for the BET-protein, the high-
affinity PROTAC showed a negative cooperativity of ternary complex
formation andwas less effective as degrader. In addition, a change in se-
lectivity profile from Brd4 to Brd3/Brd4 was observed.

Raina and co-workers reported ARV-771 (Fig. 3), a VHL-based
PROTAC differing from MZ1 only in linker composition. The selectivity
profile of ARV-771 appeared to be less pronounced, but clear in-vivo ef-
fects were demonstrated in mouse xenograft models of castration-
resistant prostate cancer [83].

Structural and mechanistical insights into ternary complex forma-
tion may open the door to rational design of PROTAC degraders. This
has recently been pioneered by the groups of Gray, Bradner and Fischer,
using a combination of in silico protein-protein docking and X-ray crys-
tallography [86]. Thus far, Cereblon-recruiting degraders were found to
be unselective within the BET family [6,82]. However, this integrated
approach revealed several low-energy Brd4-Cereblon binding modes,
laying the foundation for the design and synthesis of ZXH-3-26
(Table 1, entry 10), a short-linker, pomalidomide-based, degrader
with significant selectivity over Brd2/3. Notably, the authors argue
that the short linker constrained the number of binding conformations,
leading to increased selectivity. On the other hand, they state that the
interprotein contacts between Brd4 and CRBN contribute relatively little
to the overall binding affinity. The latter observation appears to, at least
partially, differ from previous publications where pronounced coopera-
tive effects were shown [8,10,134]. It is clear that the mechanistic un-
derstanding of induced protein degradation is still in its infancy, and
there is need for more advanced, preferentially intra-cellular studies
to understand the complicated processes involved [135].

Recent work on the development of Brd4-degraders has produced
interesting linker developments. For example, click chemistry has
been applied to produce a set of ten triazole-containing linkers, based
on JQ1 [47]. TheDC50swere in a similar range as previously reported de-
graders, although certain linker lengths were found to result in inactive
degraders, stressing the importance of linker lengths in PROTAC mole-
cules. Another notable application of click chemistry was reported by
researchers at Astex. Using their ‘CLIPTAC’ approach (click-formed pro-
teolysis targeting chimera), the final degradermolecule is formed intra-
cellularly by a click reaction from the two corresponding precursors
[84]. Combining trans-cyclooctene-functionalized JQ1 with a
tetrazine-functionalized Cereblon-ligand resulted in intracellular
PROTAC formation, which led to near-complete downregulation of
Brd4 after 24 h. This approach has the potential to circumvent the
high molecular weight, high polar surface area, and poor permeability
commonly associated with PROTAC molecules. The main challenge
with CLIPTACs is to prevent PROTAC formation outside the cell, which
amongst others entails the precursors to be administered separated in
time. Also, it would be required to develop and obtain regulatory ap-
proval for two distinct chemical entities.

Two recent publications of the Wang group demonstrated the im-
portance of linker optimization in the development of highly potent
Brd4-degraders. Using a novel inhibitor, a CRBN-recruiting Brd4-
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PROTAC was designed through multiple optimization cycles [85]. The
compound has an IC50 of 51 pM in RS4–11 acute leukemia cells and
achieved N90% tumor regression in the corresponding xenograft
model. Shortly after, the even more efficacious Brd4-degrader QCA570
waspublished (Table 1, entry 12) [87]. A rigidification tacticwas applied
by introducing an additional alkyne group in the linker. This ultimately
resulted in QCA570, which possesses an IC50 as low as 8 pM in MV4–11
cells and achieves complete and long-lasting tumor regression in xeno-
graft models.

In addition to the aforementioned in vivo models, extensive pre-
clinical studies on primary multiple myeloma and mantle cell lym-
phoma cells have recently been reported with PROTACs ARV-763,
ARV-771 and ARV-825 [127,136]. Detailed effects downstream from
Brd4 were demonstrated, such as reduced levels of c-Myc and CDK4/6,
increased p21 levels, and induction of apoptosis. Altogether, these re-
sults exemplified the potential therapeutic benefit of Brd4-PROTACs,
with a profile that is differentiating from the clinical stage BET inhibitor
OTX015 [137].

4. Conclusion and Outlook

The number of protein targets with therapeutic potential is steadily
rising with advances in gene silencing techniques such as CRISPR/Cas9,
antisense oligonucleotides and RNA interference. Many of those may
prove difficult to tackle with conventional small-molecule inhibitors,
but a plethora of new therapeutic modalities are being investigated to
enlarge our drug discovery toolbox and success rate against these new
targets. The “induction of protein degradation” represents a fundamen-
tally different approach to modulate biological pathways and is right-
fully receiving much increased attention.

Less than two decades ago, “a method of generating a compound for
activating ubiquitination of a target protein which comprises covalently
linking a target protein binding element able to bind specifically to said
protein to a ubiquitination element” was first reported. Since then, the
field of protein degradation has made tremendous strides. As described
in thismini-review, there is now an abundance of examples of PROTACS
that possess remarkable in vitro activity and, in a number of cases,
in vivo activity in rodents.

In the coming years, wewill learn if the distinct attributes ascribed to
PROTACS such as prolonged efficacy (need for compensatory protein re-
synthesis), increased potency (potential for repeated, catalytic ligand
action), higher/different selectivity profile (driven by ternary complex
formation) and broader spectrumactivity (thanks towhole protein deg-
radation)will translate into clinical benefit for patients. Questions about
bioavailability, systemic exposure and stability remain and all eyes are
now directed towards the frontrunner PROTACs that are entering clini-
cal testing.

In the meantime, as the potencies obtained in vitro and in animal
models of various PROTAC constructs continue to improve there re-
mains very significant interest in further defining the scope and limita-
tions of the technology. Historically, target-degrading compounds have
emerged from serendipity or target-specific campaigns in medicinal
chemistry. The field soon evolved to employ a more rational approach
based on bivalent ligands, actively targeting the proteome. These mole-
cules can be considered inducers of protein-protein interaction, and im-
provements in our structural understanding of ternary complexes using
x-ray crystallography will undoubtedly assist in the design of smaller
molecules with better positioned linkers or even fused or merged dual
binders that can be applied as “molecular glue” [138].

Another important area of research involves the identification of al-
ternative E3 ligases and their corresponding ligase binding motifs, pro-
viding different degradation profiles, exploiting differences in ternary
complex formation and subcellular localization. PROTAC technology
seems to be particularly suited for the targeting of the undruggable pro-
teome. Because ligands incorporated in PROTACs do not necessarily
have to bind in the catalytic cavity of the proteins, label free biophysical
tools will undoubtedly emerge within this area, allowing for the identi-
fication of both novel therapeutic targets and new ligases. Therefore,
hits from HTS screens that were abandoned because they lacked func-
tional activity or selectivity may gain renewed interest. Finally, it is im-
portant to further expand the arsenal of linkerswithmore differentiated
physicochemical properties to optimize the bioavailability and cellular
uptake of PROTAC constructs.

The field of induced protein degradation offers a lot of potential as a
novel therapeutic paradigm, but it will take considerable effort and time
for this field to become a recognized, validated complementary ap-
proach to the approaches that have dominated the pharmaceutical in-
dustry. If the promise of expanding druggable space in the vast
proteome with PROTACS materializes, the impact on the treatment of
human disease will be significant.
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