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Introduction

Recent years have brought a wave of pre-clinical and clinical studies utilising bifunctional
degrader molecules, known as proteolysis targeting chimeras (PROTACs). PROTAC molecules induce
proximity between a recruited E3 ubiquitin ligase on one end towards a target protein on the other
end, leading to ubiquitylation of the target protein and subsequent degradation. The repertoire of
proteins degraded by PROTACs is expanding continuously, despite the fact that only a very small
proportion of available E3 ligases has been recruited to date by this approach. Given the rapid
developments in this still young field, it has already become clear that the concept of protein
degradation by PROTACs is not a one-hit-wonder, but a lasting addition to the arsenal of molecular
reagents and therapeutics to downregulate protein levels. A remaining open question is if and how
PROTACs can be employed to best benefit patients. We provide here a forward-looking perspective
on how unique features of PROTAC degraders may address key challenges in cancer drug discovery
and in particular how these contrast with classical inhibitor approaches. We discuss the unique
opportunities that PROTACs may offer with respect to target scope, resistance and finally, selectivity;
be it for or against specific protein targets, cell types or tissues.

Target scope

Within oncology, the predictive power of CRISPR screens has been highly illuminating for
identifying specific vulnerabilities and synthetic lethality within a large array of cancers[1,2].
However, the effect of a genetic knock-out is not always phenocopied by a small molecule inhibitor,
since this requires a binding site suitable for potent inhibition of protein activity (see Figure 1 for a
comparison of chemical and non-chemical options to interfere with a target). PROTACs do not have
this limitation as they will degrade the whole protein and, in the process remove any hitherto
unappreciated function of the target, such as scaffolding roles. Furthermore, a PROTAC could also
impact other protein subunits present in the same multi-protein complex as the bound target, either
via induced adventitious “bystander” ubiquitination and subsequent degradation[3-5], or via
destabilization of adjacent complex subunits following target degradation[6]. Recent studies have
shown that by forming high affinity ternary complexes through the induction of de novo protein-
protein interactions between the E3 ligase and target protein, PROTACs may be less dependent on
high affinity interactions with the POl themselves[6-8] . This has been exemplified by studies on the
BAF chromatin remodelling complex ATPases SMARCA2 and SMARCA4 where degradation at low
nanomolar concentrations was demonstrated with a PROTAC molecule that recruits the SMARCA2
bromodomain with a Kp of just 2 uM[6]. Furthermore, PROTAC ACBI-1 was able to recruit the
SMARCA ATPases for degradation via the bromodomain and induce apoptosis in cancer cells, despite
the bromodomain itself not being required for cell survival [6,9]. The ability to target non-functional
binding sites with low affinity opens the possibility of targeting binding sites not previously
considered “druggable” in the context of an inhibitor and thus potentially expanding the druggable
proteome.
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In another BAF complex related example, BRD9 bromodomain inhibitor probe BI-7273 was used
in two separate studies to yield CRBN-recruiting BRD9 degrader dBRD9[10] and VHL-recruiting dual
BRD7/9 degrader VZ185[11]. Whilst inhibiting BRD9 yields mild phenotypic responses, mainly
restricted to AML cells[12,13], these degrader probes both demonstrate rapid and potent
degradation and as a result are capable of anti-proliferative effects not only in AML cells but also in
rhabdoid tumour cells, at more than ten-fold lower concentrations than the analogous
bromodomain inhibitor[10,11]. Similarly, synovial sarcomas and malignant rhabdoid tumours have
been shown to depend on BRD9; again, degradation of BRD9 by PROTACs has a much stronger effect
on cell proliferation than just the small-molecule inhibition of its bromdomain[14].

