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Abstract

The ubiquitin-proteasome system plays a central role in regulating protein
homeostasis in mammalian cells. It is a multistep process involving the poly-
ubiquitination of proteins prior to their proteolytic degradation by the 26S
proteasome complex. Blockade of this process results in the accumulation
of proteins that are deleterious to the survival of cancer cells and has led to
the approval of the proteasome inhibitors bortezomib and carfilzomib for
the treatment of multiple myeloma and mantle cell lymphoma. Proteolysis-
targeting chimeras (PROTAC:) are bifunctional molecules designed to re-
cruit an E3 ubiquitin ligase to a specific target protein, thereby providing
a mechanism to ubiquitinate and degrade specific pathological proteins. A
significant body of preclinical data, generated since PROTACs were first
introduced 15 years ago, demonstrates that PROTACs provide a robust ap-
proach to expose new cell biology and to generate novel therapeutics with
the potential to target currently undruggable proteins.
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BACKGROUND INFORMATION

Various technologies have been developed that are designed to reduce the expression level of
specific target proteins. The best established of these technologies, antisense oligonucleotides
(ODN) and RNA interference (RINAi) approaches, involve the use of nucleotide-based agents.
Although ODN and RNAI agents are powerful tools for basic research purposes, their develop-
ment as therapeutic agents has been hindered by limited bioavailability and significant off-target
activity (Rayburn & Zhang 2008). The more recent CRISPR-Cas9 gene editing technology uses
direct modification of the genome to achieve gene knockout (Jinek et al. 2012, Cong et al. 2013).
Although CRISPR-Cas9 is an exceptionally powerful research tool, its requirement of genetic
manipulation to affect gene knockdown may limit its usefulness in the clinic. In comparison, the
proteolysis-targeting chimera (PROTAC) technology is a targeted protein degradation approach
that is mediated by small molecules. In contrast to the other three approaches, PROTACs de-
grade proteins at the posttranslational level, thereby avoiding issues related to protein stability.
Importantly, the most advanced PROTAC: are highly cell permeable, a feature that is important
for the development of therapeutic agents. This review focuses on the use of PROTACs as a
mechanism for hijacking the cellular ubiquitin-proteasome pathway (UPS) to selectively degrade
target proteins both in vitro and in vivo.

The UPS is the primary mechanism used by eukaryotic cells to regulate protein turnover. The
UPS is a multistep process involving the polyubiquitination of specific proteins that functionally
tags proteins for degradation by the 26S proteasome (Hochstrasser 1995, Navon & Ciechanover
2009). The polyubiquitination of proteins is regulated by the concerted action of three enzymes:
ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubiquitin ligase (E3).
There is one major E1 thatis used by all E3s. E1 transfers ubiquitin to an E2, which then interacts
with a specific E3 partner and transfers ubiquitin to a surface lysine residue on the target protein.
E3, which is typically a multiprotein complex, recruits the target protein and directs the transfer of
activated ubiquitin from E2 to a lysine residue on the substrate. The process is repeated in a cyclic
manner, such that a new ubiquitin moiety is conjugated to an internal lysine of the previously
conjugated ubiquitin molecule. This polyubiquitin chain is then bound by the 26S proteasome,
leading to the degradation of the tagged protein.

PEPTIDE-BASED PROTACs

PROTAC:s are bifunctional molecules that are designed to recruit an E3 to a specific target
protein. They consist of a target protein ligand connected via a short linker to an E3 ligand,
allowing PROTAC: to function as bridging compounds that bring an E3 into proximity with
specific cellular proteins (Figure 1). The juxtaposition of the E3 complex and target protein
facilitates the processive transfer of ubiquitin from the E3 complex to the target protein, thereby
tagging the protein for degradation via the proteasome.

The prototypical PROTAC, PROTAC-1, exploited the Skp-Cullin-F-box-containing E3
complex (SCF). PROTAC-1 consists of an SCFP -binding phosphopeptide linked to ovalicin, a
small-molecule covalent binder of methionine aminopeptidase-1 (MetAP-2) (Griffith et al. 1997).
Notably, PROTAC-1 was shown to tether MetAP-2 to SCFF-TRCP in cell-free extracts, followed by
the polyubiquitination and degradation of MetAP-2 (Sakamoto et al. 2001). These observations
provided the initial proof of concept that PROTACs could be used to harness the ubiquitin-
proteolysis machinery for the destruction of selected cellular proteins. The facile extension of
this approach was exemplified through the development of estradiol-SCF and dihydroxytestos-
terone (DHT)-SCF PROTAC:, with the estradiol-SCF successfully inducing the degradation
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Figure 1

Proteolysis-targeting chimera (PROTAC)-mediated targeted protein degradation. (#) PROTAC:S are bifunctional molecules composed
of a ubiquitin ligase (E3)-binding moiety (gray triangle) that is connected via a short linker to a target protein-specific ligand (orange
square). Thus, the PROTAC functions as a bridging compound to bring an E3 complex into proximity with the target protein. The
juxtaposition of the E3 complex and the target protein facilitates the processive transfer of ubiquitin from a ubiquitin-conjugating
enzyme (E2) to the target protein, thereby tagging the protein for degradation via the proteasome. After adding ubiquitin to the target
protein, the PROTAC is free to bind to additional target proteins. (5) Structure of the previously published BET protein PROTAC
ARV-825 (Lu etal. 2015).

of estrogen receptor alpha (ERx) in cell-free extracts and the DHT-SCF PROTAC causing
proteasome-dependent degradation of the androgen receptor (AR) following its microinjection
into HEK293 cells (Sakamoto et al. 2003).

