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Abstract

Using PROteolysis TArgeting Chimeras (PROTACS) to degrade proteins that are important for
tumorigenesis has emerged as a potential therapeutic strategy for cancer. PROTACS are
heterobifunctional molecules consisting of one ligand for binding to a protein of interest (POI) and
another to an E3 ubiquitin (E3) ligase, connected via a linker. PROTACS recruit the E3 ligase to
the POI and cause proximity-induced ubiquitination and degradation of the POI by the ubiquitin
proteasome system (UPS). PROTACs have been developed to degrade a variety of cancer targets
with unprecedented efficacy against a multitude of tumor types. To date, most of the PROTACs
developed have utilized ligands to recruit E3 ligases that are ubiquitously expressed in both tumor
and normal tissues. These PROTACs can cause on-target toxicities if the POIs are not tumor-
specific. Therefore, identifying and recruiting the E3 ligases that are enriched in tumors with
minimal expression in normal tissues holds the potential to develop tumor-specific/selective
PROTAC:S. In this review, we will discuss the potential of PROTACS to become anticancer
therapeutics, chemical and bioinformatics approaches for PROTAC design, and safety concerns
with a special focus on the development of tumor-specific/selective PROTACS. In addition, the
identification of tumor types in terms of solid versus hematological malignancies that can be best
targeted with PROTAC approach will be briefly discussed.
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Introduction

PROTAC:S are heterobifunctional molecules consisting of two different ligands, of which one
is for binding to a POl and another to an E3 ligase. These two ligands are connected via a
linker. PROTAC:S hijack the UPS to induce ubiquitination and degradation of the POI by
bringing it to close proximity to the E3 ligase (Fig. 1). PROTACS are potentially
advantageous as compared to traditional small molecule inhibitors (SMIs). First, pertaining
to its unique mechanism of action i.e. an event-driven pharmacology, a PROTAC molecule is
capable of catalyzing the degradation of multiple POl molecules. Due to this catalytic mode
of action, PROTACs are required at significantly lower concentrations than SMls to elicit a
desired pharmacological effect, which may reduce the toxicities of SMIs. Another advantage
of PROTACSs over SMls is that PROTACS can target undruggable proteins such as
transcription factors (TFs). For example, the PROTACS targeting STAT3, a largely
undruggable TF, have been recently reported [1, 2]. Additionally, PROTACSs can be used to
overcome drug resistance resulting from mutations of a POI. For example, PROTACs
targeting mutated forms of proteins such as the mutants of BCR-ABL [3], receptor tyrosine
kinases (RTKSs) [4], estrogen receptor alpha (ERa) [5] and Bruton’s tyrosine kinase (BTK)
[6] have been reported. Furthermore, PROTACS can overcome resistance to SMIs resulting
from target upregulation by degrading the target. For example, androgen receptor (AR)
degraders have been shown to overcome the resistance developed to AR antagonist
enzalutamide during prostate cancer treatment [7].

The field of PROTAC research is still relatively new but has been witnessing rapid
developments (Fig. 2). The first PROTAC, which was developed by Sakamoto et al. [8] to
target methionine aminopeptidase-2 (MetAP-2), was based on a phosphopeptide, but not a
small molecule. Two years later, PROTACS targeting ER and AR in breast cancer and
prostate cancer, respectively, were reported by Craig Crews’ group [9]. This was followed by
the development of the first cell permeable PROTAC consisting of a hydroxypeptide moiety
of hypoxia-inducible factor (HIF)-1a targeting FKBP12 and AR [10]. It took another four
years before the first small molecule-based PROTAC, which utilizes Nutlin-3a as mouse
double minute 2 homolog (MDMZ2) E3 ligase ligand to recruit MDM2 to AR, was developed
[11]. Soon after, Hashimoto’s and Naito’s groups discovered degraders of cellular retinoic
acid binding proteins (CRABPS) 1 and 2 that are based on inhibitor of apoptosis proteins
(IAPs) E3 ligases, which they named specific and non-genetic IAP-dependent protein
erasers (SNIPERs) [12]. This was followed by the discovery of several other potent
SNIPERs against different targets [13, 14, 15, 16, 17, 18, 19]. However, the PROTAC field
witnessed a transformation after the discoveries of thalidomide, an immunomodulatory
imide drug (IMiD), as a ligand of the cereblon (CRBN) E3 ligase in 2010 [ref 20], and
development of the small molecule von-Hippel Lindau (VHL) ligands by Crews’ group in
2012 [ref 21]. These ligands have been widely and successfully used to develop CRBN- and
VHL-based PROTACS since four key research articles on PROTACs were published by the
research groups of Bradner, Ciulli and Crews [22, 23, 24, 25].

The researchers have employed several creative approaches to advance the PROTAC field in
the recent past. This includes the development of Homo-PROTACS that can induce E3 ligase
self-degradation (e.g., the Homo-PROTACS targeting VHL or CRBN E3 ligases) (Fig. 1b)
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[26, 27], and light-controllable PROTACS, termed as photo-PROTACS or opto-PROTACS or
simply PHOTACs, whose activity can be controlled by UV or visible light (Fig. 1c) [28, 29,
30, 31]. Researchers from Promega Corporation have developed some powerful biophysical
technologies to help understand unprecedented modes of PROTAC action [32, 33]. Recently,
we reported the first use of PROTAC technology to selectively target anti-apoptotic BCL-X|
protein in tumor cells with reduced platelet toxicity by employing VHL or CRBN E3 ligases
that are minimally expressed in platelets [34, 35, 36]. More recently, the macrocyclic
PROTACS to enhance the selectivity between homologous proteins, e.g., the bromodomain
proteins, have been reported by Ciulli’s group [37]. In this review, we will discuss the
advantages and limitations of currently used E3 ligase ligands for PROTAC development
and safety considerations. In particular, we will discuss the possibility of developing tumor-
specific/selective PROTACS by utilizing tissue-specific and tumor-selective E3 ligases.
Finally, we will touch on the relative efficacy of PROTACs in solid versus hematological
cancers and the future of PROTACs as promising cancer therapeutics.