Targeted protein degradation approaches have also demonstrated value in the devalidation of
high-profile cancer targets[15-17], an important and sometimes underappreciated goal to ensure
the efficient focus of both pre-clinical and clinical resources. For example, whilst the overexpression
of focal adhesion tyrosine kinase (PTK2, or FAK) is associated with a number of advanced-stage solid
cancers[18], the outcomes of genetic knockdown and pharmacological inhibition of PTK2 and the
link to a reduction in tumorigenicity in hepatocellular carcinoma (HCC) models has been unclear[17].
BI-3663 is a rapid and, based on unbiased whole cell proteomics profiling, highly selective degrader
of PTK2 demonstrating more than 80% PTK2 degradation at less than 100 nM across a panel of HCC
cell lines[17]. Despite this, in the same panel, anti-proliferative effects were generally not observed
at > 10 uM, suggesting that preventing neither scaffolding nor enzymatic function of PTK2 is
therapeutically actionable for HCC. Cromm et al likewise reported a lack of effect on cancer cell
viability with their own defactinib-based PTK2 degrader[16]. The kinase MELK provides a similar
example. This kinase had been implicated in driving tumor cell proliferation based on RNA
interference. Small molecule MELK kinase inhibitors indeed displayed the expected antiproliferative
effects[19], encouraging the initiation of clinical trials[20]. However, these inhibitors were later
shown to be active in cells in which MELK had been knocked out by CRISPR[21]. Using the chemical
genetic system dTAG, targeted MELK degradation could not recapitulate the antiproliferative effects,
nor could more selective MELK inhibitors, thus closing the case on MELK as a useful cancer drug
target[15]. It should be noted that the use of unbiased whole cell proteomics profiling, including
comparison to non-degrading control compounds, was important in these cases to reassure that any
observed phenotype was related to PROTAC induced on-target degradation.

As the requirement for high affinity binders for functionally relevant binding sites is relaxed,
PROTACs may hold an advantage when it comes to target scope. Yet, the field still needs to clinically
deliver on this promise. An area of particularly high value in this context is the targeting of oncogenic
RAS. Covalent inhibitors that target KRAS G12C in its ‘off-state’ (GDP-bound) have been successfully
employed for PROTAC design[22]. With the recent publications of RAS binding small molecules with
increasing affinities, broadening this approach to target other oncogenic RAS variants, including in
their activated state, would seem within reach[23-25].

Resistance

With the identification of the major gain-of-function tumour driver genes in the past decades,
much hope was put on inhibiting the respective proteins with small molecules. In many cases,
inhibitors of these drivers indeed met with initial success in the clinic, as exemplified by the
responses seen with antagonists of androgen receptor (AR) in prostate cancer, or inhibitors of
mutated BRAF or EGFR kinases in melanoma and lung cancer, respectively. However, in each and
every case, the initial responses are followed by the development of drug resistant disease, typically
missense mutations on the target protein that weaken or abrogate inhibitor binding. PROTACs bring



a new dimension to the resistance arms race which could provide solutions to current resistance
mechanisms but are also likely to be susceptible to resistance mechanisms of their own.

In the case of castration resistant prostate cancer, elevated expression of AR can lead to
ineffectiveness of antiandrogens[26], as can mutations in AR which cause AR antagonists such as
enzalutamide to have agonistic effects[27]. Both resistance mechanisms can be nullified by AR
degradation. PROTACs based on enzalutamide, which exert their effects not by antagonizing the
protein but by removing it, are not sensitive to agonism-promoting mutations and are expected to
be less susceptible to AR amplification[28-30]. PROTACs targeting AR for degradation were the first
ones to be advanced into clinical testing and are currently in late phase 1.

Inhibition of Bruton’s tyrosine kinase BTK by the covalent inhibitor ibrutinib is an effective first
line treatment for chronic lymphocytic leukaemia. Clinical resistance to ibrutinib can arise if the
cysteine to which ibrutinib covalently attaches gets mutated[31]. Despite the associated loss in
affinity, ibrutinib —based PROTACs can still degrade mutant BTK and retain antiproliferative effects
on CLL cells in vitro[32,33]. A similar case can be made for BRAF-targeting PROTACs: BRAF is
frequently activated by mutation of valine 600 to glutamine (V600E) in a variety of cancers, which
can be blocked by the clinically approved BRAF inhibitors[34]. However, there are limitations to the
use of these inhibitors: most oncogenic BRAF mutations other than V600E, including BRAF
translocations[35], dimer inducing mutants[36], mutants with increased binding to Ras proteins[37]
or mutations of upstream drivers such as KRAS[38], lead to insensitivity to BRAF inhibitors.
Moreover, resistance upon treatment can be caused by amplifications causing elevated expression
of BRAF[38-40] or by splice versions of BRAF that lead to the expression of a truncated protein. In
this case, constitutive dimerization of BRAF leads to a loss of responsiveness to the clinically
approved inhibitors[41], which are only effective in inhibiting monomeric BRAF[34,42]. The emerging
picture is that resistance occurs within, not outside of the Ras-Raf pathway and reactivates
signalling, and that this in many cases involves increased Raf dimerization, which are insensitive to
currently available inhibitors. Degraders should be able to overcome most of these limitations, since
a reduction in protein abundance will reduce the activity of both monomeric and dimeric RAF
proteins equally, and thus not be affected by the level of dimer formation.