The first cell-permeable PROTACs (PROTAC-4 and PROTAC-5) capitalized on the inter-
action between hypoxia-inducible factor-1ac (HIF-1x) and the von Hippel-Lindau E3 (VHL).
VHL mediates the polyubiquitination and degradation of HIF-1c¢, which is a transcription factor
that plays a central role in a cell’s response to hypoxia (Wang et al. 1995, Ohh et al. 2000). The
association of HIF-1a with VHL is mediated by its hydroxylation at proline 564 (P564) (Bruick
& McKnight 2001). PROTAC-4 consists of a HIF-1x-based heptapeptide (pVHL;) that spans
P564 and is known to bind to VHL (Hon et al. 2002); its targeting moiety is the artificial ligand
AP21998 that selectively binds the F36V mutant of FKBP12 (Rollins et al. 2000). Finally, a poly-
D-arginine tag (Argg) was added to the carboxy-terminal portion of pVHL; to facilitate cellular
uptake. Importantly, PROTAC-4 effectively degraded recombinant FKBP12F¢V-GFP protein
when added to intact HelLLa cells (Schneekloth et al. 2004). Likewise, PROTAC-5, which contains
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the pVHL;-Argg peptide linked to DHT, effectively degraded the hybrid protein AR-GFP in
HEK293 (Schneekloth et al. 2004). The utility of VHL-based PROTACs was further exemplified
independently using MetAP-2- and ERa-targeting PROTAC:s that are termed small-molecule
proteolysis inducers (SMPIs). Specifically, Fu-SMPI contains a HIF-1«-derived octapeptide span-
ning P564 (pVHLs) linked to fumagillol, which is a small-molecule covalent ligand of MetAP-2
(Sin et al. 1997). Treatment of A549 lung cancer cells with Fu-SMPI resulted in time-dependent
ubiquitination and degradation of MetAP-2 (Zhang et al. 2004). In the same study, pVHLg-E2-
SMPI caused the complete loss of ERex in intact MCF7 breast cancer cells. Importantly, a mutant
form of pVHLg-E2-SMPI that was unable to bind to VHL did not cause degradation of ER«,
confirming that ER«x degradation is dependent on the ability of the SPMI molecule to bind to
both the target protein and an E3 (Zhang et al. 2004).

Subsequent studies established that PROTAC-mediated protein degradation is associated
with the robust inhibition of downstream signaling cascades. Specifically, PROTACs containing
a HIF-1« pentapeptide (pVHL;) linked to either E2 or DHT were shown to inhibit the prolifer-
ation of hormone-dependent, but not hormone-independent, breast or prostate cancer cell lines,
respectively (Rodriguez-Gonzalez et al. 2008). In addition, treatment of ERo-positive breast
cancer cells with the E2-pVHL; PROTAC resulted in the decreased expression of cyclin D1
and progesterone receptor, as well as dephosphorylation of the retinoblastoma protein (Rb) and
cell cycle arrest in G1 (Rodriguez-Gonzalez et al. 2008). Similarly, the DHT-VHL; PROTAC
caused dephosphorylation of Rb and G1 cell cycle arrest in AR-positive prostate cancer cells
(Rodriguez-Gonzalez et al. 2008). Notably, prolonged exposure of hormone-dependent prostate
cancer cells to the DHT-pVHL; PROTAC resulted in extended growth delay and apoptosis
after G1 arrest, responses that were similar to those obtained following the siRNA-mediated
knockdown of AR (Linja et al. 2001, Zegarra-Moro et al. 2002, Liao et al. 2005, Eder et al.
2007). Finally, the effects of the E2-pVHLs and DHT-pVHL; PROTACs on steroid hormone
signaling were blocked by the addition of competitor steroid hormone, demonstrating the
specificity of the molecular response to PROTACs. These observations clearly showed that the
PROTAC-driven knockdown of steroid receptors silences downstream signaling pathways that
drive the proliferation of breast and prostate cancer cells.

CONDITIONAL PROTEIN DEGRADATION

All the PROTAC:S described above induce protein degradation regardless of the intracellular sig-
naling context (Sakamoto etal. 2001, 2003; Schneekloth etal. 2004; Zhang et al. 2004; Rodriguez-
Gonzalez et al. 2008). In contrast, two early peptide-based PROTACs coupled PROTAC-
mediated degradation to the activation state of a particular signaling pathway by taking advantage
of the ability of phosphotyrosine-binding (PTB) and Src homology 2 (SH2) domain—containing
proteins to bind to specific phosphorylated tyrosine residues (Schlessinger & Lemmon 2003). Ac-
cordingly, two phospho-dependent PROTACs (phosphoPROTACs) were generated that linked
the tyrosine phosphorylation sequences of either the nerve growth factor (NGF) receptor TrkA
or the neuregulin receptor ErbB3 to pVHL; (Hines et al. 2013).

The NGF-induced dimerization of TrkA results in its autotransphosphorylation on specific ty-
rosine residues on its intracellular domain that create a binding site for the PTB domain—containing
protein FRS2«x, with FRS2« then serving as a scaffolding protein to coordinate downstream sig-
naling (Meakin et al. 1999, Ong et al. 2000). The phosphoPROTAC THAPPrero contained a
TrkA-derived decapeptide sequence linked to the pVHL;-Argg peptide. Importantly, the central
tyrosine of the TrkA-derived decapeptide is phosphorylated by TrkA in an NGF-dependent man-
ner (Meakin et al. 1999). Treatment of PC12 cells with T*PPyys, , resulted in NGF-dependent
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phosphorylation of " PPgys,,, followed by a concomitant decrease in FRS2« protein levels.
Concurrent with FRS2 « knockdown, "™ PPpg»« inhibited NGF-induced Erk1/2 activation and
PC12 neuronal differentiation (Hines et al. 2013). Importantly, T* PPrgs,4 only caused FRS2o
degradation following the activation of TrkA, but not of EGFR and IGF-1R, despite the fact
that all three receptors activate the same downstream signaling cascade. The latter observation
underscores the remarkable specificity of phosphoPROTACs.