E3 ligases exploited to design PROTACs

More than 600 E3 ligases have been discovered in the human genome of which only few
have been exploited for the PROTAC design. Mainly ligands of CRBN, VHL, MDM2, 1APs,
DCAF15, DCAF16, RNF4 and RNF114 E3 ligases have been used for PROTAC
development against various cancer targets (Table 1). PROTACs based on each of these E3
ligases have their advantages and disadvantages. As discussed above, the first generation of
PROTAC:S utilized a peptide moiety against an E3 ligase and subsequently small-molecule-
based PROTACs were developed. Here we will discuss small-molecule-based PROTACS or
protein degraders generated with some of these widely used E3 ligase ligands.

MDM2-based PROTACSs:

The first MDM2-based PROTAC utilizing Nutlin-3a as an MDM2 ligand and non-steroidal
selective androgen receptor modulator (SARM) as the ligand for AR was developed to
degrade AR [11]. PROTACs based on MDM2 are advantageous because MDM2 acts as an
oncogene by suppressing the activity of the tumor suppressor p53. The binding of a
PROTAC to MDM2 can stabilize the p53 protein in p53-wild type tumors, at the same time
inducing the degradation of its target. Recently, Crews’ group has demonstrated that a
MDM2-based PROTAC targeting bromodomain-containing protein 4 (BRD4), named
A1874, shows superior efficacy versus the corresponding VHL-based PROTAC utilizing the
same ligand for the POI in the wild-type p53-harboring colon cancer HCT116 cell line. This
is because A1874 simultaneously stabilizes the p53 protein and targets BRD4 for
degradation [38]. Another MDM2-targeted PROTAC based on a niraparib derivative (PARP1
ligand) and a nutlin-3 derivative has been reported, which induces poly (ADP) ribose
polymerase 1 (PARP1) degradation leading to apoptosis induction in MDA-MB-231 human
breast cancer cells [39]. Moreover, the PROTACs targeting MDM2 for degradation have also
been reported [40]. These PROTACs have been shown to be highly efficient in degrading
MDM2, leading to potent growth inhibition of human B-cell acute lymphoblastic leukemia
(B-ALL) RS4;11 cells both in culture and in mice [40].
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IAP-based protein degraders:

The 1AP family of proteins are negative regulators of apoptosis and are comprised of eight
different members. Among them clAP1, clAP2 and XIAP are the best known. Due to the E3
ligase activity of AP proteins, their inhibitors have been exploited to develop protein
degraders. Hashimoto’s and Naito’s groups discovered the first | AP-based protein degraders
or SNIPERs using methyl bestatin (MeBS) as an AP ligand targeting CRABP-1/2.
However, in addition to degrading its target protein, these SNIPERs also induced auto-
ubiquitination and subsequent degradation of clAP1 [ref 12]. To overcome this auto-
ubiquitination, they replaced the ester group with amide group at the linker attachment site
of MeBS, resulting in the generation of SNIPERs that degraded CRABP-2 only without any
effect on clAP1 [41]. Subsequently, Naito’s group reported several other SNIPERS against
different targets such as ERa. [13, 14], BCR-ABL [15, 16], AR [17], BRD4 [ref 18] and
TACC3 [ref 19]. The SNIPERs/IAP-based PROTACS could be advantageous in the sense
that they can exert more potent antitumor effects by simultaneously degrading 1APs and
target proteins because some tumor cells upregulate 1APs to evade apoptosis.

VHL-based PROTACS:

All small molecule VHL-based PROTACs came into existence after the discovery of the
VHL ligands by Crews’ group in 2012 [refs 21, 42]. Thereafter, the Crews group reported
the first small molecule VHL-based PROTACS targeting estrogen receptor-related receptor a
(ERRa) and receptor-interacting serine/threonine protein kinase 2 (RIPK2) [ref 24]. The
VHL-based BRD4 PROTAC, named MZ1, developed by Ciulli’s group utilized JQ1 as
BRD4 ligand. Though JQ1 inhibits BRD2, 3 and 4, after being converted to a PROTAC,
MZ1 became a selective BRD4 degrader [23]. Later, Ciulli’s group reported a more potent
VHL-based BRD4 degrader, named AT1 [ref 43]. Subsequently, PROTACs targeting various
proteins in tumor cells have been designed based on the VHL ligands [4, 44, 45, 46, 47, 48,
49, 50, 51, 52]. Ciulli’s group reported the first proof-of-concept of Homo-PROTACS that
dimerize VHL molecules leading to its self-degradation [26]. Recently, we converted a dual
inhibitor of BCL-X| and BCL-2, named ABT263 (or navitoclax), into selective VHL-based
BCL-X_ PROTACSs, which provides further evidence that promiscuous inhibitors can be
converted into target-specific PROTACS [35, 36]. A major advantage of VHL-based
PROTAGC:S is their target-specificity [44, 53]. Moreover, the VHL-based PROTACs may have
better tumor-selectivity as compared to PROTACs based on other E3 ligases like IAP for
certain targets. For example, we have shown that VHL is differentially expressed between
tumor cells and platelets, which helped us to design platelet-sparing BCL-X; PROTACs [35,
36]. Recently, Wang’s group reported the development of highly potent AR degraders (DCsgq
= 0.2-1 nM in prostate cancer cells) by utilizing weak affinity VHL ligands (binding affinity
in the micromolar range) [54]. This study suggests that the binding affinity of VHL ligands
does not need to be very high to develop potent PROTACs. This is because a PROTAC
employing a weak binding ligand to a VHL protein and high binding ligand to a target
protein is capable to forming ternary complex with the target protein and VHL E3 ligase. On
the other hand, VHL-based PROTACs also have some drawbacks. For example, VHL is a
tumor suppressor protein, which is frequently mutated in several tumor cells such as clear
cell renal cell carcinomas or kidney cancer [55, 56]. Therefore, VHL-based PROTACs
cannot be used to treat kidney cancer with mutation or deletion in VHL gene. Also, careful
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optimization of dosing is needed to avoid tumor suppressor function of VHL when using
VHL-based PROTACs. Another drawback associated with the VHL-based PROTACS is their
high molecular weights, which makes it challenging to develop orally bioavailable
PROTACS.