Three papers recently reported the generation of BRAF degrading PROTACs[43-45].
Unexpectedly, all of them show a clear preference for the degradation of activated BRAF, be it by
the V600E mutation or by other mutations, or by activation of upstream signalling. The selective
degradation of activated Raf will dampen degradation in normal tissues with a lower Raf activity and
may provide the basis for a therapeutic window, since simultaneous loss of BRAF and CRAF is not
tolerated[46]. It remains to be seen if an optimization of RAF-targeting PROTACs to allow for clinical
use will be possible.

Will PROTACs be exempt from the rule of resistance to targeted therapy? That seems unlikely.
Multiple studies have shown that resistance can develop at the E3-targeting side of PROTACs:
mutational loss or reduced expression of components of the ubiquitination machinery recruited by
the PROTAC prevent drug-induced degradation[47-49]. There is no reason to assume that such
events, which have been observed using RNA interference, CRISPR/Cas driven mutations or
spontaneous mutations as either primary or acquired resistance in tissue culture cells, should not
take place in tumours as mechanisms of acquired resistance, too. E3s that are essential to cell
viability might have an advantage here, since inactivating mutations would not be expected to lead
to outgrowth of PROTAC-resistant clones. Of note, resistance mutations in cancer cells treated with
VHL-based PROTACs have been primarily observed as loss of the CUL2 subunit[47]. Conversely,
resistance mutations in cancer cells treated with CRBN-based PROTACs have been primarily



observed as loss of CRBN subunit (but notably not of CUL4)[48-50], consistent with the evidence
from clinical resistance to IMIDs[51]. Crucially, these two mechanisms are mutually exclusive i.e. loss
of CUL2 will not cause cross-resistance to CRBN-based PROTAC and conversely loss of CRBN will not
either with VHL PROTACs[52]. Consequently, the use of PROTAC drugs employing different E3 ligases
may provide alternatives for treatment once resistance has developed. This reasoning is similar to
the idea of targeting two different pockets on the same protein, such as in the case of BCR-ABL
inhibition by both a competitive and an allosteric inhibitor[53]. This outlook appears even more
plausible in the face of the more than 600 E3 ligases available, and the notion that we are only at the
beginning of exploiting this family for small-molecule ligand and drug discovery.

Target selectivity

Beside the increase in target scope for PROTACs, which had been one of the driving expectations
of the field early on, PROTACs offer a second, probably less expected advantage: PROTACs can
display exceptional selectivity for their targets, which far exceeds that of the binder molecules they
are based on[54-56]. Bromodomain and extra-terminal (BET) proteins are promising targets in
oncology drug discovery with human clinical trials for several inhibitors ongoing[57,58].
Nevertheless, maintaining a sufficient therapeutic window has been a challenge for BET inhibitors in
the clinic, raising a need for paralogue selective agents that could specifically interrogate the role of
individual BET proteins in disease while potentially sparing the well documented on-target dose-
limiting toxicities, e.g. thrombocytopenia [59-61]. Surprisingly, BET degrader MZ1, consisting of pan-
BET inhibitor JQ1, a PEG based linker and a VHL ligand was found to demonstrate degradation of
BRD4 at concentrations more than ten-fold lower than for paralogues BRD2 and BRD3, despite no
such selectivity being demonstrated by JQ1 alone[54]. It has been shown that this selectivity can be
attributed to differences in molecular recognition within the PROTAC induced VHL:MZ1:BRD48P?
ternary complex between the E3 ligase and the bromodomain because of the lower structural
conservation of sites peripheral to the JQ1 binding site itself which are nonetheless involved in the
PROTAC-mediated protein-proteins interactions that drive ternary complex formation and MZ1
mode of action[62,63]. Subsequent structure guided optimisation within this work led to PROTAC
degrader AT1 which showed no discernible knockdown of any protein other than BRD4 at 1 uM in
Hela cells as evaluated via unbiased and quantitative isobaric tagging mass spectrometry
proteomics[62]. A further example of selective BRD4 degradation has also been shown with CRBN
recruiting bifunctional degraders[64].