Neuregulin binding to ErbB3 induces the formation of ErbB2:ErbB3 heterodimers, followed
by the transphosphorylation of ErbB3 and the recruitment of PI3K to ErbB3 via an SH2 domain
on its p85 regulatory subunit (Hellyer et al. 2001). The phosphoPROTAC BB PPyp5i contained a
24—amino acid sequence derived from the PI3K-binding domain of ErbB3 linked to pVHL;-Argg
(Hines etal. 2013). Treatment of MCF-7 cells with ""*B3PPppsk resulted in a neuregulin-dependent
decrease in p85 levels, decreased Aktl activation, and the loss of cell viability, phenotypes that
are consistent with an effective block of PI3K signaling (Hellyer et al. 2001). Notably, daily
subcutaneous administration of **BPPpp5i to athymic mice bearing OVCARS tumor xenografts
resulted in a statistically significant decrease in tumor growth compared to control mice treated
with either vehicle alone or a mutant version of "»PPpp;x that was unable to bind p85 PI3K
(Hines et al. 2013).

THAPPrrsy o and PP PPppsi represented a significant milestone in the development of PRO-
TACs because they demonstrated the feasibility of achieving the conditional degradation of tar-
geted proteins based on the activation state of specific signaling pathways, a degree of specificity
that is not possible with other approaches such as the nucleotide-based or CRISPR technolo-
gies. Although the peptidic nature of phosphoPROTACs will likely prevent their development
as therapeutic agents, they highlight the potential utility of developing state-specific ligands to
generate PROTAC:s designed to selectively inhibit cancer cells that are dependent on the activity
of a specific signaling pathway.

ALL SMALL-MOLECULE-BASED PROTACs

MDM?2 Protein-Based PROTACs

The high molecular weight and labile peptide bonds of the first-generation PROTAC: limit their
broad applicability, especially with regard to their development as novel therapeutics. However,
PROTAC technology was significantly improved through the synthesis and characterization of the
first all small-molecule-based PROTAC, which exploited the E3 activity of MDM2 (Piette et al.
1997). The prototype MDM2-based PROTAC targeted AR by using a highly potent and selective
AR modulator (SARM) (Marhefka et al. 2004) linked to a class of imidazoline derivatives called
nutlins, which bind to MDM2 and disrupt MDM2-p53 interaction (Vassilev et al. 2004). Treat-
ment of intact HeLa cells transiently expressing AR with the SARM-nutlin PROTAC resulted in
marked degradation of AR in a proteasome-dependent manner (Schneekloth et al. 2008).

JAP-Based PROTACs

A second class of fully chemical PROTAC:s exploited the E3 activity of the cellular inhibitor of
apoptosis protein 1 (cIAP1) and was named SNIPER (specific and nongenetic IAP-dependent
protein eraser) (Itoh et al. 2010, Okuhira et al. 2011). An early cIAPI-based PROTAC,
SNIPER(CRABP)-2, consisted of the cIAP1-specific ligand methyl bestatin (MeBS) (Sato et al.
2008, Sekine et al. 2008) linked to all-zrans retinoic acid (ATRA), an endogenous ligand that
binds to cellular retinoic acid-binding proteins (CRABP-I and -II) (Fogh et al. 1993, Donovan
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etal. 1995). Treatment of intact cells with SNIPER(CRABP)-2 resulted in the robust degradation
of CRABP-I and CRABP-II in a cIAP1- and proteasome-dependent manner (Itoh et al. 2010,
Okuhira et al. 2011). Consistent with previous studies implicating CRABPs in tumor cell migra-
tion (Gupta et al. 2006, 2008; Vo & Crowe 1998), SNIPER(CRABP)-2-mediated degradation of
CRABP-II was associated with a dramatic reduction in the migration of human neuroblastoma
cells (Itoh etal. 2010). Thus, as previously demonstrated with the SCF-, VHL-, and MDM2-based
PROTAC s, cIAP-1-based SNIPER molecules caused the robust degradation of target protein and
the concomitant suppression of the appropriate downstream signaling pathway. Furthermore, the
observation that each of the first four E3s attempted were successfully exploited to generate PRO-
TACGCs suggests that a majority, if not all, of E3s can be engaged by PROTAC technology if
appropriate capture ligands are available.

Immunoprecipitation studies demonstrated that SNIPER(CRABP)-2 mediated the formation
of cIAP-1-SNIPER(CRABP)-2-CRABP-II ternary complexes within cells, which is a central tenet
of the mechanism by which PROTAC:s induce the degradation of a target protein (Figure 1).
Specifically, immunoprecipitation of a glutathione S-transferase (GST)-tagged BIR3 domain of
cIAP1 demonstrated the coprecipitation of GST-BIR3 and CRABP-IT in a SNIPER(CRABP)-2-
dependent manner (Itoh et al. 2010), confirming that SNIPER(CRABP)-2 functions as a bridging
compound between CRABP-II and cIAP1. Further confirmation of PROTACs’ ability to drive
the formation of ternary complexes was recently provided through the elucidation of the crystal
structure of a VHL—PROTAC-BRD#4 ternary complex (Gadd et al. 2017).

In addition to inducing the degradation of CRABP-I and CRABP-II, SNIPER(CRABP)-2
also caused the degradation of cIAP1, which is consistent with the observation that MeBS alone is
known to cause autoubiquitination and the proteasome-mediated degradation of cIAP1 (Fogh etal.
1993, Donovan etal. 1995). SNIPER(CRABP)-4 was designed to circumvent this potential liability
by replacing the MeBS component of SNIPER(CRABP)-2 with bestatin methyl amide based on
a previous study demonstrating that bestatin methyl amide binds to cIAP1 without inducing its
degradation (Sekine et al. 2008). Importantly, the treatment of cells with SNIPER(CRABP)-4
caused the sustained degradation of CRABP-II without inducing cIAP1 degradation and resulted
in a more prolonged suppression of CRABP-II than that observed with SNIPER(CRABP)-2
(Okuhira et al. 2011). However, it is important to highlight the fact that subsequent amide-based
SNIPERs targeting ERx (Okuhira et al. 2013) and transforming acidic coiled-coil-containing
protein 3 (TACC3) (Ohoka et al. 2014) caused the concomitant degradation of both cIAP1 and
their respective target proteins. Thus, the incorporation of an amide bond into a SNIPER is not
a universal remedy for the MeBS-induced autoubiquitylation and degradation of cIAP1.

