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Protein degradation for drug discovery
Target(ed) protein degradation (TPD) is a novel para-

digm in drug discovery and a promising therapeutic

strategy. TPD is based on small-molecules that cata-

lyze the degradation of proteins by re-directing the

ubiquitination activity of ubiquitin E3 ligases. Its unique

molecular pharmacology enables robust, selective and

fast elimination of proteins in cellular assays and in vivo.

In addition to possible clinical applications, TPD is also

emerging as an attractive alternative to traditional

pharmacologic or genetic perturbation strategies. Di-

rectly acting degraders, as well as chemical-genetics

derivatives offer unique opportunities in the pre-clini-

cal identification, characterization and mechanistic val-

idation of therapeutic targets.

Introduction
Most drug development efforts rely on the a priori identification

of robust and mechanistically understood targets for therapeutic

intervention. Identification and characterization of cancer vul-

nerabilities is facilitated by a plethora of perturbation-technolo-

gies and downstream experimental readouts. Nevertheless, the

field of cancer research faces a crisis where a high percentage of

published findings are either not sufficiently robust to warrant

ensuing drug-development efforts, or simply fail to be repro-

duced [1–3]. Different sources and pitfalls, including experimen-
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tal design and lack of suitable controls can contribute to this

problem, and are covered in an excellent recent perspective [4].

Of particular relevance to the validation of dependencies in

cancer is the choice of perturbation strategies, as well as an

awareness of the associated strengths and shortcomings. Here,

we will specifically focus on targeted protein degradation (TPD)

as a novel validation strategy that combines advantages of both

traditional pharmacologic and genetic perturbations. We will

discuss how the unique characteristics inherent to TPD can

supportpre-clinicaltargetvalidation,anddifferentiateTPDfrom

commonly used validation strategies. Moreover, we will show-

case recent examples where TPD was applied to inform on the

mechanism ofaction ofknown therapeutic targets, or to identify

and validate novel cancer vulnerabilities.

Targeted protein degradation
Target(ed) protein degradation is based on small-molecules,

generally called ‘‘degraders’’, that induce the degradation of
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proteins by modulating the ubiquitination activity of E3

ligases. Overall, there are two types of small-molecule degra-

ders: (i) non-chimeric compounds that act as molecular glues,

or (ii) hetero-bifunctional molecules, often referred to as

‘‘proteolysis-targeting chimeras’’ (PROTACs) [5]. Both func-

tion by inducing associations of a target protein of interest

(POI) and an E3 ubiquitin ligase. Induced molecular proxim-

ity consequently prompts ubiquitin transfer to the POI and its

ensuing proteasomal degradation (Fig. 1).

(i) Examples of molecular glues include thalidomide, lenalido-

mide and the related family of ‘‘immunomodulatory drugs’’

(IMiDs), certain aryl sulfonamides, as well as the plant

hormone auxin. All of these small-molecules bind substrate

receptors (SR) of the cullin-RING family of E3 ligases (CRL).
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Fig. 1. Target(ed) protein degradation: direct and indirect strategies.
Schematics of approaches based on small-molecules (``degraders”) to induce degrad
ligases (CRLs). Direct degradation strategies are depicted on the left: hetero-bifun
exemplified by the BET protein degrader dBET6 (upper left), and non-chimeric che
(bottom left). Two examples of indirect, chemical-genetics strategies are represented
which can be fused to a POI, allowing ligand-induced degradation by endogenous CRL
The auxin inducible degron (AID) system is based on AID tagging of the POI, ena
where TIR1 needs to be ectopically expressed (bottom right). CRL complexes recru
or CUL1), an adaptor protein (DDB1 or SKP1), a substrate receptor (CRBN, DCAF1
interest. Ub: ubiquitin. N8: NEDD8 (active CRLs).
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Binding induces or complements a neomorphic interaction

surface that leads to the cooperative binding of a given

neosubstrate, ubiquitin transfer, and its subsequent degra-

dation by the proteasome. In brief, IMiDs induce tripartite

binding of the SR CRBN to a spectrum of C2H2 zinc fingers

proteins, most notably the transcription factors IKZF1 and

IKZF3 [6–11]. Certain anti-cancer sulfonamides such as

indisulam or tasisulam were similarly shown to degrade

the splicing factor RBM39 by modulating the SR DCAF15

[12,13]. Finally, the phytohormone auxin employs a highly

similar mechanism by inducing the degradation of the

AUX/IAA transcriptional regulators via re-directing the E3

ligase activity of the E3 ligase TIR1 [14,15]. Notably, lenali-

domide is a widely used anti-myeloma drug, thus providing

evidence that induction of TPD via a glue-like mechanism
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ation of target proteins, by re-directing the activity of ubiquitin E3 cullin RING
ctional compounds (PROTACs/``proteolysis-targeting chimeras”) are
micals (molecular glues) are illustrated by the RBM39 degrader indisulam
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can be an efficacious therapeutic strategy [16]. Unfortunate-

ly, a lack of general design principles has thus far limited the

scalable discovery of molecular glues to degrade additional

disease-relevant targets in a rational manner.

(ii) PROTACs are based on a modular design where a target-

ing warhead and an E3-ligase binder are connected via a

flexible linker [5]. PROTACs can thus simultaneously

bind to an E3 ligase and a POI, enforce their molecular

proximity, and induce POI ubiquitination and degrada-

tion. Due to this modular architecture, PROTACs can in

principle be adapted to different POIs simply by exchang-

ing the targeting warhead. This potential versatility ren-

dered PROTACs particularly interesting for the

pharmaceutical development, despite potential chal-

lenges related to their relatively high molecular weight

that often ranges from 700 to 1200 Da.

The attention given to PROTACs led to a recent increase in

the number of probes available for preclinical target explora-

tion. Over the last three years, (a) CRBN and (b) VHL emerged

as versatile E3 ligases that are ideally suited for PROTAC

design:

(a) Inspired by the identification of CRBN as the cellular

target of thalidomide [17], we have recently reported

the first in vivo compatible heterobifunctional degrader

[18]. Conjugation of a competitive BET-bromodomain

antagonist to an IMiD-like phthalimide moiety afforded

the heterobifunctional compound dBET1. dBET1 in-

duced fast, potent and selective degradation of BET pro-

teins BRD2, BRD3 and BRD4 in cell lines and in mouse

xenograft experiments, and continuous degrader treat-

ment outperformed competitive BET inhibition in dis-

seminated acute myeloid leukemia (AML) xenografts

[18]. Phthalimide conjugation was shown to be a gener-

alizable approach by additionally reporting potent het-

erobifunctional degraders of the prolyl isomerase FKBP12

[18]. Moreover, BET PROTACs with a different warhead-

and linker design showed potent and selective degrada-

tion in Burkitt’s lymphoma cell lines [19].