CRBN-based PROTACs:

Since the discovery of CRBN as the target of IMiD drugs i.e., thalidomide, lenalidomide and
pomalidomide [20], many CRBN-based PROTACs against numerous targets have been
developed. The first CRBN-based PROTACS targeting the bromodomain and extra-terminal
(BET) proteins or FK506 binding protein 12 (FKBP12) were reported by Bradner’s group in
2015 [ref 25]. The BET-targeting PROTAC, named dBET1, utilizing JQ1 as the BRD ligand,
induced degradation of BRD2, BRD3 and BRD4. In the same year, another CRBN-based
BET targeting PROTAC, named ARV-825, was made by Crews’ group, which selectively
induced BRD4 degradation in Burkitt’s lymphoma cells [22]. Subsequently, several CRBN-
based PROTACS targeting cyclin-dependent kinases (CDKSs) [57, 58, 59], BTK [60, 61],
epigenetic erasers (SIRT2 and HDACS6) [refs 62, 63, 64], epigenetic writers (PCAF/GCNS5)
[ref 65], BCL6 [ref 66] and STAT3 [refs 1, 2] have been reported by different groups.
Moreover, the Homo-PROTACs designed by linking two molecules of pomalidomide where
CRBN acts as both an E3 ligase and a target [27, 67], and CRBN-VHL hetero-dimerizing
PROTAC: [68] targeting CRBN have been reported. Interestingly, these hetero-dimerizing
PROTACS preferentially degrade CRBN and could only induce mild degradation of VHL
[68]. In general, CRBN-based PROTACs may degrade a broader range of targets compared
with VHL-based PROTACSs. For example, using the same BCR-ABL ligands, the CRBN-
based PROTACs degraded both BCR-ABL and c-ABL, whereas VHL-based PROTACs
could only degrade c-ABL [44]. Similarly, using the same promiscuous kinase inhibitor as a
warhead, the CRBN-based PROTAC degrades more kinases than the VHL-based PROTAC
[53]. This may be because the protein-binding surface of CRBN is much larger than that of
VHL, so CRBN is expected to contribute more in forming the ternary complex than is
necessary for triggering ubiquitination, which results in broader target adaptation of CRBN
compared with VHL. Since CRBN is ubiquitously expressed in tumor cells and normal cells,
therefore the PROTACs based on CRBN have a lesser chance of being tissue-selective. The
advantage with CRBN-based PROTAC:S is their relatively lower molecular weight than
VHL-based PROTACS, and thus it is more feasible to develop orally bioavailable PROTACs
using a CRBN ligand.

PROTACSs based on other E3 ligases:

In addition to the above four E3 ligases that have been commonly exploited for PROTAC
design, other E3 ligases belonging to the DCAF family (DCAF15 and DCAF16) and RNF
family (RNF4 and RNF114) have the potential to be used for protein degradation because of
the recent discoveries of ligands for these E3 ligases. For example, indisulam, a sulfonamide
class of drug, exerts its cytotoxicity in numerous leukemia and lymphoma cell lines by
recruiting DCAF15 to degrade the RNA binding motif protein 39 (RBM39) [ref 69].
Although indisulam acts as molecular glue to degrade RBM39, it has the potential to be used
as a DCAF15 ligand to generate PROTACSs for other POIs. In addition, a PROTAC that
targets nuclear FKBP12 for degradation by engaging DCAF16 has been reported [70].
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Furthermore, covalent ligands for RNF4 and RNF114 have been identified recently and have
been used to generate PROTACS targeting BRD4 [refs 71, 72]. The other E3 ligases that can
potentially be recruited to degrade a target may include p-TRCP and KEAP1 E3 ligases. In
fact, the first PROTAC design was based on a B-TRCP E3 ligase utilizing a phosphopeptide
moiety as a B-TRCP binder [8]. A peptide-based PROTAC which recruits the KEAP1 E3
ligase to degrade Tau protein demonstrates the potential of PROTAC technology to treat
neurodegenerative disorders such as Alzheimer’s disease [73].

3. Considerations for PROTAC optimization

PROTAC:s are bifunctional small molecules that bind both E3 ligases and POIs. Despite the
rapid progress in this field, the discovery and optimization of PROTACSs are still laborious.
For example, it is quite challenging to predict which E3 ligase is the best suitable to target a
specific POI. A common practice is to exhaust all the E3 ligases that could possibly be used
to develop PROTACSs. However, in some cases, preliminary experimental data may suggest
that a certain E3 ligase-target POI pair is incompatible. However, further investigation
proves contrary to the previous conclusion [74]. In addition, high binary binding affinities
are not necessarily needed to result in efficient degradation of a target protein [53],
indicating the difficulty in predicting the best ligand of a POI to be used for PROTAC
construction without preliminary experimental data. Furthermore, the selection of a linker
tethering site on the ligands of a POI can be challenging, even when co-crystal structures of
a specific ligand with the POI are available. It has been well documented that PROTACs
derived from different ligand tethering sites could have significantly different potency and
selectivity profiles [74, 75, 76].

Several key components can be fine-tuned to improve PROTAC-mediated protein
degradation. Among them, linkerology probably plays the most critical role in both the
biological and physicochemical properties of PROTACS. First, the linker length needs to be
optimized. If a linker is too short, it may result in steric clash to disrupt ternary complex
formation and reduce the ability of a PROTAC to degrade its target. If a linker is too long, it
can increase the relative motility of the two heads of a PROTAC and decrease the association
constant of E3 ligase binding to POI, thus reducing the stability of the ternary complex. The
latter can also increase the molecular weight and potentially reduce its cell permeability.
There are several frequently used linker types in PROTAC design. The initial explorations
are usually started with flexible linkers such as polyethylene glycol (PEG) or polymethylene
chains. The introduction of a hydrophilic PEG-containing linker can improve water
solubility. Replacement of PEG linkers with other oxygen-containing chains might further
alter the protein degradation profile. Potentially, the oxygen atom(s) may interact with
residues at the ternary binding interface thus increasing positive cooperativity [43].
Polymethylene linkers are also frequently used to generate PROTACS for a variety of targets
and several of them have achieved respectful /n vivo activities, indicating appropriate
pharmacokinetic properties can be achieved with these linkers [1, 35]. Besides, ‘click
chemistry’ based on copper-catalyzed azide-alkyne cycloaddition (CUAAC) and the Diels-
Alder (DA) reaction have been applied in PROTAC preparation [76]. The resulting
PROTACs with heterocycle-containing linkers allow fast validation of degradation
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capability. This technique also enables protein degradation by self-assembly of active
PROTACSs in live cells [77].