Although cIAP1 was shown to be the primary E3 mediating targeted protein degradation in
SNIPER(CRABP)-2-, SNIPER(CRABP)-4-, and SNIPER(ER)-treated cells (Sekine et al. 2008,
Itoh etal. 2010, Okuhira etal. 2013), the siRNA knockdown of cIAP1 in SNIPER(TACCS3)-treated
cells did not diminish the level of TACC3 protein reduction caused by SNIPER(TACC3) (Ohoka
et al. 2014). Interestingly, the siRNA knockdown of the E3 APC/CCPH!| which is the natural
E3 that mediates TACC3 ubiquitination (Jeng et al. 2009), abrogated the SNIPER(TACC3)-
mediated degradation of TACC3 (Ohoka et al. 2014). Furthermore, the knockdown of CDHI,
the substrate receptor for TACCS3, also abolished the SNIPER(TACC3)-mediated reduction of
TACC3, whereas knockdown of CD20, another substrate receptor in APC/C for other proteins
(Peters 2006), did not affect SNIPER(TACC3)-mediated TACC3 degradation. Interestingly,
SNIPER(TACCS3) was shown to increase the interaction between APC/C®PH! and TACC3, but
notwith other natural substrates. Thus, in contrast to other bestatin-based SNIPER molecules that
hijack cIAP1 to mediate the degradation of their target proteins, SNIPER(TACC3) upregulates
the activity of a natural E3 to degrade its target protein.
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The bestatin-based SNIPERs described above suffer from the fact that their low potency often
requires concentrations in excess of 10 uM (Itoh etal. 2010; Okuhira etal. 2011, 2013; Ohoka etal.
2014). Therefore, alternative SNIPER(CRABP) molecules were generated in which the cIAP1-
selective ligand MeBS was replaced with the pan-IAP antagonist MV1 (Varfolomeev et al. 2007) to
generate SNIPER(CRABP)-6 (Itoh et al. 2012). Notably, SNIPER(CRABP)-6 is approximately
ten times more potent than SNIPER(CRABP)-2 in its ability to degrade CRABP-II and demon-
strated greater antiproliferative and caspase-activating activity in MycN-amplified neuroblastoma
IMR-32 cells compared to SNIPER(CRAB)-2 (Itoh et al. 2012). Although SNIPER(CRABP)-6
was shown to downregulate cIAP1, it was not determined which IAP mediated the degradation
of CRABP-II. However, these data did suggest that SNIPERs containing pan-IAP antagonists as
the E3-capturing moiety have greater potency compared to those that selectively recruit cIAP1.

Recently, the incorporation of the potent SMAC mimetic LCL-161 (Fulda & Vucic 2012,
Infante et al. 2014) as an IAP ligand into SNIPERs resulted in the development of SNIPERs
with nanomolar in vitro potency against several target proteins, as well as the first SNIPER to
demonstrate robust in vivo efficacy (Ohoka etal. 2017). More specifically, SNIPER(ER)-87, which
consists of an LCL-161 derivative linked to 4-hydroxytomixifen (4-OHT) caused potent, rapid,
and sustained degradation of ERo in breast cancer cells. Furthermore, whereas SNIPER(ER)-87
caused marked degradation of cIAP1, it caused only modest degradation of X-linked IAP (XIAP).
Interestingly, although SNIPER(ER)-87 mediated the coprecipitation of ERx with both cIAP1
and XIAP, XTAP was found to be more efficiently recruited to ERx compared to cIAP1, and
siRNA depletion of XIAP, but not depletion of cIAP1, significantly suppressed SNIPER(ER)-
87-mediated degradation of ERe, indicating that XIAP is the primary E3 ligase responsible for
ERo degradation (Ohoka et al. 2017). The involvement of IAPs in SNIPER(ER)-87 was further
confirmed using SNIPER(ER)-143, which retains a high affinity for ER but was unable to bind to
IAP proteins. Notably, SNIPER(ER)-143 did not crosslink ERox to IAPs or cause ERox degrada-
tion (Ohoka et al. 2017). These data provided strong evidence that ternary complex formation is
essential for SNIPER(ER)-87-induced degradation of ERcx. Finally, daily intraperitoneal admin-
istration of SNIPER(ER)-87 to mice resulted in significant concentrations of SNIPER(ER)-87
in the blood and the efficient knockdown of ER« in the mouse ovary and in human breast tumor
xenografts (Ohoka et al. 2017). Importantly, the reduction of ERe in tumor xenografts was ac-
companied by the suppression of tumor growth. Thus, the use of LCL-161 as the E3-capturing
moiety of SNIPER(ER)-87 represented a significant milestone in the development of SNIPERs
because it provided the potency necessary for achieving targeted protein degradation in vivo and
did not cause the autoubiquitination and degradation of XIAP, which, presumably, contributed
significantly to the sustained reduction of ER« levels.

LCL-161 was also used to generate SNIPERs with nanomolar potency against BCR-ABL,
BRD4, and PDE4, which demonstrated the facile extension of the newest generation of SNIPER
molecules (Ohoka et al. 2017).