(b) In contrast, VHL-based PROTACs did not evolve from

know-how on E3 binding molecular glues, but initially

relied on peptidic VHL binding ligands [20]. Proof of con-

cept with peptidic ligands subsequently motivated the

rational design of small-molecule binders of VHL [21],

and enabled the design of heterobifunctional small-mole-

cule degraders of Halo-tagged proteins, BRD4, ERRa or the

kinase RIPK2 [22–24]. Similar to CRBN-based degraders,

VHL-PROTACs were found to be highly selective, and

compatible with in vivo applications [24,25].

While PROTAC design has a strong emphasis on CRL4CRBN

and CRL2VHL, it is not limited to these two ligases. Functional
degraders were also developed based on ligands that engage

non-CRL ligases such as MDM2 [26,27], or cIAP1 [28–30].

Additionally, recent studies based on chemoproteomics and

affinity-based protein profiling have unlocked RNF4, RNF114

and DCAF16 as additional E3 ligases actionable for PROTAC

development [31–33]. Moreover, work with artificial recruit-

ment systems suggested that a wide variety of E3s is in

principle amenable for chemical hijacking, and that future

extension to additional ligases will only be limited by the

identification of suitable ligands [34]. Due to space consider-

ations, we will here mostly focus on CRBN and VHL-based

degraders, molecular glues and chemical-genetic strategies

derived thereof.

In many aspects, PROTACs and molecular glues behave

similar to each other, but very different from traditional

competitive inhibitors. Most notably, they follow a mecha-

nism of catalytic turnover where a single small-molecule

equivalent can induce the degradation of multiple target

protein equivalents [24]. Thus, degraders can operate at

sub-stoichiometric levels and induce near-complete proteol-

ysis at concentrations below equilibrium target occupancy.

Here, we will attempt to discuss how this unique molecular

pharmacology can be applied to validate and characterize

cancer targets and vulnerabilities in a pre-clinical setting.

Conventional target validation strategies
Currently, target validation ideally relies on integrative use of

genetic or pharmacologic strategies. Genetic approaches are

typically either based on RNA-interference (RNAi) or CRISPR/

Cas9-mediated genetic disruption. Conceptually, genetic per-

turbations interfere with all functions associated with a par-

ticular protein as they effectively reduce overall cellular

protein abundance. Conversely, target validation by small-

molecule antagonists is limited to individual protein func-

tions encoded by the chemically addressable domain. How-

ever, pharmacologic target validation offers some intriguing

advantages. This includes dose-dependent control of effect

size, reversibility, as well as a higher kinetic resolution as the

actionable activity of most targets can typically be blocked

within minutes to a few hours after ligand exposure. Com-

paratively, genetic perturbations are typically less dynamical-

ly controlled, sometimes entirely irreversible, and most often

do not allow titration of effect size.

One of the biggest challenges of both strategies is the often

uncertain issue around off-target activities, where the effect

of an shRNA/sgRNA or a small-molecule extends to unknown

target proteins. Confounding factors can particularly occur if

small-molecules are (i) poorly characterized, and/or (ii) used

at concentrations that are agnostic to target engagement and

thus at levels that exceed the concentrations needed to block

the target activity [4,35]. Off-target action of functional

genomics-based approaches is well-documented, extensively
www.drugdiscoverytoday.com 83
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reviewed elsewhere, and addressed via continuous optimiza-

tions (Fig. 2) [36–39].

TPD as target-validation approach: opportunities and
challenges
How does target protein degradation compare to these tradi-

tional target validation approaches? In principle, it combines

key advantages of conventional chemical and genetic pertur-

bation strategies (see also Fig. 2). Degradation typically occurs

within a few hours after cellular treatment, thus conserving

the high kinetic resolution of traditional antagonists. Simul-

taneously, TPD affects overall target protein abundance in a

comparable manner to genetic perturbations. Similar to

chemical inhibition, degradation enables dose-dependent

control, albeit following a parabolic concentration-depen-

dence where elevated degrader concentrations preferentially

trigger the formation of binary complexes over a fully func-

tional tripartite assembly. This effect is commonly referred to

as the ‘‘hook effect’’. Upon washout of the degrader, the effect

on protein levels is reversible. As reversal depends on active

protein re-synthesis, the associated kinetics are however tar-

get-specific and correlate with the rate of protein production.

The question of specificity of small-molecule degraders

comes in different layers. For PROTACs, the general notion

is that converting a small-molecule binder into a heterobifunc-

tional degrader provides means to increase selectivity. Among

others, this has been shown by converting multi-targeted
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Fig. 2. Comparison of target validation strategies.
Targeted protein degradation (TPD) is compared to genetic and traditional pharma
presented scoring is a semi-quantitative attempt aimed to highlight the particular 

considered as a rough approximation. This is particularly true for the evaluation of
small-molecule probes show a wide inherent variability. Comparative studies of sma
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kinase inhibitor warheads into CRBN- and VHL-based degra-

ders [40–43]. Resulting PROTACs degrade only a subset of the

bound target proteins. Notably, the ability to induce degrada-

tion is not correlated with binding affinity to the respective

target protein. Future work will be required to predict the

specificity of a given PROTAC, or to rationally design selective

degraders. Towards that goal, first important insights were

gained by structural and biophysical studies that attribute

degrader selectivity to differential cooperativity in ternary

complex formation, or plastic interprotein contacts [44–46].

One notable caveat of the PROTAC approach are off-targets

that are independent of the targeting warhead, but emerge

from inadvertent ligase modulation through the E3-binding

moiety. For instance, we have recently observed that CRBN-

based degraders with a multi-targeted kinase inhibitor war-

head can induce degradation of the translation factor GSPT1

[47]. Of note, GSPT1 is not bound by the promiscuous kinase

inhibitor scaffold. It is degraded via the phthalimide-linker

conjugate that closely matches the mechanism of the known

CRBN modulator CC-885 functioning as molecular glue

[47,48]. Notably, recent comprehensive profiling of the full

‘‘degrome’’ of CRBN modulation via molecular glues revealed

a spectrum of possibly degradable targets [11]. This target-

spectrum will inform the selectivity profiling of novel CRBN-

based PROTACs to restrict warhead-independent E3 modula-

tion. Generally, the identification of off-targets for PROTACs

is relatively straightforward. Given their sub-stoichiometric
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cologic approaches with regard to key features discussed in this review. The
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activity, off-target inhibitory or agonistic events are often

negligible at cellular concentrations required to induce target

proteolysis. Hence, coupling PROTAC treatment with down-

stream quantitative expression proteomics typically gives a

concise picture of the overall target space. This makes the

characterization of degraders more manageable compared to

traditional small-molecule inhibitors where target-identifica-

tion requires integration of multiple experimental strategies.

Often, this also involves unbiased drug-affinity chromatog-

raphy that requires compound immobilization and thus

relies on medicinal chemistry support.