Increasing the rigidity of the linker unit is an effective way to improve the pharmacokinetic
properties and oral bioavailability of PROTACSs. Proper rigidity in the linker unit can also
constrain a PROTAC in its bioactive conformation, which may lead to improved protein
degradation [50, 54]. Aromatic, heterocyclic, and macrocyclic linker structures have been
reported to minimize unfavorable conformations [37, 78]. Hydrophilic motifs such as
piperazine hold the potential to improve water solubility and balance lipophilicity [50].
However, the discovery of an optimal rigid linker can be very challenging without the co-
crystal structure of ternary complex. With the VCB: PROTAC: SMARCA2BD co-crystal
structure in hand, Farnaby et al. gained insights into the PPI interface, which guided their
linker design and facilitated their PROTAC optimization. For example, they replaced the
PEG unit of a lead PROTAC targeting SMARCA2 with a phenyl ring, which recapitulated
the geometry of the more flexible linker and formed an additional T-stack interaction to Y98
of VHL [78]. Testa et al. analyzed the crystal structure of the BRD4: MZ1: VHL ternary
complex and rationally designed a macrocyclic-containing PROTAC with a decent BRD4
degradation activity [37].

The linker tethering sites on both the POI ligand and E3 ligase ligand could significantly
affect binary binding affinity, ternary complex conformation, as well as the physiochemical
and pharmacokinetic properties of the PROTACs. Similar effects can be derived from
modifying the linkages, the structural moieties that connect the POI ligand and E3 ligase
ligand to the linker unit. Amide bonds, ether bonds, alkylamines, carbon-carbon single
bonds, and carbon-carbon triple bonds are frequently used as linkage in various PROTACS.
Given a fine-tuned linker, minor changes on the POI warhead or E3 ligand portion may
further improve the protein degradation efficacy. Again, a better binary binding cannot
secure improved protein degradation. For example, a PROTAC with weak binding affinity
against VHL resulted in the highly potent and efficient degradation of AR [54]. Indeed,
PROTAC-mediated cellular activities are regulated by multiple factors including E3 activity,
target capability, binary and ternary binding affinity, cooperativity, cell permeability,
compound solubility, and stability.

4. Pros and Cons of PROTACs

As discussed above, PROTACs have several advantages over conventional SMIs pertaining
to their unique mechanism of action. The main advantages are their catalytic mode of action,
high selectivity, potential to target undruggable proteins, and the capacity to overcome
resistance from SMis by targeting mutated proteins. Moreover, it is possible to achieve
tumor-specific/selective degradation of a target protein with PROTACS by using ligands for
tissue-specific and/or tumor-selective E3 ligases. Due to these properties, PROTACS avoid
many side effects and limitations of SMIs. However, there are still some safety concerns
associated with PROTACS, which need to be taken into consideration before advocating for
their clinical translation. These Pros and Cons of PROTACS in comparison to SMIs are
summarized in Table 2. The safety challenges associated with PROTACs have recently been
reviewed in greater detail by Moreau and colleagues [79]. In general, the toxicities
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associated with PROTACSs can be broadly categorized into on-target and off-target toxicities.
We will discuss these two types of toxicities associated with PROTACSs and potential
strategies to overcome these toxicities in the following paragraphs.

The on-target toxicities induced by PROTACs are mainly due to the following three reasons.
First, some proteins such as kinases have not only enzymatic functions but also scaffold
functions. The latter may be essential for normal cellular functions in certain cells. In
contrary to SMIs which only block enzymatic function, complete protein degradation with
PROTACS can block both enzymatic activity as well as also remove the scaffolding function
of such proteins and the latter may sometimes have undesirable consequences. However,
removing the scaffolding function of some proteins with a PROTAC can be beneficial in
certain conditions. For example, an interleukin-1 receptor-associated kinase 4 (IRAK4)
PROTAC has been shown to be more therapeutically relevant compared to IRAK4 inhibitors
in part by removing the scaffolding signaling mediated by IRAK4 [52]. Similarly, a FAK
degrader was proven to be beneficial by inhibiting its non-enzymatic function [49]. Second,
SMis rarely completely inhibit the functions of their targets while potent PROTACS can
nearly completely deplete their targets. An incomplete inhibition of certain proteins with
SMIs may be tolerable, while complete depletion of the same proteins with a PROTAC can
be detrimental if the proteins carry some vital functions. For example, the inhibition of BET
proteins with SMIs is relatively well tolerated than their degradation with PROTAC dBET1
[25]. Third, a SMI may cause the transient inhibition of a protein function while a PROTAC
causes prolonged depletion of the protein mainly because of the catalytic nature of
PROTACs and the time needed to restore a depleted protein via new synthesis. However, this
prolonged degradation of a target protein can be either beneficial or harmful depending on
the target and cellular/tissue context. This property of PROTACSs can cause on-target
toxicities especially when a POI is indispensable for normal cells/tissue function. However,
if a POI has redundant function in normal tissues, then its prolonged degradation could
prove to be beneficial. For example, in the case of our BCL-X; PROTACS the prolonged
degradation of BCL-X| may be advantageous because BCL-X| exhibits functional
redundancy in normal tissues except platelets, and therefore its prolonged depletion accounts
for better therapeutic efficacy [35, 80, 81]. Another on-target toxicity of PROTACs may
result from the accumulation of the natural substrates of an E3 ligase especially when the
tissue E3 ligase expression is low. These toxicities could be avoided by utilizing ligands
against tissue-specific and tumor-selective E3 ligases for designing tissue/tumor-specific/
selective PROTACs [82].

PROTACSs do not need to have a high binding affinity to target proteins like SMIs in order to
induce target degradation [75]. Off-target toxicities often result from the degradation of
proteins to which the binding affinity of a PROTAC is lower to otherwise inhibit their
activity by inhibitors. The degradation of proteins that are not directly bound to a PROTAC
can occur when the protein is a part of the same complex as the target protein or is in close
vicinity [83]. Since PROTACs need to form a ternary complex with the target protein and E3
ligase, the formation of these complexes is inhibited at higher concentrations with most
PROTACs. This phenomenon is known as the “Hook effect” which results from the binary
bindings of a PROTAC with either the target protein or E3 ligase, and lead to lesser
degradation of the target protein at higher concentrations [75]. The generation of PROTAC-
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E3 ligase binary complexes resulting from the Hook effect at high PROTAC concentrations
can lead to degradation of non-targeted proteins via recruitment of these binary complexes to
lower-affinity targets [79]. The ligands of some E3 ligases such as CRBN ligands
(thalidomide, pomalidomide and lenalidomide) or DCAF15 ligand (e.g., indisulam) can
induce the degradation of neosubstrates by recruiting them to CRBN or DCAF15,
respectively [69, 84, 85]. Moreover, some CRBN-based PROTACS have been shown to
degrade the natural substrates of CRBN such as IKZF1 and IKZF3 [86, 87]. This may lead
to undesirable toxicities, since some of these substrates are important for normal
homeostasis [88]. Moreover, the accumulation of off-target ubiquitinated proteins can
dysregulate the normal proteostasis by saturating the UPS. Most of these PROTAC on- and
off-target toxicities can potentially be reduced by generating tumor-specific/selective
PROTAC:S as discussed in the next section.