VHL-Based PROTACs

All small-molecule-based PROTACs exploiting VHL have also been developed. Because hy-
droxylation of HIF-1x P564 is essential for HIF-1a-VHL interaction (Buckley et al. 2012a,b;
Van Molle et al. 2012), the original small-molecule inhibitors of the VHL-HIF-1« interaction
were rationally designed using hydroxyproline as a starting point. The prototype small-molecule
VHL ligands were used to develop PROTACs capable of degrading green fluorescent protein
(GFP)-HaloTag fusions (Buckley et al. 2015). HaloTag is a modified bacterial dehalogenase
that was designed for functional protein analysis through its ability to covalently bind to hexyl
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chloride tags (Los et al. 2008). Treatment of intact cells with HaloPROTAC:s resulted in VHL-
and proteasome-dependent degradation of GFP-HaloTag (Buckley et al. 2015). The most potent
HaloPROTAC caused more than a 90% reduction in HaloTag protein levels and had a DC;s
(half-maximal degradation concentration) of 19 nM, a potency value that highlighted the robust
nature of these early VHL-based PROTAC:S. Interestingly, the HaloPROTACs demonstrated
reduced degradation at higher concentrations, a hook effect phenomenon commonly observed
with ternary complexes in which the presence of high concentrations of binary complexes inhibits
the formation of ternary complexes (Douglass et al. 2013).

An exploration of linker length highlighted the important role that the linker region plays in
PROTAC-mediated protein degradation (Buckley etal. 2015). Specifically, a HaloPROTAC with
three ethylene glycol units caused the highest degree of GFP-HaloTAG degradation (~90%).
In comparison, HaloPROTACs with shorter linkers caused marginal knockdown of the GFP-
HaloTag protein, possibly because the shorter linker lengths were associated with negative coop-
erativity in binding due to sterics preventing the HaloPROTAC:s from simultaneously binding to
both GFP-HaloTag and VHL. Whereas HaloPROTACs with four or five ethylene glycol units
caused marked protein degradation, the degradation was significantly less than that caused by
the HaloPROTAC with only three ethylene glycol units. Furthermore, the HaloPROTACs with
four or five ethylene glycol units had significant autoinhibition at high PROTAC concentrations,
whereas no autoinhibition was observed with the HalloPROTAC containing three ethylene glycol
units, possibly because three ethylene glycol groups resulted in a PROTAC length that maximized
positive cooperativity for the PROTAC’s binding to GFP-HaloTag and VHL (Douglass et al.
2013). The elucidation of a PROTAC-mediated ternary structure between BRD4 and VHL pro-
vided the strongest evidence that PROTACs mediate the cooperative binding between the target
protein and E3 (Gadd et al. 2017). Analysis of this structure revealed that the two heads of the
PROTAC recruited BRD4 and VHL into productive proximity, resulting in the formation of new
protein-protein interactions between the target protein and E3.

Medicinal chemistry efforts led to the identification of second-generation VHL small-molecule
ligands, with the most potent ligand having a K, value of approximately 1 pM (Crews et al. 2013).
These newer VHL ligands were then used to generate PROTAC:s targeting ERRax (PROTAC-
ERRw), RIPK2 (PROTAC-RIPK2), and BRD4 (ARV-771) proteins (Bondeson et al. 2015, Raina
et al. 2016). Treatment of intact cells with PROTAC-ERR«, PROTAC-RIPK2, or ARV-771
caused dose-dependent degradation of their respective target proteins in a VHL- and proteasome-
dependent manner. Notably, PROTAC-RIPK2 and ARV-771 had DC; values less than 2 nM,
whereas PROTAC-ERR« had a DCs value of 100 nM (Bondeson et al. 2015, Raina et al. 2016).
The fact that a PROTAC can have a DCsq value up to two orders of magnitude greater than
its affinity for E3 and the target protein is consistent with PROTACs acting catalytically and
functioning substoichiometrically (Bondeson etal. 2015). Itis likely that the lower cellular potency
of PROTAC-ERR« is due to the fact that its ligand region requires further optimization.

Immunoprecipitation studies demonstrated that PROTAC-RIPK2 mediated the formation
of ternary complexes in intact cells (Bondeson et al. 2015). Specifically, VHL coprecipitated
with RIPK2 in a manner dependent on the dose of PROTAC-RIPK2. Increasing amounts of
VHL were coprecipitated at low doses of PROTAC-RIPK2, and complex formation was re-
duced at high-PROTAC-RIPK2 concentrations. This phenomenon is consistent with negative
cooperativity in binding resulting from increasing concentrations of binary complexes prevent-
ing the formation of ternary complexes. Furthermore, a VHL-based in vitro ubiquitination assay
demonstrated that whereas RIPK2 ubiquitination increased with increasing concentrations of
PROTAC-RIPK2, a decrease in RIPK2 ubiquitination was noted at the highest PROTAC con-
centrations, an observation that is again consistent with the negative cooperativity hypothesis. The
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in vitro ubiquitination assay was also used to confirm that PROTACs caused induced ubiquiti-
nation substoichiometrically, whereby one molecule of PROTAC induces the ubiquitination and
degradation of multiple molecules of target protein. Specifically, 1.0 pmol of PROTAC-RIPK2
was shown to catalyze, on average, the ubiquitination of 2.9 pmol of RIPK2, providing evidence
of the catalytic nature of PROTACs (Bondeson et al. 2015).

Proteomic analysis of cells treated with PROTAC-RIPK2 demonstrated the high specificity
of PROTAC-mediated protein degradation in intact cells. Strikingly, the only proteins effectively
degraded by PROTAC-RIPK?2 out of the 7,000 proteins analyzed were RIPK2 and MAPKAPK3,
despite the fact that the RIPK2 ligand used in PROTAC-RIPK?2 was equipotent for several other
kinases, such as RIPK3, ABL, and TESK (Bondeson et al. 2015). Thus, PROTACs have the poten-
tial to add a degree of selectivity that goes beyond the intrinsic specificity of the targeting ligand.