Interpreting and controlling cellular target
degradation
Key to the proper interpretation of any target validation strate-

gy is the implementation of experiments powered to rationally

ablate the effect of a perturbation. Of particular importance in

cancer target discovery, the prevailing use of ‘‘down assays’’

puts a high burden on ensuing rescue experiments [4]. To

validate on-target effect of PROTACs, a set of rescue strategies

is frequently used in the literature. This includes proving

reversal of the degrader effect by pharmacologic inhibition

of the proteasome, or by blocking cullin neddylation (and thus

CRL activity) via pharmacologic NAE1 inhibition. Degrader-

specificcontrolexperiments alsoextendtocomparative studies

in isogenic cell lines that are either pro- or deficient in expres-

sion of the respective E3. Further controls relate to chemical

competition experiments with E3 ligase binders as well as

experiments with chemically matched PROTAC-derivatives

that are incapable of E3 binding.

Importantly, while all of these strategies are essential to

validate the mechanism of targeted proteolysis, they do not

necessarily prove causality of degradation of the known target

and the observed cellular phenotype (e.g. cell death) as they

would also prevent the destabilization of (possibly unknown)

off-targets. To unequivocally link cellular PROTAC effects to

the degradation of a specific target, experimental strategies

need to affect target engagement. For instance, degrader effi-

cacy can be mitigated upon ectopic expression of a target

protein mutated in key-residues required for degrader binding,

or via chemical competition with a (benign) binding ligand.

Alternatively, it isconceivableto attempt a functional rescue by

introducing mutations of amino acid residues at the dimeriza-

tion interface with the E3 ligase to prevent ternary complex

formation, or by mutating key lysine residues known to be

ubiquitinated. However, the identification of critical residues is

nontrivial in the absence of structural information.

TPD-based target validation in vivo
Small-molecule degraders have successfully been applied for

in vivo target validation. In standard xenograft- or PDX mod-

els, it is however important to consider the obtained effects

and the measured therapeutic window also in light of species
differences. It is for instance conceivable that a degrader can

very effectively induce target proteolysis in a human cellular

background, but that potency and specificity do not translate

when degraders are tested in mouse cells where subtle differ-

ences in the amino-acid sequence of binding sites or protein

surface interfaces can significantly abrogate degrader efficacy

[49]. If indeed degradation of the mouse protein requires

higher drug concentrations compared to its human counter-

part, it is important to investigate the extent to which this

falsifies the interpretation of a determined therapeutic win-

dow. Currently, such species differences are best documented

for IMiDs. It is however reasonable to assume that PROTACs

can similarly be affected. While the availability of mouse

models with humanized E3 ligases will be helpful in certain

instances [50], recent data focusing on the thalidomide target

SALL4 underscores that in some cases, efficient degradation

only occurs when both involved proteins (target and E3) are

from the same species [10]. However, the issue of species

selectivity is not unique to PROTACs or molecular glues, but

represents a prevalent challenge in drug discovery which is

for instance well-documented for antibody therapies [51].

Collectively, while chemical degraders are well suited for in

vivo target validation studies, the unique pharmacology of

TPD requires careful consideration and interpretation of

obtained results.

Chemical-genetic derivatives of TPD
As outlined in specific examples below, target validation by

TPD can either occur via directly acting small-molecule

degraders, or via chemical-genetic derivatives thereof

(Fig. 1). Chemical-genetics approaches have the advantage

that a standardized compound can be used to prompt the

degradation of a wide spectrum of target proteins. A key

limitation is however that targets need to be amenable to

the introduction of low molecular weight tags that are re-

quired for degrader binding. Here, we will focus on two

chemical-genetics approaches, (i) the degradation tag (dTAG)

strategy, as well as (ii) auxin-inducible degron (AID) tagging.

(i) The dTAG approach (Fig. 1) is based on a previously

described, mutant-selective, heterobifunctional degrader

of an engineered variant of FKBP12 [52]. A defined amino-

acid substitution in FKBP12 (F36V) extends the ligand

binding pocket so that it can selectively be exploited by

AP1867, a ‘bumped’ synthetic ligand [52]. Consequently,

expression of a protein of interest as a fusion to

FKBP12F36V (from here on referred to as dTAG) renders

this fusion ‘degradable’ via a standardized ligand. Mech-

anistically, the dTAG approach works in close analogy to

aforementioned degraders. The heterobifunctional

dTAG-ligand recruits dTAG fusion proteins to the endog-

enous CRL4CRBN ligase complex, and induces fast and

complete proteasomal degradation of the fusion protein
www.drugdiscoverytoday.com 85
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[53]. The dTAG approach was first employed to identify

the mechanistic underpinnings of a novel vulnerability

of acute leukemia to the transcriptional regulator ENL

(described in detail below) [53]. Fusion proteins can

either be ectopically expressed, or endogenously engi-

neered via CRISPR/Cas9 mediated knock-in [54]. Notably,

recent studies showcased that dTAG-enabled target deg-

radation can also be achieved in vivo [54].

(ii) The AID-tag represents complementary alternative to the

dTAG approach (Fig. 1D). Mechanistically, it is inspired

by the mode of action of the aforementioned phytohor-

mone auxin [14,55,56]. The use in mammalian cells thus

requires ectopic expression of the Tir1 E3 ligase along

with ectopic expression or endogenous tagging of the POI

via the AID-tag. AID-tagged proteins can subsequently be

recruited to a functional CRL1TIR1 ligase complex in an

auxin-dependent manner, again leading to their ubiqui-

tination and proteasomal degradation [55,56]. Given the

high concentrations of auxin that are required to induce

degradation, it has thus far not been possible to perform

AID experiments in vivo.

Based on reported data, both dTAG and AID-tagging enable

exquisitely selective perturbations, and off-targets based on

inadvertent CRBN modulation have not been reported for the

standardized dTAG ligands [53,54,57]. In addition, based on

the reported cases, simultaneous degradation of protein inter-

actors of the POI has not been reported even though it is

conceivable that interacting proteins might face destabiliza-

tion as a downstream consequence of initial POI degradation.

Therefore, both approaches allow for a fast, near-complete,

and highly selective degradation of their respective target

proteins. In addition, both approaches permit a straightfor-

ward, phenotypic rescue via ectopic expression of untagged

cDNAs that are resistant to drug-induced degradation, and

are thus expected to revert phenotypes induced by degrader

treatment.

Notable other chemical-genetics approaches well-suited

for target identification and validation include the Shield

system [58], HaloPROTACs [22], induced displacement of

cryptic degrons [59], and small-molecule-assisted shutoff

(SMASh) [60]. Due to space limitations, these approaches will

not be discussed in detail. As all these approaches require

genetic manipulation, their direct applicability in cancer

therapy is limited. A notable exception might be the use of

degradation approaches as off-switches for synthetic- or gene-

therapy based approaches. In the following, we want to

discuss recent examples where TPD was applied to validate

and characterize known targets, to identify novel cancer

vulnerabilities, or to de-validate target hypotheses. Examples

will relate to directly acting degraders, chemical-genetics

strategies, as well as their integrated use.
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Characterization and validation of cancer targets
BRD4 and BET proteins have received a lot of attention as

therapeutic targets for different cancers [61]. Initial drug

development efforts were motivated by recurrent transloca-

tions of BRD4 observed in NUT midline carcinoma [62].