5. Tumor-specific/selective PROTACs

Although numerous PROTACs have been generated in the last a few years, only few of them
are tumor-selective. In 2013, Crews’ group reported the development of two phospho-
PROTACS, which induced specific degradation of fibroblast growth factor receptor substrate
2a (FRS2a) or phosphatidylinositol-3-kinase (PI3K) after they were phosphorylated by
tropomyosin receptor kinase A (TrkA) or erythroblastosis oncogene B3 (ErbB3),
respectively [89]. However, these PROTACS utilized peptide moieties as ligands for the
target proteins and thus are not considered tissue/tumor-specific. Recently, the light-
controllable photo-PROTACS, whose action can be controlled under visible or UVA light to
direct tumor-specific degradation of targeted proteins have been reported by several groups
[28, 29, 30, 31]. Photo-PROTACS require an external light source to cause tumor-specific
degradation of target proteins. This can only be accomplished in a clinical setting by the use
of photodynamic therapy (PDT) for limited types of cancer. We were the first to report
tumor-selective and platelet-sparing BCL-X; PROTACs by taking advantage of the E3
ligases that are barely expressed in platelets [34, 35, 36]. Since platelets depend on BCL-X|_
for survival, BCL-X|_inhibition by the dual BCL-X, /BCL-2 inhibitor ABT263 or
monoselective BCL-X|_inhibitors (A1155463 or A1331852) causes severe platelet toxicity
[81, 90], which limits the clinical development of these inhibitors as safer anticancer
therapeutics. Through surveying the RNA sequencing data and by performing immunoblot
analysis, we identified the VHL E3 ligase as minimally expressed in platelets compared to
numerous tumor cells. Our VHL-based BCL-X; PROTACs with ABT263 as a warhead
potently degraded BCL-X,_in tumor cells both /n vitroand in vivo, but not in platelets. The
first lead VHL-based BCL-X| PROTAC, named DT2216, potently inhibited the tumor
growth in BCL-X| -dependent mouse and patient-derived xenografts and synergistically
worked with other BCL-2 family inhibitors and standard-of-care chemotherapy. DT2216
was found to be a BCL-X_ selective PROTAC without any degradation of BCL-2. Our
biochemical analyses revealed that although DT2216 could form a ternary complex with
either BCL-X| and BCL-2 in a cell free system as analyzed by AlphaLISA assay, it could
only form a stable ternary complex with BCL-X|_in cells as analyzed by a recently
developed nanoBRET assay. This partly explained why DT2216 could not degrade BCL-2.
Moreover, DT2216 induced BCL-X|_ degradation in a lysine 87-dependent manner, and
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since BCL-2 lacks the corresponding lysine, this provides further justification for the
inability of DT2216 to not degrade BCL-2.

These findings are in agreement with Craig Crews’ recent suggestion that it is advantageous
to develop tumor-specific/selective PROTACS to reduce on-target toxicities where a POI is
important for normal tissue function [82]. The tumor-specific/selective degradation of
tumor-associated POls by PROTACSs can be achieved by several strategies. If a POI is tumor
specific, one can generate a tumor-specific PROTAC by targeting this POI to any available
E3 ligases in the tumor tissues. For example, Crews’ group reported the generation of
PROTACSs for BCR-ABL1, an oncogenic fusion protein specifically expressed in chronic
myelogenous leukemia (CML) cells, using the VHL ligand [91]. Alternatively, if a POI is
not tumor-specific but specific for a tumor-derived tissue, one can still generate tumor-
selective PROTACSs by targeting the POI to any available E3 ligases in the tissue, providing
the POI is dispensable for normal tissue function or the normal tissue is unessential. For
example, several PROTACS targeting BTK, a protein that is important for normal B cell
development and development of B cell lymphoma, to CRBN have been generated and
exhibit the potential to treat ibrutinib-resistant non-Hodgkin’s lymphomas [6, 92].
Furthermore, if a POl is not tissue/tumor-specific, one can generate a tumor-selective
PROTAC by targeting this POI to a tissue-specific/tumor-selective E3 ligase to limit its on-
target toxicity. As discussed above, our BCL-X| PROTAC DT2216 is an example of this
approach. In addition, several tissue-specific/selective E3 ligases have been identified by
Crews’ group, including the pancreas-selective E3 ligase ASB9, which can be potentially
used to generate pancreatic cancer selective PROTACs [82], if the targeted POI is not
essential for normal pancreatic functions.

However, many tumor-associated POls are widely expressed in both tumor and normal
tissues and are also important for normal cell functions, even though they are frequently
upregulated to promote tumorigenesis. Therefore, a PROTAC targeting a tumor-associated
POI to a tissue-specific E3 ligase may not be sufficient to reduce the toxicity to normal
tissues. Comparatively, using E3 ligases that are highly expressed in tumors (tumor-specific
E3 ligases) but are lowly or not expressed in normal tissues, to target the tumor-associated
POI has an increased advantage of achieving selective tumor cell killing while minimizing
on-target toxicity to normal tissues. The development of tumor-specific/selective PROTACs
primarily relies on the identification of tissue-specific and tumor-selective E3 ligases. In the
following subsections we will discuss some preliminary analysis regarding the identification
of tissue-specific and tumor-selective E3 ligases that can be potentially exploited for
generating tumor-specific/selective PROTACS.