The best-studied VHL PROTAC: to date target the bromodomain and extraterminal domain
(BET) family of proteins, containing two bromodomains that recognize and interact with acety-
lated lysine residues and an extraterminal domain that is believed to largely serve a scaffolding
function in recruiting diverse transcriptional regulators (Belkina & Denis 2012, Shi & Vakoc
2014). Several studies establish that the BET protein BRD4 is preferentially located at superen-
hancer regions, which often reside upstream of important oncogenes such as c-zyc and Bel-xL
and play a key role in regulating their expression (Chapuy et al. 2013, Lovén et al. 2013). Owing
to its pivotal role in modulating the expression of essential oncogenes, BRD4 has emerged as a
promising therapeutic target in multiple cancer types (French et al. 2008, Delmore et al. 2011,
Mertzetal. 2011, Zuber etal. 2011, Wyce etal. 2013, Asangani et al. 2014, Baratta etal. 2015). In-
deed, the characterization of small-molecule BRD#4 inhibitors, such as JQ1,iBET, and OTX015,
has demonstrated their promising therapeutic potential in preclinical models of various cancers
(Delmore et al. 2011, Mertz et al. 2011, Zuber et al. 2011, Puissant et al. 2013, Wyce et al. 2013,
Asangani et al. 2014, Boi et al. 2015).

The BET PROTAC ARV-771 contains the BET inhibitor JQ1 linked to a second-generation
small-molecule VHL ligand (Raina et al. 2016). ARV-771 degraded BRD2, BRD3, and BRD4 in
prostate cancer cells with single-digit nanomolar potency and had an antiproliferative effect that
was up to 500-fold more potent than BET inhibitors in the same cell lines. Treatment with ARV-
771, butnot with the BET inhibitors, was associated with a significantincrease in apoptotic activity.
In addition, ARV-771 treatment of VCaP prostate cancer cells resulted in lower levels of both full-
length AR and its splice variant AR-V7, whereas BET inhibitors only affected the latter. This find-
ing has potential significance for the treatment of prostate cancer because accumulating evidence
suggests that AR splice variants may mediate castration resistance, in part by heterodimerization
with and activation of FL-AR in an androgen-independent manner (Watson et al. 2010, Cao etal.
2014, Xu etal. 2015). Lastly, and most importantly, subcutaneous administration of ARV-771, but
not oral administration of BET inhibitors, caused the suppression of AR levels, its downstream
signaling, and tumor regression in a prostate cancer mouse xenograft model. Subsequently, ARV-
771 demonstrated a potent and superior antileukemia effect compared to OTX-015 in reducing
the tumor burden in a mouse xenograft model of secondary acute myeloid leukemia, resulting in
improved survival of the mice treated with ARV-771 versus OTX015 (Saenz et al. 2017). The su-
perior efficacy of ARV-771 compared to BET inhibitors was attributed to the ability of ARV-771
to inhibit both BET scaffolding and acetyl-lysine-binding activities rather than just the latter.

Cereblon-Based Targeted Protein Degradation

Thalidomide was approved as a sedative in 1956 but was withdrawn from the market five years
later due to severe teratogenic activity (Bartlett et al. 2004). Subsequently, thalidomide and its
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IMiD (immunomodulatory imide drug) derivatives were approved for the treatment of erythema
nodosum leprosum and multiple myeloma (Bartlett et al. 2004). Mechanism of action studies led to
the identification of cereblon (CRBN), the substrate receptor of the CUL4-RBX1-DDB1-CRBN
(CRLA4CREN) E3 complex, as the molecular target of IMiDs (Ito et al. 2010, Lopez-Girona et al.
2012). Furthermore, the binding of IMiDs to CRL4“REN was shown to inhibit the ubiquitination
of endogenous CRL4REN substrates (Fischer et al. 2014), to redirect the ligase to ubiquitinate,
and to degrade new proteins (Gandhi et al. 2014; Kronke et al. 2014, 2015; Lu et al. 2014). Speci-
fically, thalidomide, lenalidomide, and pomalidomide repurposed CRL4CREN for the degradation
of Tkaros (IKZF1) and Aiolos IKXF3) (Gandhi et al. 2014, Kronke et al. 2014, Lu et al. 2014),
whereas lenalidomide, but not thalidomide or pomalidomide, induced the degradation of CK1x
(Kronke etal. 2015). In addition, the antitumor activity of the recently reported CRBN-modulator
CC-885 was shown to be associated with its ability to mediate the CRBN-dependentubiquitination
and degradation of GSPT1 (Matyskiela et al. 2016). These findings highlight IMiDs as the first
approved drugs whose mechanism of action is dependent on their ability to redirect the UPS to
degrade novel proteins. Despite this noteworthy recognition, the repertoire of target proteins
currently degraded by IMiDs is limited to Ikaros, Aiolos, CKle, and GSPT1. However, the
inclusion of IMiDs as targeting agents in the generation of PROTAC:s has expanded the repertoire
of IMiD target proteins. Specifically, IMiD-based PROTAC:s targeting BET proteins (Bai et al.
2017, Lu etal. 2015, Winter et al. 2015), FKBP12 (Winter et al. 2015), and BCR-ABL (Lai et al.
2016) have been reported.