Subsequently, BRD4 was identified as a non-oncogene addic-

tion in AML via in vivo RNAi screens [63]. Mechanistically,

BRD4 emerged as a transcriptional co-activator that binds to

acetylated histones and transcription factors at promoters

and enhancers via two N-terminal bromodomains [64]. BRD4

binding to chromatin was found to be highly asymmetrical,

where clusters of regulatory regions (referred to as super-

enhancers) are bound by a disproportional amount of

BRD4 [65]. Bromodomain inhibition by competitive small-

molecules such as JQ1 was shown to displace BET proteins

from chromatin, outlining a strategy for pharmacologic in-

hibition of BET-dependent gene control [62,66]. Given that

super-enhancers were found to be hyper-sensitive to BET

inhibitor treatment, BET proteins were mechanistically

linked to transcriptional control of super-enhancer associat-

ed genes such as c-MYC, extending their therapeutic poten-

tial also to other malignancies [67,68].

In an effort to dissect the increased cellular efficacy of BET

protein degraders compared to BET inhibitors, we set out to

compare the transcriptional consequences of the BET inhibi-

tor JQ1 with the second-generation BET degrader dBET6 [69].

We identified that BET degradation led to a global displace-

ment of BRD4 from all regulatory regions including transcrip-

tional start sites. This led to a widespread ablation of mRNA

transcription, which we could link to a global disruption of

transcriptional pause release. Collectively, this established

BET proteins as master regulators of transcription elongation.

Notably, acute BET degradation was inconsequential for P-

TEFb recruitment to transcriptional start sites and enhancers,

thus challenging the paradigmatic role of BRD4 as a P-TEFb

recruitment factor [69,70]. Notably, given that employed

degraders lacked selectivity for BRD4 over other BET proteins,

our experimental setup did not allow assigning these tran-

scriptional effects exclusively to BRD4. This was addressed by

ensuing work that applied a BRD4-AID knock-in strategy

compatible with selective BRD4 degradation [57]. BRD4 deg-

radation in K562 and HCT116 cells induced a very compara-

ble, widespread inhibition of mRNA synthesis that is

consistent with a general role of BRD4 as a RNA Pol II co-

activator. Notably, also in this model, BRD4 degradation

appeared to be inconsequential for chromatin-bound P-TEFb

levels [57]. Further research will be required to delineate the

mechanism of action of BRD4 in Pol II transcription, includ-

ing proposed roles as an atypical kinase that phosphorylates

the carboxyterminal domain of Pol II [71].

Beyond BET proteins, targeted protein degradation was

furthermore successfully applied to validate the bromodo-

main containing protein BRD9 as a promising, context-spe-
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cific cancer target. BRD9 is a component of the recently

identified non-canonical BAF (ncBAF) complex, a variant

of the canonical BAF chromatin remodeler complex [72].

BRD9 was initially shown to be required for the proliferation

of AML cell lines via shRNA experiments [73]. This spurred

the development of competitive BRD9 bromodomain antago-

nists [73,74]. BRD9 inhibitor treatment caused transcription-

al consequences reminiscent of BRD9 knockdown, but

cellular efficacy of BRD9 bromodomain inhibition was rela-

tively subtle [73]. Notably, phthalimide-based conversion of

the same BRD9 bromodomain ligand into a BRD9 degrader

yielded a potent and highly selective PROTAC that exerted a

potent anti-proliferative effect in AML cell lines. Cellular

potency of BRD9 degradation was increased up to 100-fold

compared to parental BRD9 bromodomain inhibitors [75].

Hence, ligand-induced degradation provided definitive phar-

macologic evidence of a dependency of AML cells on BRD9

[75]. More recently, pharmacologic degradation was also

employed to identify and validate BRD9 as a synthetic-lethal

target in cancers harboring canonical BAF complex muta-

tions [76,77].

TPD-enabled identification and validation of novel
cancer targets
The YEATS domain containing protein ENL is part of a multi-

protein assembly called the super elongation complex (SEC)

that orchestrates gene activity at the level of transcriptional

elongation [78]. ENL was identified as a dependency in acute

leukemia via an unbiased genome-scale CRISPR/Cas9 drop-

out screen [53], or via hypothesis-driven, focused investiga-

tion [79]. To explain the acute mechanistic role for ENL in

leukemia pathogenesis and transcription regulation, Erb et al.

implemented the aforementioned dTAG approach [53]. Ec-

topic expression of dTAG-ENL combined with genetic deple-

tion of endogenous ENL allowed for rapid ENL ablation in

sensitive AML cell lines, and thus for a mechanistic under-

standing of ENL-dependent, essential transcriptional circuits.

The authors identified a core set of genes with disproportion-

ally high levels of promoter-bound ENL, including well-

known leukemic driver genes such as MEIS1, MYB, and

RUNX1. ENL degradation suppressed transcription initiation

and elongation genome-wide, but led to pronounced tran-

scriptional defects at ENLhigh genes at early time points.

Mechanistically, transcriptional impairment of ENLhigh genes

was caused by attenuated SEC recruitment and activity. Res-

cue experiments finally validated that the YEATS reader

domain is essential for ENL-dependent leukemic growth.

Therefore, this study also provided mechanistic support for

inhibiting the ENL YEATS domain as a promising strategy in

leukemia [53].

An additional leukemic dependency was recently identi-

fied via a VHL-based heterobifunctional degrader of TRIM24

[80]. TRIM24 is a bromodomain-containing transcriptional
regulator that has been implicated as specific vulnerability in

breast and prostate cancers [81,82]. However, potent and

selective ligands for the TRIM24 bromodomain were mostly

found inconsequential for cancer cell proliferation suggest-

ing that bromodomain inhibition may not be sufficient as an

anti-cancer strategy. This found further support in domain-

scanning CRISPR/Cas9 experiments, which highlighted the

RING domain of TRIM24 as the functional domain linked to

the essentiality of TRIM24 in AML [80]. In line with this,

pharmacologic TRIM24 degradation exerted an anti-prolifer-

ative response that outperformed competitive bromodomain

inhibitors, thus confirming that the sensitivity of AML cell

lines to loss of TRIM24 is likely independent of the TRIM24

bromodomain.

Applications of TPD for target de-validation
In addition to identifying and characterizing novel targets,

TPD was also applied to invalidate previously postulated

cancer vulnerabilities.

MELK is a serine/threonine kinase that has been reported to

be overexpressed in various cancers, most notably breast

cancers [83]. MELK expressing cells were shown to have

higher tumor-initiating potential, which was reported to

be MELK dependent [84,85]. RNAi-based studies have estab-

lished a role for MELK in the proliferation of breast-cancer

cells [86]. This was further supported via a competitive MELK

kinase inhibitor that showed pronounced activity in cancer

models of different origins, but lacked sufficient specificity

for MELK over other kinases [87]. Employing the dTAG

system, a recent study could however show that chemical

degradation of MELK was inconsequential in breast cancer

cells [88]. This was supported by additional, selective MELK

kinase inhibitors, CRISPR/Cas9 mediated MELK knockout

and shRNA knockdown of MELK. An independent study that

mostly relied on CRISRP/Cas9 mediated mutagenesis came to

a similar conclusion [89].