Profiling tissue expression of E3 ligases

Accumulating public omics data make it possible to identify tissue-selective E3 ligases,
which can be potentially used to design PROTACS to specifically target POIs in a tissue-
selective manner. We extracted the RNA-sequencing (RNA-seq) data produced by the
Genotype-Tissue Expression (GTEX) Program and analyzed the E3 ligase gene expression
profiles in various normal tissues [93, 94]. The samples were collected from more than 50
non-diseased tissues across nearly 1000 individuals. The data of 611 E3 ligases were
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successfully extracted and the E3 ligases were classified by the criteria described in the
caption of Table 3. As shown in Fig. 3, we found that some E3 ligases show significant
cluster in some tissues according to their expression levels, for example, in the brain,
muscle, and testis. Among the E3 ligases, we found that 3% of E3 ligases cannot be
detected, 9% of E3 ligases are lowly expressed, and 4% are highly expressed in almost all
normal tissues (Fig. 4a; Table 3). About 9% of E3 ligases are specifically expressed in one
tissue, and 12% of E3 ligases are enriched in 2-7 tissue types (group enriched) (Fig. 4a). The
E3 ligase expression pattern in many E3 ligases can be validated by the
immunohistochemistry (IHC) data from the Human Protein Atlas (THPA) (https://
www.proteinatlas.org/) or the human tissue proteomic data [95]. For example, PRPF19 is
highly expressed, while KCTD21 is lowly expressed in most of the normal tissues; KLHL41
is specifically expressed in skeletal muscles; RNF112 is mainly expressed in brain tissues,
and TRIM®69 is specifically expressed in testis (Fig. 4b). Additional tissue-selective E3
ligases including ASB9, FBXL16, HERC5, RAPSN and TRIM46 were also recently
reported by Crews’ group [82]. These findings suggest that some E3 ligases exhibit a tissue-
selective expression pattern in normal human tissues. These E3 ligases can potentially be
employed to design tissue-specific or -selective PROTACs.

Identification of tumor-specific/selective E3 ligases

To identify the E3 ligases that are upregulated in tumors and can be considered tumor-
specific/selective, we extracted the RNA-seq data of 12 cancer types from the Cancer
Genome Atlas (TCGA) (http://cancergenome.nih.gov) database and analyzed the E3 ligase
expression profiles across the tumor types. Using a cutoff point of Logfold change > 1.5 and
statistical significance of p <0.05, we identified 114 E3 ligases that were highly expressed in
at least one cancer type (Fig. 5a). Many of these E3 ligases are shared by multiple tumors
and can be considered tumor-selective because they are also more or less expressed in
normal tissues. We are most interested in identifying tumor-specific/selective E3 ligases that
are highly expressed in tumors but are not expressed or lowly expressed in all normal
tissues, or if not all, at least are lowly expressed in most of the normal tissues. These tumor-
specific/selective E3 ligases can be used to design tumor-specific/selective PROTACS to
degrade tumor-associated POls while sparing normal tissues. To find such E3 ligases, we
overlapped the tumor E3 ligases with the E3 ligases that are not detected or lowly expressed
in normal tissues as identified above. As shown in Table 3, 69 E3 ligases meet this criterion.
For example, Birc7, a member of the IAP family, is highly and specifically expressed in
melanoma [96] and many other tumors [97], which however is lowly or almost not expressed
in normal tissues (Fig. 5b). Moreover, it is an effective E3 ligase to mediate the degradation
of Smac [98]. Therefore, Birc7 can be potentially targeted to generate melanoma-specific
PROTACs. Among these tumor-specific E3 ligases identified, many have been validated to
have E3 activities to degrade their substrates through the UPS, such as TRIM31 [99, 100],
TRIM67 [101], FBXO2 [102], TRIM50 [103] etc., which have great potential to be used to
design tumor-specific/selective PROTACs. However, there are still several challenges to use
tissue- and/or tumor-selective E3 ligase to target tumor cells. First, only a fraction of E3
ligases among more than 600 E3 ligases have been reported to have E3 ligase activity to
induce protein ubiquitination and degradation. In addition, protein structures for the majority
of the E3 ligases have yet to be solved. Furthermore, development of small molecule ligands
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of E3 ligases is challenging and time consuming but is urgently needed to design PROTACS.
Because space limitations, a discussion on how to develop new E3 ligase ligands will be
addressed in a separate review in the future.

6. Efficacy of PROTACs in hematological vs solid cancers

PROTACSs have been developed against different POIs for solid tumors and hematological
malignancies and exhibit a high potency against some tumor cells in a target-dependent
manner. For example, PROTACs against BRD4, BTK, BCR-ABL and CDK-6 etc. have
shown efficacy in leukemia [22, 44, 58, 60], whereas AR, ER, FAK, P38 PROTACs have
been developed against different solid tumors [13, 49, 51, 104] (Table 1). Two PROTACs
against AR and ER, named ARV-110 and ARV-471, respectively, are the first to be tested in
clinic (Identifier: NCT03888612; NCT04072952). Some of the PROTACS, such as
PROTACS targeting BCL-X| and ALK [35, 105], have broad-spectrum antitumor activities,
which can effectively kill leukemia and solid tumor cells /n vitro and in xenograft models.
However, it is important to assess the relative efficacy of such PROTACS in solid versus
hematological malignancies and to identify the tumor types that could be best targeted using
PROTAC strategy. This is important because unlike SMIs, PROTACSs are larger in size,
therefore tissue penetration and cell permeability remain major challenges. Due to their high
molecular weight and tissue penetration constraints, some PROTACs can only be
administered by the intravenous route and thus may be more efficient against hematological
malignancies compared to solid tumors, or they may be required at higher doses to
efficiently kill solid tumor cells than leukemia/lymphoma cells /in vivo.