Within the kinase field, Bondeson et al. used a promiscuous kinase inhibitor, Foretinib, to study
which portion of the kinases that this inhibitor could bind were degraded when tethered to VHL or
CRBN recruiting motifs[65]. By correlating kinase binding data and quantitative proteomics data, the
authors show that despite binding over 50 kinases, these VHL or CRBN based PROTACs degraded just
9 or 14 of these kinases, respectively[65]. This study shows how promiscuity in kinase binding may
be overcome to provide enhanced functional selectivity. The concept of isoform selective kinase
degradation has been further explored in the context of p38 MAPK degraders, an extension of the
aforementioned Foretinib study[66], as well as with PROTACs targeted at cyclin-dependent kinases
(CDKs)[55,67-69] and serum and glucocorticoid-induced protein kinases (SGKs)[56].

Building on a demonstrated ability to find isoform or paralogue selectivity, allele selective
degradation would also be of therapeutic interest[22]. Indeed, the history of kinase targeted small
molecule therapy includes examples where multiple generations of molecules were required to
address a lack of isoform or allele selectivity in first generation inhibitors[70,71]. The ability to take
relatively unselective binders and achieve a high degree of specificity in the context of a degrader



argues for a “degrader first” rather than “inhibitor first, degrader later”’, approach for kinase drug
discovery.

Tissue specificity

A significant challenge in cancer drug discovery is to find therapeutics that kill cancer cells, while
sparing other cells in the body. Whilst the pre-clinical and clinical toxicology profiles of advanced
PROTACs have not yet been disclosed, PROTACs may conceptually offer advantages in this regard.
PROTAC mechanism of actionrequires recruitment of an E3 ligase, which may be expressed and/or
activated to a higher degree in a tumour than in other tissues wherein target protein degradation
would cause toxicity. There are a number of scenarios that could facilitate such an approach; highly
tumour-specific expression of a particular E3 ligase[72,73], cell-cycle phase specific E3 ligase
availability[74] or simply a lack of E3 expression at the sub-cellular, cellular or organ level in tissues
that would be afflicted by toxic side-effects of target protein perturbation[75].

Navitoclax is a potent anti-cancer drug that has not reached approval due to side effects. It
blocks activity of both BCL-2 and BCL-XL, with inhibition of the latter causing thromobocytopenia.
While inhibiting both BCL-2 and BCL-XL is likely to be beneficial for killing cancer cells, the dose-
limiting toxicity of BCL-XL inhibition negates the compound’s potential. This story received a new
twist when Khan et al. made a PROTAC based on Navitoclax and VHL[75]. The resulting compound
turned out to be more selective and resulted in degradation of BCL-XL only, sparing BCL-2, which is
reminiscent of the increased selectivity of PROTACs observed within BET and kinase families.
Moreover, since it is more potent than the inhibitor and since VHL is only expressed at low levels in
platelets, it was significantly less toxic. While this concept is still in a pre-clinical state, it
demonstrates how differential expression profile of the E3 ligase employed by a PROTAC can be
exploited to derive PROTACs that are active only in a subset of tissues and thus avoid some of the
unwanted effects of the drug.