An additional kinase that was a long-sought after target is

TANK-bindingkinase1 (TBK1). Itwasan attractive targetdueto

its reported role in tumorigenesis, especially in KRAS-mutant

(KRASmut) tumors where RNAi based genetic screens suggested

a synthetic-lethal relationship between KRASmut and TBK1.

However, the notion that KRASmut cancer cells selectively

depend onTKB1 activity waschallengedbysubsequentreports,

and pharmacologic TBK1 kinase inhibition failed to recapitu-

late the synthetic lethal interaction with KRASmut [90]. Argu-

ably, this could still be explained by an involvement of

molecular functions that are independent of the kinase activity

of TBK1, such as molecular scaffolding functions. However, a

recently published, VHL-based TBK1 degrader was similarly

incapable of selectively exerting anti-proliferative effects in

KRASmut cancer cell lines [91]. Given that potent and selective

TBK1 degradation was achieved over a spectrum of cell lines,
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these findings corroborate that TBK1 does not constitute a

selective dependency in KRASmut cancers.

Conclusions
Target(ed) protein degradation (TPD) is a promising novel

paradigm in chemical probe- and drug development. Small-

molecule degraders follow a unique mode of action based on

catalytic target turnover that enables the degradation of

super-stoichiometric amounts of target protein. Ablation of

proteins via small-molecule degraders is potent, selective,

and typically occurs within the first hours after treatment.

Therefore, TPD is particularly informative when coupled with

unbiased technologies that measure acute phenotypes and

thus capitalize on the high kinetic resolution. To study causal

mechanisms of targets involved in gene-control, it can for

instance be highly informative to couple degradation with

nascent RNA-sequencing approaches such as NET-seq or

SLAM-seq [57,69]. This high kinetic resolution, along with

a suite of well-defined control and rescue experiments posi-

tions TPD as a technology well-suited for the identification of

cancer vulnerabilities and associated mechanistic studies.

Acknowledgements
CeMM and the Winter lab are supported by the Austrian

Academy of Sciences. C.M.-R. is supported by an EMBO long

term fellowship (EMBO-LTF ALTF 676-2017).

References
[1] Prinz F, Schlange T, Asadullah K. Believe it or not: how much can we rely

on published data on potential drug targets? Nat Rev Drug Discov

2011;10:712.

[2] Frye SV, Arkin MR, Arrowsmith CH, Conn PJ, Glicksman MA, Hull-Ryde

EA, et al. Tackling reproducibility in academic preclinical drug discovery.

Nat Rev Drug Discov 2015;14:733–4.

[3] Errington TM, Iorns E, Gunn W, Tan FE, Lomax J, Nosek BA. An open

investigation of the reproducibility of cancer biology research. Elife

2014;3.

[4] Kaelin Jr WG. Common pitfalls in preclinical cancer target validation. Nat

Rev Cancer 2017;17:Error: FPage (425) is higher than LPage (–440)!.

[5] Sakamoto KM, Kim KB, Kumagai A, Mercurio F, Crews CM, Deshaies RJ,

et al. Protacs: chimeric molecules that target proteins to the Skp1-Cullin-F

box complex for ubiquitination and degradation. Proc Natl Acad Sci U S A

2001;98:8554–9.

[6] Lu G, Middleton RE, Sun H, Naniong M, Ott CJ, Mitsiades CS, et al. The

myeloma drug lenalidomide promotes the cereblon-dependent

destruction of Ikaros proteins. Science 2014;343:305–9.

[7] Kronke J, Udeshi ND, Narla A, Grauman P, Hurst SN, McConkey M, et al.

Lenalidomide causes selective degradation of IKZF1 and IKZF3 in multiple

myeloma cells. Science 2014;343:301–5.

[8] An J, Ponthier CM, Sack R, Seebacher J, Stadler MB, Donovan KA, et al.

pSILAC mass spectrometry reveals ZFP91 as IMiD-dependent substrate of

the CRL4(CRBN) ubiquitin ligase. Nat Commun 2017;8:15398.

[9] Donovan KA, An J, Nowak RP, Yuan JC, Fink EC, Berry BC, et al.

Thalidomide promotes degradation of SALL4, a transcription factor

implicated in Duane Radial Ray Syndrome. Elife 2018;7.

[10] Matyskiela ME, Couto S, Zheng X, Lu G, Hui J, Stamp K, et al. SALL4

mediates teratogenicity as a thalidomide-dependent cereblon substrate.

Nat Chem Biol 2018;14:981–7.
88 www.drugdiscoverytoday.com
[11] Sievers QL, Petzold G, Bunker RD, Renneville A, Slabicki M, Liddicoat BJ,

et al. Defining the human C2H2 zinc finger degrome targeted by

thalidomide analogs through CRBN. Science 2018;362.

[12] Han T, Goralski M, Gaskill N, Capota E, Kim J, Ting TC, et al. Anticancer

sulfonamides target splicing by inducing RBM39 degradation via

recruitment to DCAF15. Science 2017;356(6336).

[13] Uehara T, Minoshima Y, Sagane K, Sugi NH, Mitsuhashi KO, Yamamoto N,

et al. Selective degradation of splicing factor CAPERalpha by anticancer

sulfonamides. Nat Chem Biol 2017;13:675–80.

[14] Gray WM, Kepinski S, Rouse D, Leyser O, Estelle M. Auxin regulates SCF

(TIR1)-dependent degradation of AUX/IAA proteins. Nature

2001;414:271–6.

[15] Tan X, Calderon-Villalobos LI, Sharon M, Zheng C, Robinson CV, Estelle

M, et al. Mechanism of auxin perception by the TIR1 ubiquitin ligase.

Nature 2007;446:640–5.

[16] Avigan D, Rosenblatt J. Current treatment for multiple myeloma. N Engl J

Med 2014;371:961–2.

[17] Ito T, Ando H, Suzuki T, Ogura T, Hotta K, Imamura Y, et al. Identification

of a primary target of thalidomide teratogenicity. Science 2010;327:

1345–50.

[18] Winter GE, Buckley DL, Paulk J, Roberts JM, Souza A, Dhe-Paganon S, et al.

DRUG DEVELOPMENT. Phthalimide conjugation as a strategy for in vivo

target protein degradation. Science 2015;348:1376–81.

[19] Lu J, Qian Y, Altieri M, Dong H, Wang J, Raina K, et al. Hijacking the E3

ubiquitin ligase cereblon to efficiently target BRD4. Chem Biol

2015;22:755–63.

[20] Schneekloth Jr JS, Fonseca FN, Koldobskiy M, Mandal A, Deshaies R,

Sakamoto K, et al. Chemical genetic control of protein levels: selective in

vivo targeted degradation. J Am Chem Soc 2004;126:Error: FPage (3748) is

higher than LPage (–3754)!.