7. Future of PROTACs as cancer therapeutics

Two decades since the first PROTAC was discovered, we are now entering into a new era of
PROTAC research, as the first PROTACs targeting AR and ER have entered clinic. They
have the potential to become the first PROTAC therapeutics against cancer if the clinical
studies prove AR- and ER-PROTACS are effective and superior to AR- and ER-SMIs. In
addition, there are several other PROTAC drug candidates with promising preclinical data
that can potentially be tested in clinical trials in the near future [1, 35, 40]. So far, the
research has mainly focused on the antitumor potency rather than the safety of such
molecules. However, researchers have adopted innovative strategies to guide tumor-specific
actions of PROTACSs. For example, photo-PROTACS that can be used to induce target
degradation in desired tissues with the help of an external source of light have been
discovered. In the future, research should be directed towards identifying more strategies to
develop safer PROTACS with a greater potential to be successful in a clinical setting. The
development of PROTACs based on tissue-specific and tumor-selective E3 ligases could be
one such potential strategy that can revolutionize the field of PROTACs as cancer
therapeutics, as we recently demonstrated [35, 36]. In addition, the strategies that can
enhance the antitumor immunity to develop newer anticancer therapeutics have gained much
attention in the last few years. Basically, the compounds that can increase antitumor
immunity by neo-antigen presentation or by depleting regulatory T-cells could be potential
cancer drug candidates. Of note are the PROTACS that can potentially enhance the anti-
tumor immunity by inducing the presentation of peptides derived from target degradation to
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antigen-presenting cells [106, 107]. Another strategy could be exploiting E3 ligases that
have a tumor suppressor natural substrate. This is because the engagement of the E3 ligase
with a PROTAC could stabilize the tumor suppressor protein leading to enhanced antitumor
activity, as in the case of MDM2-based BRD4 PROTAC [38]. Recently, researchers have
developed strategies similar to PROTACs to induce small-molecule targeted degradation of
RNAs (e.g. oncogenic micro-RNAs) by recruiting nucleases. These compounds are known
as Ribonuclease Targeting Chimeras (RIBOTACs), which also hold potential to become
future anticancer therapeutics [108, 109]. Overall, PROTACs and similar compounds could
represent a new class of drugs adding to the armament of cancer therapeutics which
currently consists of chemotherapeutics, SMIs, monoclonal antibodies and cell-based
therapy.
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Fig. 1. Mechanisms of PROTAC-mediated protein degradation.
a, Schematic representation of the general mechanism of PROTAC-induced degradation of

POI. A PROTAC molecule recruits an E3 ligase to a POI followed by polyubiquitin of the
latter by E2 conjugating enzyme. The polyubiquitinated POI is recognized by the
proteasome for its degradation. The PROTAC molecule is recycled to induce next round of
degradation. The three different structural components of a PROTAC are depicted in the box.
b, Mechanism of the self-degradation of an E3 ligase with homo-PROTACs. A homo-
PROTAC recruits an E3 ligase molecule (e.g., CRBN or VHL) to another E3 ligase molecule
followed by bidirectional polyubiquitination of E3 ligase molecules and their subsequent
degradation by the proteasome. ¢, Mechanism of POI degradation by Photo-PROTACS. In a
photo-PROTAC, a photo-removable group is attached to the POI ligand. Upon irradiation
with external light, the photo-removable group is detached from the photo-PROTAC
converting it to an active PROTAC for the degradation of POI.
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Fig. 3. Profile of E3 ligase expression in normal tissues.

The original RNA-sequencing (RNA

seq) data used for the analyses were obtained from the

GTEX Portal (https://www.gtexportal.org). Heatmap was drawn based on their gene

expression levels (RPKM). Red circle indicates selective E3 cluster in tissues.
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Fig. 4. Distribution of E3 ligasesin normal tissues.
a, Percentage of E3 ligases in normal tissues according to the classification criteria shown in

Table 3. b, Immunohistochemistry (IHC) staining of representative E3 ligases in 7 normal
tissues. The figures were acquired from the Human Protein Atlas (THPA) (https://
www.proteinatlas.org). Red rectangle indicates high expression of E3 ligases in the tissues.
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Fig. 5. Identification of tumor-specific/selective E3 ligases.
a, Tumor-specific/selective E3 ligases in 12 tumor tissues. BLCA, bladder urothelial

carcinoma; BRCA, breast invasive carcinoma; COAD, colon adenocarcinoma; HNSC, head
and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear
cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver hepatocellular
carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; PRAD,
prostate adenocarcinoma; THCA, thyroid carcinoma. b, BIRC7 expression (RPKM) in 12
tumor and corresponding normal tissues. Comparisons were made by two-tailed Student’s #

test.

Oncogene. Author manuscript; available in PMC 2020 November 30.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Khan et al.

Key cancer targets that have been successfully targeted with small molecular PROTACs

Table 1.

E3ligase | Target Cancer/cell type Study type Refs
MDM2 AR Hela cells In vitro [11]
BRD4 Colon cancer In vitro [38]
PARP1 Breast cancer In vitro [39]
I1AP CRABP-2 Fibrosarcoma In vitro [41]
ERa Breast cancer In vitro/In vivo | [13, 14]
BCR-ABL CML In vitro [15, 16]
AR Prostate cancer In vitro [17]
TACC3 Fibrosarcoma In vitro [19]
VHL AR CRPC In vitro/In vivo | [50, 54]
ERRa Breast cancer In vitro/In vivo | [24]
RIPK2 Acute monocytic leukemia In vitro [24]
BRD4 Cervical cancer In vitro [23, 43]
BCR-ABL CML In vitro [44]
TBK1 KRAS-mutant NSCLC In vitro [45]
TRIM24 AML In vitro [46]
FLT-3 AML In vitro [47]
ALK NSCLC; ALCL In vitro/In vivo | [48]
FAK Breast cancer; Prostate cancer In vitro [49]
P38 Breast cancer In vitro [51]
BCL-X, T-ALL; SCLC; Breast cancer In vitro/In vivo | [35, 36]
CRBN BETs AML In vitro [25]
BRD4 Burkitt’s lymphoma In vitro [22]
PCAF/GCN5 | Acute monocytic leukemia In vitro [65]
ALK NSCLC; ALCL; Neuroblastoma | In vitro [105]
BTK Burkitt’s lymphoma In vitro [60, 61]
CDK9 Colon cancer; Breast cancer In vitro [57]
CDKG6 Multiple myeloma; AML In vitro [58, 59]
BCL-X, T-ALL; SCLC In vitro [34]
STAT3 AML, ALCL In vitro/In vivo | [1, 2]
MDM2 B-ALL In vitro/In vivo | [40]
DCAF16 | FKBP12 HEK?293 Cells In vitro [70]
RNF4 BRD4 Hela cells In vitro [71]
RNF114 BRD4 Breast cancer In vitro [72]

Page 25

Note: CML, Chronic myelogenous leukemia; CRPC, Castration resistant prostate cancer; NSCLC, Non-small cell lung cancer; ALCL, Anaplastic
large cell lymphoma; AML, Acute myeloid leukemia; T-ALL, T-cell acute lymphoblastic leukemia; SCLC, Small-cell lung cancer; B-ALL, B-cell

acute lymphoblastic leukemia
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Table 2.