It is noteworthy that VHL is rather uniformly expressed, except for the low expression in
platelets. However, other E3 ligases or their subunits are more selectively expressed, such as the
melanoma antigen (MAGE) family of proteins, which are almost exclusively expressed in gonads and
in cancer[72,73]. As the number of E3 ligases with small molecule binders rises, we can expect that
other examples of tissue-selective degradation by PROTACs will emerge. In many cases of interesting
cancer targets, degradation will have to be selective to avoid toxicity, e.g. in the case of MYC. This
oncogenic driver protein is not only involved in promoting tumorigenesis but it is also essential to
many if not most cells[76]. On a similar note, pan-body degradation of beta catenin, which like MYC
is @ major oncogenic driver, will interfere with regeneration of the gut epithelium[77] and is also
expected to weaken the blood-brain-barrier due to the role of beta catenin in the maintenance of
tight junctions[78]. With the recent advent of the first small molecules binding to beta-catenin[79],
tumour-selective or at least tissue-restricted PROTACs may provide a path forward on this yet-
undrugged target.

PROTACs add an additional parameter to the pharmacodynamic properties of a drug: their effect
persists after the drug has left the body until sufficient amounts of the drug’s target have been
resynthesized. In the case of the anti-inflammatory drug target RIPK2, this has been shown to
dampen inflammatory reactions for 6-10 days following a single dose of the PROTAC[80]. Such
extended pharmacodynamic properties may allow very infrequent drug administrations to remain
effective. It remains to be seen if similar examples emerge for cancer drug discovery.

Antibody-drug conjugates have been developed with the original idea of bringing a highly toxic
substance selectively to the tumor via linkage to an antibody that selectively binds to tumour



cells[81]. This concept has met with clinical success in the past years, but resistance to the
conjugated poisons creates the need for new independently acting cargos[82]. Pillow et al.
demonstrated that PROTACs lend themselves to antibody conjugation, improving both their tissue
selectivity and pharmacokinetic properties. They report targeted delivery of BET protein degradation
by linking a highly potent BET PROTAC to an antibody against an antigen primarily found on AML
cells[83]. While the resulting antibody-PROTAC conjugate must be delivered by intravenous
injection, the antibody imparts the low clearance of large proteins onto the PROTAC and restricts its
activity on AML cells. They show that a single dose of the conjugate causes regressions of models of
AML in mice, while equivalent doses of the non-coupled PROTAC has no effect. Successful
conjugation of PROTACs to antibodies has also been reported for other PROTACs[84], corroborating
the feasibility of such an approach. An alternative opportunity for tissue selective PROTAC induced
degradation, also applied in the context of BET degradation, has been the use of photo-activated
degraders[85,86]. Such molecules incorporate a photoswitchable component in the linker of the
PROTAC, allowing the molecules to be switched from an inactive to active state when irradiated.

Concluding remarks and future outlook

Many informative studies over recent years have successfully demonstrated how bifunctional
degraders may bring significantly greater maximal efficacy, potency and selectivity over classical
inhibitor-based approaches in the clinic (see Figure 2 for a summary). Furthermore, the emerging
evidence of the extra layers of nuance (and complexity) of PROTAC degraders over and above their
component ligands provide the opportunity for these to be conceptually and actionably employed to
supersede conventional inhibitory approaches. Success will now depend on which specific
therapeutic challenges the current PROTAC knowledge base is applied to and in what ways this
knowledge base can be expanded upon. We point towards the potential for targeting hitherto
undrugged oncogenic proteins, such as non-G12C KRAS variants, due to a lack of reliance on highly
ligandable binding sites. To further capitalise on the potential of a bifunctional modality, it will be
increasingly important to view PROTACs as a dependable first choice strategy, where the extra
dimensionality of bifunctional modalities can be of particular impact, such as when allele or tissue
specific effects are desired. Next generation degraders will likely require the ability to recruit a
broader array of E3 ligases, such that drug discovery programs can target a ligase that best
complements their specific therapeutic rationale or that provides an advantage over first generation
degrader drugs. To succeed as a new modality for treating cancer, efforts should be focussed on
using PROTACs to address the areas we have highlighted here. When used to best exploit their
strengths, PROTACs have a very bright future in drug discovery.
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