[21] Buckley DL, Gustafson JL, Van Molle I, Roth AG, Tae HS, Gareiss PC, et al.

Small-molecule inhibitors of the interaction between the E3 ligase VHL

and HIF1alpha. Angew Chem Int Ed Engl 2012;51:11463–67.

[22] Buckley DL, Raina K, Darricarrere N, Hines J, Gustafson JL, Smith IE, et al.

HaloPROTACS: use of small molecule PROTACs to induce degradation of

HaloTag fusion proteins. ACS Chem Biol 2015;10:1831–7.

[23] Zengerle M, Chan KH, Ciulli A. Selective small molecule induced

degradation of the BET bromodomain protein BRD4. ACS Chem Biol

2015;10:1770–7.

[24] Bondeson DP, Mares A, Smith IE, Ko E, Campos S, Miah AH, et al. Catalytic

in vivo protein knockdown by small-molecule PROTACs. Nat Chem Biol

2015;11:611–7.

[25] Raina K, Lu J, Qian Y, Altieri M, Gordon D, Rossi AM, et al. PROTAC-

induced BET protein degradation as a therapy for castration-resistant

prostate cancer. Proc Natl Acad Sci U S A 2016;113(26):7129–54.

[26] Schneekloth AR, Pucheault M, Tae HS, Crews CM. Targeted intracellular

protein degradation induced by a small molecule: en route to chemical

proteomics. Bioorg Med Chem Lett 2008;18:5904–8.

[27] Hines J, Lartigue S, Dong H, Qian Y, Crews CM. MDM2-recruiting PROTAC

offers superior, synergistic anti-proliferative activity via simultaneous

degradation of BRD4 and stabilization of p53. Cancer Res 2018.

[28] Itoh Y, Ishikawa M, Kitaguchi R, Sato S, Naito M, Hashimoto Y, et al.

Development of target protein-selective degradation inducer for protein

knockdown. Bioorg Med Chem 2011;19:3229–41.

[29] Itoh Y, Ishikawa M, Naito M, Hashimoto Y. Protein knockdown using

methyl bestatin-ligand hybrid molecules: design and synthesis of

inducers of ubiquitination-mediated degradation of cellular retinoic acid-

binding proteins. J Am Chem Soc 2010;132:5820–6.

[30] Ohoka N, Okuhira K, Ito M, Nagai K, Shibata N, Hattori T, et al. In vivo

knockdown of pathogenic proteins via specific and nongenetic inhibitor

of apoptosis protein (IAP)-dependent protein erasers (SNIPERs). J Biol

Chem 2017;292:4556–70.

[31] Ward CC, Kleinman JI, Brittain SM, Lee PS, Chung CYS, Kim K, et al.

Covalent ligand screening uncovers a RNF4 E3 ligase recruiter for targeted

protein degradation applications. bioRxiv 2018;439125.

[32] Spradlin JN, Hu X, Ward CC, Brittain SM, Ou L, Bussiere DE, et al.

Harnessing the anti-cancer natural product nimbolide for targeted protein

degradation. bioRxiv 2018;436998.

http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0005
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0005
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0005
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0010
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0010
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0010
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0015
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0015
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0015
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0020
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0020
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0025
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0025
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0025
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0025
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0030
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0030
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0030
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0035
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0035
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0035
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0040
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0040
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0040
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0045
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0045
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0045
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0050
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0050
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0050
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0055
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0055
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0055
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0060
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0060
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0060
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0065
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0065
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0065
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0070
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0070
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0070
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0075
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0075
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0075
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0080
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0080
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0085
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0085
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0085
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0090
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0090
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0090
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0095
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0095
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0095
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0100
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0100
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0100
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0100
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0105
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0105
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0105
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0110
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0110
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0110
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0115
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0115
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0115
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0120
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0120
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0120
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0125
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0125
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0125
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0130
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0130
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0130
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0135
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0135
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0135
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0140
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0140
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0140
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0145
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0145
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0145
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0145
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0150
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0150
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0150
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0150
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0155
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0155
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0155
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0160
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0160
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0160


Vol. 31, 2019 Drug Discovery Today: Technologies | Protein degradation for drug discovery
[33] Zhang X, Crowley VM, Wucherpfennig TG, Dix MM, Cravatt BF.

Electrophilic PROTACs that degrade nuclear proteins by engaging

DCAF16. bioRxiv 2018;443804.

[34] Ottis P, Toure M, Cromm PM, Ko E, Gustafson JL, Crews CM. Assessing

different E3 ligases for small molecule induced protein ubiquitination and

degradation. ACS Chem Biol 2017;12:2570–8.

[35] Arrowsmith CH, Audia JE, Austin C, Baell J, Bennett J, Blagg J, et al. The

promise and peril of chemical probes. Nat Chem Biol 2015;11:536–41.

[36] Kaelin Jr WG. Molecular biology. Use and abuse of RNAi to study

mammalian gene function. Science 2012;337:421–2.

[37] Fellmann C, Hoffmann T, Sridhar V, Hopfgartner B, Muhar M, Roth M,

et al. An optimized microRNA backbone for effective single-copy RNAi.

Cell Rep 2013;5:1704–13.

[38] Kleinstiver BP, Pattanayak V, Prew MS, Tsai SQ, Nguyen NT, Zheng Z, et al.

High-fidelity CRISPR-Cas9 nucleases with no detectable genome-wide off-

target effects. Nature 2016;529:490–5.

[39] Evers B, Jastrzebski K, Heijmans JP, Grernrum W, Beijersbergen RL,

Bernards R, et al. CRISPR knockout screening outperforms shRNA and

CRISPRi in identifying essential genes. Nat Biotechnol 2016;34:631–3.

[40] Burslem GM, Smith BE, Lai AC, Jaime-Figueroa S, McQuaid DC, Bondeson

DP, et al. The advantages of targeted protein degradation over inhibition:

an RTK case study. Cell Chem Biol 2017;25(1):67–77.

[41] Bondeson DP, Smith BE, Burslem GM, Buhimschi AD, Hines J, Jaime-

Figueroa S, et al. Lessons in PROTAC design from selective degradation

with a promiscuous warhead. Cell Chem Biol 2017;25(1):78–87.

[42] Huang HT, Dobrovolsky D, Paulk J, Yang G, Weisberg EL, Doctor ZM, et al.

A chemoproteomic approach to query the degradable kinome using a

multi-kinase degrader. Cell Chem Biol 2017;25(1):85–99.

[43] Olson CM, Jiang B, Erb MA, Liang Y, Doctor ZM, Zhang Z, et al.

Pharmacological perturbation of CDK9 using selective CDK9 inhibition or

degradation. Nat Chem Biol 2017;14(2):163–70.

[44] Gadd MS, Testa A, Lucas X, Chan KH, Chen W, Lamont DJ, et al. Structural

basis of PROTAC cooperative recognition for selective protein

degradation. Nat Chem Biol 2017;13:514–21.