Pros and Cons of PROTACSs in comparison to SMIs

Page 26

Prog/ PROTACs SMls

Cons

Pros 1. More potent and longer lasting effects reduce dosing, dosing 1. Due to low molecular weight, generally cell permeability
frequency and toxicity due to event-driven pharmacology and and/or tissue penetration are not challenging and easy to
catalytic nature achieve oral bioavailability
2. Added layer of selectivity due to the requirement for the 2. Partial and transient inhibition of a target protein important
formation of a cooperative ternary complex for normal cell function by a SMI may be more tolerable
3. Capable of targeting undruggable proteome and mutated proteins | than complete depletion of the protein for a longer duration
4. Possible to achieve tumor-selectivity by utilizing tissue- and/or by a PROTAC
tumor-specific E3 ligase ligands

Cons 1. High molecular weight may reduce cell permeability and tissue 1. Occupancy-driven pharmacology requires higher and more

penetration and thus poses some challenges for oral administration
2. Complete degradation of certain proteins and degradation of off-
target proteins in a complex or in close proximity to E3 ligase could
be detrimental

3. Accumulation of natural substrates of E3 ligase may have
undesirable toxicities

frequent dosing to achieve a therapeutic effect, and thus can
potentially produce more toxicities

2. Efficacy and specificity depend on the binding affinity of
SMIs to targets, thus inability to target undruggable proteins
without an active binding site or mutated proteins

Oncogene. Author manuscript; available in PMC 2020 November 30.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Khan et al.

Table 3.

Identification of tissue- and tumor-selective E3 ligases
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Highly expressed E3 Lowly expressed E3 ligasesin normal E3 ligases highly expressed in tumor s but lowly
ligasesin normal tissues tissues expressed in most normal tissues
BCL6 ARMC5 ASB2
BTBD2 ASB7 ASB4
CPSF1 ATRX ASB5
FBXL5 CBLL1 ASB9
FBXWS5 CNOT4 ASB11
PJA2 FBXL4 ASB15
PRPF19 FBXO3 ASB16
RBCK1 FBX022 BIRC3
RING1 FBXO033 BIRC7
RNF5 FBX042 DPF1
RNF10 HERC4 ENC1
RNF11 KBTBD4 FBXL13
RNF114 KBTBD6 FBXL16
RNF126 KCTD21 FBX02
RNF167 KDM2B FBX032
RNF181 KLHL8 FBX040
RNF187 KLHL9 FBX041
SPSB3 KLHL15 HECW1
STUB1 KLHL18 HERC5
TRIM8 KLHL20 KCNA1
TRIM28 KLHL26 KCNA7
WSB1 LTN1 KCNB2
ZFAND3 MDM2 KCNC1
ZFAND5S MIB1 KCNC2
MYNN KCNC3
PCGF1 KCND2
PEX2 KCNG1
RC3H1 KCNS1
RC3H2 KCNV1
RCHY1 KCTD4
RNF2 KCTD16
RNF111 KLHL1
RNF121 KLHL6
SMURF2 KLHL30
SOCS4 KLHL31
SPOPL KLHL34
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Highly expressed E3
ligasesin normal tissues

Lowly expressed E3 ligasesin normal
tissues

E3 ligases highly expressed in tumors but lowly
expressed in most normal tissues

TRAF3 MARCH4’
TRAF6 MARCH10’
TRIM23 MARCH11’
TRIMG8 MKRN3
UBE3B NEURL3
UBOX5 OTUD7A
UBR1 RAPSN
VPS8 RFPL4B
WDSUB1 RNF17
XIAP RNF39
ZBTB2 RNF157
ZBTB5 RNF175
ZBTB11 RNF182
ZBTB14 RNF183
ZBTB25 RNF186
ZBTB33 SKP2
ZBTB45 SOCSs7
ZBTB49 SPSB4
ZNF131 TRIM7
TRIM9
TRIM10
TRIM15
TRIM17
TRIM31
TRIM36
TRIM46
TRIM50
TRIM54
TRIMG3
TRIMG7
TRIM72
TRIML1
ZBTB32

Note: The original RNA-sequencing (RNA-seq) data of normal tissues used for the analyses were obtained from the GTEx Portal (https://

www.gtexportal.org) in 2017. RNA-seq data of the tissues with same origin and similar gene expression pattern were averaged to represent one
tissue. For example, there are 11 brain tissues as shown in Figure 3, we calculated the average of gene expression level in the 11 brain tissues to
represent the brain tissue. In the final analysis, 31 tissues were used to identify the normal tissue specific/selective E3 ligases. The criteria of
classification for E3 ligases are: 1) Not expressed in normal tissues — RPKM (Reads Per Kilobase of exon model per Million mapped reads) <1 in
all 31 tissues; 2) Tissue specific — RPKM is 5-fold higher in one tissue than all other tissues; 3) Tissue enriched — RPKM is 2.5-fold higher in one
tissue than in all other tissues; 4) Group enriched — RPKM is 2.5-fold higher in a group of 2-7 tissues than all other tissues; 5) Expressed low in all
tissues — RPKM =1 and <10 in all 31 tissues and; 6) Expressed high in all tissues — RPKM =10 in all 31 tissues; and 7) Mixed — The remaining
genes detected in 1-31 tissues with RPKM>1 and are not in the above categories. In the table, only type 5) Expressed low in all tissues (left
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column) and 6) Expressed high in all tissues (top column) were listed. Tumor-selective/specific E3 ligases (right column) were identified by
overlapping the E3 ligases highly expressed in tumors with those of E3 ligases not or lowly expressed in all normal tissues or selectively expressed
in limited normal tissues. The RNA-seq data of 12 cancer types were downloaded from the Cancer Genome Atlas (TCGA) (http:/
cancergenome.nih.gov). The criteria for determination of tumor-specific/selective E3 ligases are: 1) Log fold change of tumor-RPKM/normal
tissue- RPKM> 1.5; 2) Statistical significance of p<0.05 when comparing the gene expression in tumors to their corresponding normal tissues.
RPKM, Fragments Per Kilobase of exon model per Million mapped fragments.
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