Three distinct IMiD-based BET PROTAC:s have been reported: dBET1 consists of JQ1 linked
to thalidomide, ARV-825 consists of OTX015 linked to pomalidomide, and BETd-246 consists
of BETi-211 linked to thalidomide. The treatment of intact cells demonstrated that the BET
PROTAGC:S caused rapid and robust degradation of BRD2/3/4 in a CRBN- and proteasome-
dependent manner (Lu et al. 2015, Winter et al. 2015). Consistent with the striking specificity
reported for PROTAC-RIPK2 (Bondeson et al. 2015), the BET PROTACs dBET1 and BETd-
246 degraded only BRD2, BRD3, and BRD4 out of the 5,000-7,000 proteins analyzed in two
separate proteomic studies (Winter et al. 2015, Bai et al. 2017). Furthermore, a comparison of
BETd-246 and BET-211 demonstrated that the two molecules caused distinct transcriptional
responses in cells, with several proliferation and survival-related genes being suppressed following
BET degradation, but either unaffected or upregulated by BET inhibition (Bai et al. 2017). For
example, BETd-246 caused a marked decrease in the level of the antiapoptotic protein Mcll,
whereas BETi-211 did not downregulate this protein (Bai etal. 2017). Importantly, RNAi silencing
of Mcll enhanced the apoptotic activity of BETi-211, whereas forced expression of Mcll reduced
the apoptotic effect of BETd-246. Finally, comparisons of BET protein degraders and inhibitors
demonstrated that dBET1, ARV-825, and BETd-246 were more potent in growth inhibition
and apoptosis induction in vitro compared to their corresponding BET inhibitor (Lu et al. 2015,
Winter et al. 2015, Bai et al. 2017). As previously discussed for the VHL-based BET PROTAC
ARV-771, the differential response of BET degraders and BET inhibitors is likely due to the
ability of the BET degraders to inhibit both BET protein’s scaffolding and acetyl-lysine binding
activities.

Daily intraperitoneal delivery of dBET1 in mice with established human MV4-11 tumor
xenografts resulted in the marked knockdown of BRD#4 and significant inhibition of tumor growth
and established dBET'1 as the first IMiD-based PROTAC to demonstrate in vivo activity (Winter
et al. 2015). More recently, BETd-260, a close analog of BETd-246 but with improved phar-
macokinetic properties, was shown to effectively reduce BET protein levels in mouse xenograft
tissue and to cause significant tumor growth inhibition (Bai et al. 2017). The ability of BETd-260
to suppress tumor growth in vivo following intravenous administration represented a significant
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milestone in the development of PROTAC:S, as it is the first reported example of a PROTAC
being delivered to animals using a clinically acceptable route of administration.

Our lab recently developed BCR-ABL targeting PROTACs by conjugating BCR-ABL small-
molecule inhibitors (Mughal et al. 2013) to either a VHL or CRBN ligand. Interestingly, this
effort succeeded in degrading both BCR-ABL and c-ABL proteins using PROTACs in which
either dasatinib or bosutinib was linked to CRBN but not to VHL (Lai et al. 2016). Although the
dasatinib-VHL PROTAC failed to degrade BCR-ABL, it did successfully degrade c-ABL. Impor-
tantly, all PROTACs were shown to bind and inhibit BCR-ABL and c-ABL in cells, irrespective
of their degradation activity (Lai et al. 2016). In a separate but related study, a cIAP1-based
SNIPER was generated that successfully degraded BCR-ABL (Demizu et al. 2016). Thus, the
choice of both the targeting ligand and the recruited E3 can influence the successful development of
PROTAC:.

HYDROPHOBIC TAG-INDUCED PROTEIN DEGRADATION

As newly translated polypeptides are properly folded, their hydrophobic residues are buried within
the protein’s core (Lins & Brasseur 1995). Accordingly, because the cell views high surface hy-
drophobicity as a sign of an improperly folded protein, chaperone proteins bind to hydrophobic
residues located on the surface of a protein and direct the protein to the UPS for elimination
(Kubota 2009).

Fulvestrant is a 173-esterdiol analog that was generated by replacing the amide moiety of the
7o side chain with other polar groups and fluorination of the terminal alkyl function (Bowler
et al. 1989). Binding fulvestrant to ERo induces a conformation that leads to an increase in ERox
surface hydrophobicity and, subsequently, to ERa degradation (Wu et al. 2005). Furthermore,
fulvestrant-induced ER« degradation was shown to block ligand-independent activation of the
receptor, which is an activity that is not affected by tamoxifen (Wittmann et al. 2007). Based
on its efficacy in ERa-positive metastatic breast cancer, fulvestrant gained US Food and Drug
Administration approval in 2002.

Following the successful development of fulvestrant as a therapy that mediates the degradation
of ER«, our lab initiated efforts to develop a small-molecule-based technology aimed at increasing
the surface hydrophobicity of target proteins to induce their degradation. The feasibility of the
approach was demonstrated by fusing the small-molecule hydrophobic moiety adamantine to the
HaloTag haloalkane reactive linker (Los et al. 2008), with the resulting hydrophobic tag (HyT)
then used to effectively mediate the degradation of HaloTag fusion proteins in intact cells and
in vivo (Neklesa et al. 2011). Subsequently, additional adamantine-based HyT molecules were
generated and shown to induce the degradation of erbB3/Her3 (Xie et al. 2014, Lim et al. 2015)
and AR (Gustafson etal. 2015). Furthermore, the activity of the ATP-dependent chaperone HSP70
was shown to be required for the degradation of the adamantine-tagged proteins (Neklesa et al.
2011, Xie et al. 2014, Gustafson et al. 2015), which is consistent with the mechanism by which
the UPS is known to degrade misfolded proteins (Kubota 2009).

HyT molecules were also reported in which protein degradation was induced by targeting li-
gands linked to tert-butyloxycarbonyl-protected arginine (B;A) (Long et al. 2012, Shi et al. 2016).
Specifically, ethacrynic acid-linked B;A induced the degradation of its target protein GST-«1 as
well as GST-a1-EGFP fusion proteins and endogenous GST-7 in cells and lysates. Similarly,
trimethoprim-linked B;A induced the degradation of its target, Escherichia coli DHFR (eDHFR),
as well as eDHFR-EGFP fusion proteins. The observation that the B;A ligands could decrease the
level of their target proteins in the presence of the translation inhibitor cycloheximide confirmed
that the B;A tag induced degradation. Interestingly, B;A-HyT-induced protein degradation
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neither involved the ubiquitination of the target protein nor used an ATP-dependent chaperone
to direct the tagged protein to proteasome. Instead, the B;A ligand mediated protein degradation
by binding directly to the 20S proteasome (Shi et al. 2016).