[45] Nowak RP, DeAngelo SL, Buckley D, He Z, Donovan KA, An J, et al.

Plasticity in binding confers selectivity in ligand-induced protein

degradation. Nat Chem Biol 2018;14(7):706–14.

[46] Zorba A, Nguyen C, Xu Y, Starr J, Borzilleri K, Smith J, et al. Delineating the

role of cooperativity in the design of potent PROTACs for BTK. Proc Natl

Acad Sci U S A 2018;115:E7285–92.

[47] Ishoey M, Chorn S, Singh N, Jaeger MG, Brand M, Paulk J, et al.

Translation termination factor GSPT1 is a phenotypically relevant off-

target of heterobifunctional phthalimide degraders. ACS Chem Biol

2018;13:553–60.

[48] Matyskiela ME, Lu G, Ito T, Pagarigan B, Lu CC, Miller K, et al. A novel

cereblon modulator recruits GSPT1 to the CRL4(CRBN) ubiquitin ligase.

Nature 2016;535:252–7.

[49] Fink EC, McConkey M, Adams DN, Haldar SD, Kennedy JA, Guirguis AA,

et al. Crbn (I391V) is sufficient to confer in vivo sensitivity to thalidomide

and its derivatives in mice. Blood 2018;132:1535–44.

[50] Gemechu Y, Millrine D, Hashimoto S, Prakash J, Sanchenkova K, Metwally

H, et al. Humanized cereblon mice revealed two distinct therapeutic

pathways of immunomodulatory drugs. Proc Natl Acad Sci U S A 2018;115

(46):11802–07.

[51] Ober RJ, Radu CG, Ghetie V, Ward ES. Differences in promiscuity for

antibody-FcRn interactions across species: implications for therapeutic

antibodies. Int Immunol 2001;13:1551–9.

[52] Clackson T, Yang W, Rozamus LW, Hatada M, Amara JF, Rollins CT, et al.

Redesigning an FKBP-ligand interface to generate chemical dimerizers

with novel specificity. Proc Natl Acad Sci U S A 1998;95:10437–42.

[53] Erb MA, Scott TG, Li BE, Xie H, Paulk J, Seo HS, et al. Transcription control

by the ENL YEATS domain in acute leukaemia. Nature 2017;543:270–4.

[54] Nabet B, Roberts JM, Buckley DL, Paulk J, Dastjerdi S, Yang A, et al. The

dTAG system for immediate and target-specific protein degradation. Nat

Chem Biol 2018;14:431–41.

[55] Natsume T, Kiyomitsu T, Saga Y, Kanemaki MT. Rapid protein depletion in

human cells by auxin-inducible degron tagging with short homology

donors. Cell Rep 2016;15:210–8.
[56] Nishimura K, Fukagawa T, Takisawa H, Kakimoto T, Kanemaki M. An

auxin-based degron system for the rapid depletion of proteins in nonplant

cells. Nat Methods 2009;6:917–22.

[57] Muhar M, Ebert A, Neumann T, Umkehrer C, Jude J, Wieshofer C, et al.

SLAM-seq defines direct gene-regulatory functions of the BRD4-MYC axis.

Science 2018;360:800–5.

[58] Banaszynski LA, Chen LC, Maynard-Smith LA, Ooi AG, Wandless TJ. A

rapid, reversible, and tunable method to regulate protein function in

living cells using synthetic small molecules. Cell 2006;126:995–1004.

[59] Bonger KM, Chen LC, Liu CW, Wandless TJ. Small-molecule displacement

of a cryptic degron causes conditional protein degradation. Nat Chem Biol

2011;7:531–7.

[60] Chung HK, Jacobs CL, Huo Y, Yang J, Krumm SA, Plemper RK, et al.

Tunable and reversible drug control of protein production via a self-

excising degron. Nat Chem Biol 2015;11:713–20.

[61] Shi J, Vakoc CR. The mechanisms behind the therapeutic activity of BET

bromodomain inhibition. Mol Cell 2014;54:728–36.

[62] Filippakopoulos P, Qi J, Picaud S, Shen Y, Smith WB, Fedorov O, et al.

Selective inhibition of BET bromodomains. Nature 2010;468:1067–73.

[63] Zuber J, Shi J, Wang E, Rappaport AR, Herrmann H, Sison EA, et al. RNAi

screen identifies Brd4 as a therapeutic target in acute myeloid leukaemia.

Nature 2011;478:524–8.

[64] Roe JS, Mercan F, Rivera K, Pappin DJ, Vakoc CR. BET bromodomain

inhibition suppresses the function of hematopoietic transcription factors

in acute myeloid leukemia. Mol Cell 2015;58:1028–39.

[65] Whyte WA, Orlando DA, Hnisz D, Abraham BJ, Lin CY, Kagey MH, et al.

Master transcription factors and mediator establish super-enhancers at

key cell identity genes. Cell 2013;153:307–19.

[66] Dawson MA, Prinjha RK, Dittmann A, Giotopoulos G, Bantscheff M, Chan

WI, et al. Inhibition of BET recruitment to chromatin as an effective

treatment for MLL-fusion leukaemia. Nature 2011;478:529–33.

[67] Loven J, Hoke HA, Lin CY, Lau A, Orlando DA, Vakoc CR, et al. Selective

inhibition of tumor oncogenes by disruption of super-enhancers. Cell

2013;152:320–34.

[68] Delmore JE, Issa GC, Lemieux ME, Rahl PB, Shi J, Jacobs HM, et al. BET

bromodomain inhibition as a therapeutic strategy to target c-Myc. Cell

2011;146:904–17.

[69] Winter GE, Mayer A, Buckley DL, Erb MA, Roderick JE, Vittori S, et al. BET

bromodomain proteins function as master transcription elongation

factors independent of CDK9 recruitment. Mol Cell 2017;67(1):5–18.

[70] Yang Z, Yik JH, Chen R, He N, Jang MK, Ozato K, et al. Recruitment of P-

TEFb for stimulation of transcriptional elongation by the bromodomain

protein Brd4. Mol Cell 2005;19:535–45.

[71] Devaiah BN, Lewis BA, Cherman N, Hewitt MC, Albrecht BK, Robey PG,

et al. BRD4 is an atypical kinase that phosphorylates serine2 of the RNA

polymerase II carboxy-terminal domain. Proc Natl Acad Sci U S A

2012;109:6927–32.

[72] Kadoch C, Hargreaves DC, Hodges C, Elias L, Ho L, Ranish J, et al.

Proteomic and bioinformatic analysis of mammalian SWI/SNF

complexes identifies extensive roles in human malignancy. Nat Genet

2013;45:592–601.

[73] Hohmann AF, Martin LJ, Minder JL, Roe JS, Shi J, Steurer S, et al.

Sensitivity and engineered resistance of myeloid leukemia cells to BRD9

inhibition. Nat Chem Biol 2016;12(9):672–9.

[74] Martin LJ, Koegl M, Bader G, Cockcroft XL, Fedorov O, Fiegen D, et al.

Structure-based design of an in vivo active selective BRD9 inhibitor. J Med

Chem 2016;59:4462–75.

[75] Remillard D, Buckley DL, Paulk J, Brien GL, Sonnett M, Seo HS, et al.

Degradation of the BAF complex factor BRD9 by heterobifunctional

ligands. Angew Chem Int Ed Engl 2017;56:5738–43.

[76] Michel BC, D’Avino AR, Cassel SH, Mashtalir N, McKenzie ZM, McBride MJ,

et al. A non-canonical SWI/SNF complex is a synthetic lethal target in cancers

driven by BAF complex perturbation. Nat Cell Biol 2018;20(12):1410–20.

[77] Brien GL, Remillard D, Shi J, Hemming ML, Chabon J, Wynne K, et al.

Targeted degradation of BRD9 reverses oncogenic gene expression in

synovial sarcoma. Elife 2018;7.

[78] Luo Z, Lin C, Guest E, Garrett AS, Mohaghegh N, Swanson S, et al. The

super elongation complex family of RNA polymerase II elongation factors:
www.drugdiscoverytoday.com 89

http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0165
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0165
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0165
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0170
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0170
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0170
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0175
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0175
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0180
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0180
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0185
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0185
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0185
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0190
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0190
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0190
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0195
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0195
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0195
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0200
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0200
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0200
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0205
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0205
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0205
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0210
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0210
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0210
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0215
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0215
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0215
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0220
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0220
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0220
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0225
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0225
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0225
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0230
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0230
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0230
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0235
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0235
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0235
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0235
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0240
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0240
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0240
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0245
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0245
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0245
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0250
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0250
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0250
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0250
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0255
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0255
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0255
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0260
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0260
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0260
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0265
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0265
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0270
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0270
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0270
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0275
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0275
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0275
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0280
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0280
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0280
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0285
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0285
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0285
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0290
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0290
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0290
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0295
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0295
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0295
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0300
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0300
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0300
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0305
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0305
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0310
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0310
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0315
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0315
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0315
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0320
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0320
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0320
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0325
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0325
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0325
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0330
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0330
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0330
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0335
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0335
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0335
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0340
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0340
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0340
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0345
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0345
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0345
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0350
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0350
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0350
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0355
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0355
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0355
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0355
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0360
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0360
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0360
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0360
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0365
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0365
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0365
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0370
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0370
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0370
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0375
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0375
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0375
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0380
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0380
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0380
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0385
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0385
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0385
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0390
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0390


Drug Discovery Today: Technologies | Protein degradation for drug discovery Vol. 31, 2019
gene target specificity and transcriptional output. Mol Cell Biol

2012;32:2608–17.

[79] Wan L, Wen H, Li Y, Lyu J, Xi Y, Hoshii T, et al. ENL links histone

acetylation to oncogenic gene expression in acute myeloid leukaemia.

Nature 2017;543:265–9.

[80] Gechijian LN, Buckley DL, Lawlor MA, Reyes JM, Paulk J, Ott CJ, et al.

Functional TRIM24 degrader via conjugation of ineffectual bromodomain

and VHL ligands. Nat Chem Biol 2018;14:405–12.

[81] Tsai WW, Wang Z, Yiu TT, Akdemir KC, Xia W, Winter S, et al. TRIM24

links a non-canonical histone signature to breast cancer. Nature

2010;468:927–32.

[82] Groner AC, Cato L, de Tribolet-Hardy J, Bernasocchi T, Janouskova H,

Melchers D, et al. TRIM24 is an oncogenic transcriptional activator in

prostate cancer. Cancer Cell 2016;29:846–58.

[83] Lin ML, Park JH, Nishidate T, Nakamura Y, Katagiri T. Involvement of

maternal embryonic leucine zipper kinase (MELK) in mammary

carcinogenesis through interaction with Bcl-G, a pro-apoptotic member

of the Bcl-2 family. Breast Cancer Res 2007;9R17.

[84] Hebbard LW, Maurer J, Miller A, Lesperance J, Hassell J, Oshima RG, et al.

Maternal embryonic leucine zipper kinase is upregulated and required in

mammary tumor-initiating cells in vivo. Cancer Res 2010;70:8863–73.

[85] Wang Y, Lee YM, Baitsch L, Huang A, Xiang Y, Tong H, et al. MELK is an

oncogenic kinase essential for mitotic progression in basal-like breast

cancer cells. Elife 2014;3e01763.
90 www.drugdiscoverytoday.com
[86] Pickard MR, Green AR, Ellis IO, Caldas C, Hedge VL, Mourtada-

Maarabouni M, et al. Dysregulated expression of Fau and MELK is

associated with poor prognosis in breast cancer. Breast Cancer Res

2009;11R60.

[87] Chung S, Suzuki H, Miyamoto T, Takamatsu N, Tatsuguchi A, Ueda K,

et al. Development of an orally-administrative MELK-targeting inhibitor

that suppresses the growth of various types of human cancer. Oncotarget

2012;3:1629–40.

[88] Huang HT, Seo HS, Zhang T, Wang Y, Jiang B, Li Q, et al. MELK is not

necessary for the proliferation of basal-like breast cancer cells. Elife

2017;6.

[89] Lin A, Giuliano CJ, Sayles NM, Sheltzer JM. CRISPR/Cas9 mutagenesis

invalidates a putative cancer dependency targeted in on-going clinical

trials. Elife 2017;6.

[90] Muvaffak A, Pan Q, Yan H, Fernandez R, Lim J, Dolinski B, et al. Evaluating

TBK1 as a therapeutic target in cancers with activated IRF3. Mol Cancer

Res 2014;12:1055–66.

[91] Crew AP, Raina K, Dong H, Qian Y, Wang J, Vigil D, et al. Identification

and characterization of Von Hippel–Lindau-recruiting proteolysis

targeting chimeras (PROTACs) of TANK-binding kinase 1. J Med Chem

2017;61(2):583–98.

http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0390
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0390
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0395
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0395
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0395
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0400
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0400
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0400
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0405
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0405
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0405
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0410
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0410
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0410
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0415
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0415
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0415
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0415
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0420
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0420
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0420
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0425
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0425
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0425
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0430
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0430
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0430
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0430
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0435
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0435
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0435
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0435
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0440
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0440
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0440
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0445
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0445
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0445
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0450
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0450
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0450
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0455
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0455
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0455
http://refhub.elsevier.com/S1740-6749(18)30046-5/sbref0455

	Identification and characterization of cancer vulnerabilities via targeted protein degradation
	Introduction
	Targeted protein degradation
	Conventional target validation strategies
	TPD as target-validation approach: opportunities and challenges
	Interpreting and controlling cellular target degradation
	TPD-based target validation in vivo
	Chemical-genetic derivatives of TPD
	Characterization and validation of cancer targets
	TPD-enabled identification and validation of novel cancer targets
	Applications of TPD for target de-validation
	Conclusions
	Acknowledgements
	References