Despite the successful development of fulvestrant as a targeted protein degradation therapy,
the development of additional HyT therapeutics may be problematic because HyT molecules
tend to have poor pharmacokinetic properties and relatively low cellular potencies (>1 pM).

FUTURE DIRECTIONS

The encouraging data reported for PROTAC-mediated protein degradation have led to the cre-
ation of three companies focused on advancing this promising technology: Arvinas in 2013 (New
Haven, Connecticut), MedSyn Biopharma in 2015 (Ann Arbor, Michigan), and C4 Therapeutics
in 2016 (Cambridge, Massachusetts). In addition, larger pharmaceutical companies have also be-
gun to make significant investments in the technology (Bus. Wire 2016, Carroll 2015, Garde 2015,
Taylor 2016). Despite their great promise, the full potential of PROTAGC: is largely untapped.
Key areas for continued development include (#) expanding the druggable proteome, (4) exploring
drug specificity, and (¢) improving pharmacokinetic properties.

Expanding the Druggable Proteome

All the PROTAC:s discussed in this review (see Supplemental Table 1) target proteins that
are members of the druggable proteome in that their activity is susceptible to suppression by
small-molecule inhibitors, which often achieve their activity by competing with an endogenous
small molecule, e.g., ATP, for a binding site on a protein. Unfortunately, only 10-14% of human
proteins are predicted to be druggable (Russ & Lampel 2005). Because of their competitive mode
of action, small-molecule inhibitors require high potency, as well as high and sustained systemic
exposure, which often leads to off-target toxicity and suboptimal efficacy. In contrast, the catalytic
nature of PROTAC:S is expected to require lower drug exposure to achieve efficacy and shorter
drug-exposure times, which could improve toxicity profiles. Thus, the conversion of failed small-
molecule drugs into PROTAC: could provide a mechanism to increase the number of approved
drugs.

PROTAGC: could have their greatest impact on the development of molecules capable of de-
grading the undruggable proteome. The ability to degrade transcription factors, scaffolding pro-
teins, and other proteins without an enzymatic function would greatly expand the druggable
proteome. The recently described Tau-targeting PROTAC THO06 is an example of a PROTAC
that targets an undruggable protein (Chu et al. 2016). However, the fact that it is a fully peptidyl
PROTAC will likely prevent its development as a therapeutic. Employment of DNA-encoded
chemical libraries coupled to selection-based screens (Kleiner et al. 2011) could provide an ef-
fective method for identifying ligands that bind to specific undruggable proteins. The modular
nature of PROTACs would then allow the rapid conversion of these ligands into fully chemical
protein degraders and thereby render the undruggable proteome susceptible to therapeutic inter-
vention. Furthermore, the elucidation of a ligase-PROTAC-target ternary structure highlighted
the power of using the rational design of PROTACs (Gadd et al. 2017). This approach could
be especially important in the design of PROTACs using targeting ligands with weak binding
affinities. Furthermore, proximity AlphalLISA assays can be developed to monitor ternary com-
plex formation (Gadd et al. 2017). Similar assays could be used to assist in the development of
PROTAC: targeting the undruggable proteome.
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Exploring Drug Specificity

Our lab reported that PROTAC-RIPK2 had greater degradation specificity than its promiscuous
targeting ligand would have suggested (Bondeson et al. 2015). This specificity probably arose
because PROTAC-RIPK?2 promoted a more stable RIPK? ternary complex than it did for other
proteins that bound with similar affinity to its targeting ligand. The application of molecular
modeling coupled to the use of AlphalLISA-based ternary complex assays could be used to optimize
the desired specificity during PROTAC development. In fact, such an approach was recently used
to generate a JQ1-based PROTAC with increased degradation activity for BRD4 compared to
other BET proteins (Gadd et al. 2017). Furthermore, because our lab has observed that the use of
different E3 ligases impacts PROTAC specificity (Lai et al. 2016), a more thorough exploration
of this finding is warranted. Towards this end, E3-focused small-molecule screens have already
identified candidate ligands that can be used as recruiting ligands (Aghajan et al. 2010, Orlicky
etal. 2010, Chan et al. 2013, Maculins et al. 2016). However, this is still a largely untapped area
of research, as evidenced by the fact that only 5 out of the more than 600 human E3s (Metzger
et al. 2012) have reportedly been used to generate PROTACs. Thus, expanded screening efforts
to identify additional targeting ligands are needed. Finally, the characterization of the expression
profile of E3s could lead to the identification of tissue- or disease-specific E3s that could then be
used to achieve tissue- or disease-specific protein degradation. The idea of using PROTAC: to
add a degree of selectivity not achievable with small-molecule inhibitors further strengthens the
allure of PROTAC: as potential therapeutic agents.

Improving Pharmacokinetic Properties

PROTAC:s are not considered to be typical small molecules because they do not conform to Lipin-
ski’s rule of five, which is a rule of thumb used to determine if a compound possesses the properties
of an orally active drug in humans (Lipinski et al. 1997). In fact, none of the four PROTACs with
reported in vivo activity were administered orally, and only one (BETd-620) was administered
using a clinically viable route of administration (Winter et al. 2015, Raina et al. 2016, Bai et al.
2017, Ohoka et al. 2017). PROTACS’ relatively large size (typically 700-1,100 Da) provides nu-
merous sites for metabolic attack. Although the high potency that PROTACs have demonstrated
in cellular assays and the marked efficacy observed in in vivo xenograft studies are encouraging,
continued medicinal chemistry efforts coupled to drug metabolism and pharmacokinetic studies
will be required to improve the drug-like properties of PROTAC:s.
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