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Abstract

The majority of currently used therapeutics are small molecule-based and utilize occupancy-driven 

pharmacology as the mode of action (MOA), in which the protein function is modulated via 
temporary inhibition. New modalities that operate using alternative MOAs are essential for tapping 

into the “undruggable” proteome. The PROteolysis Targeting Chimera (PROTAC) technology 

provides an attractive new approach that utilizes an event-driven MOA. Small molecule-based 

heterobifunctional PROTACs modulate protein target levels by hijacking the ubiquitin-proteasome 

system to induce degradation of the target. Here, we address important milestones in the 

development of the PROTAC technology, as well as emphasize key findings from this previous 

year and highlight future directions of this promising drug discovery modality.

Introduction

The drug target landscape has undergone changes within the last decade. The focus has 

shifted from primarily focusing on traditional drug targets, such as G-protein coupled 

receptors (GPCRs), ion channels, and kinases towards including more challenging 

“undruggable” targets, which are nevertheless attractive from a biological perspective [1]. 

These targets generally include proteins without enzymatic function, such as transcription 

factors and scaffolding proteins [2]. Historically, drug targets with well-defined active sites 

suitable for accommodation of a small molecule have been the focus of pharmacological 

intervention. Therefore, established methods exist for drug development against these active 

site-containing targets and the discovery of traditional small molecule inhibitors [3]. As a 

result, the majority of drugs today are small molecule-based and primarily operate via 
occupancy-driven pharmacology as the mode of action (MOA) (Fig. 1a). Although 

successful, this MOA cannot be applied to all biological targets, especially those which lack 

enzymatic activity such as scaffolding proteins or proteins that function via protein-protein 

interaction (PPIs) [4]. Efficacy of drugs that operate via the occupancy-driven MOA is 

driven by retaining a high target occupancy where high drug doses are generally required, 
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often leading to undesired side effects due to off-target binding associated with higher drug 

concentrations [5]. Furthermore, the development of resistance to inhibition/occupancy-

driven therapeutics occurs in many disease indications such as cancer [6] and bacterial 

infections [7]. Consequently, efforts have been made to develop new drug classes, preferably 

with alternative MOAs in order to modulate non-traditional drug targets and combat 

resistance mechanisms. Hence, the drug class space has expanded to include new modalites 

such as nucleic acid-based therapeutics, modified peptides, recombinant proteins and 

monoclonal antibodies [1].

PROteolysis TArgeting Chimeras (PROTACs) have emerged as a new and promising 

modality utilizing an event-driven MOA, whereby protein levels are modulated by PROTAC-

induced degradation [8,9] (Fig. 1b). A PROTAC is a hetero bifunctional molecule that 

consists of a protein of interest (POI) ligand and an E3 ubiquitin ligase (E3) recruiting ligand 

connected by a linker (Fig. 1c). PROTACs initiate a degradation cascade by forming a 

ternary complex with a POI and an E3, bringing the ubiquitination machinery in close 

proximity for subsequent POI ubiquitination. The polyubiquitinated POI is then recognized 

and degraded by the 26S proteasome. (Fig. 1b). The 26S proteasome is part of the ubiquitin-

proteasome system (UPS) which is the primary mechanism used by eukaryotic cells to 

regulate protein levels [10,11]. In this review all compounds that meet the above definition 

will be referred to as PROTACs. Other names can however be found in the literature: e.g. 

specific and non-genetic IAP-dependent protein erasers (SNIPER); degrader; degronimids; 

PROteolysis TArgeting Peptide (PROTAP); Protein Degradation Probe (PDP).

This review covers the milestones of the PROTAC technology development, the current state 

of the technology with special focus on key findings from the previous year and highlights 

future directions of this promising approach for therapeutic discovery.

Past - PROTAC Development (2001-2016)

An overview of milestones for PROTAC development as well as protein targets that have 

successfully been modulated using the PROTAC technology is shown in Fig. 2. The first 

PROTAC, reported by the Crews and Deshaies laboratories in 2001, recruited the SCFβ-

TRCP E3 to induce the degradation of methionine aminopeptidase-2 (MetAp-2) [33]. This 

first report was followed by PROTACs that induced degradation of the androgen (AR) and 

estrogen (ER) receptor, hence expanding the target scope [34]. Microinjection of these AR- 

and ER-targeting PROTACs demonstrated that they could function in an intact cell. The 

succeeding PROTACs used the HIF-1α peptide fragment bearing a cell-penetrating peptide 

sequence to recruit the Von Hippel-Lindau disease tumor-suppressor protein (VHL) E3 in 

intact cells without the need for microinjection (see Fig. 1c, FKBP-targeting PROTAC) [42]. 

Later, a shorter peptide fragment of HIF-1α was incorporated in a PROTAC targeting aryl 

hydrocarbon receptor nuclear translocator (ARNT) [39]. While these first generation 

PROTACs could induce specific degradation of their targets, they were active only in the 

low-micromolar range. Moreover, due to their peptidic character they suffered from poor cell 

permeability and hence low cellular activity which limited the PROTAC technology for 

development of novel therapeutics.
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A significant advancement of the PROTAC technology was the identification of small 

molecule-based E3 recruiting ligands where the first all small molecule-based PROTAC was 

reported in 2008 [43]. The mouse double minute 2 homologue (MDM2) E3 was recruited by 

using a known MDM2-p53 PPI inhibitor, nutlin, as the E3 ligand[44]. The obtained 

PROTAC could induce degradation of AR (see Fig. 1c, First all small molecule-based 

PROTAC). Although this study demonstrated that developing cell permeable PROTACs is 

feasible, micromolar concentrations were required to induce the degradation of the AR [43]. 

Concurrently, bestatin methyl esters were found to bind to the cellular inhibitor of apoptosis 

protein 1 (cIAP1) and to promote its autoubiquitination and degradation [45]. The 

Hashimoto laboratory created the first PROTAC recruiting cIAP1 targeting cellular retinol- 

and retinoic acid-binding proteins (CRABP-I and II) for degradation using these bestatins 

[46]. Later, in 2012 high affinity peptidomimetic ligands for the VHL E3 were developed 

[47–49]. Further structure activity relationship (SAR) studies of the VHL ligand was later 

reported by the Ciulli laboratory which provided VHL ligands with improved physical 

chemical properties but similar affinities towards VHL [50–53]. During the same time, the 

E3 cereblon (CRBN) was identified as the molecular target of the immunomodulatory drugs 

(IMiDs), thalidomide, pomalidomide and lenalidomide [54–60]. Upon binding to CRBN, 

IMiDs were observed to promote the recruitment of neosubstrates, such as Ikaros, Aiolos 

and casein kinase 1A1 (CK1α), for ubiquitination and proteasomal degradation.

So far none of the obtained PROTACs had been characterized in vivo. In 2013, the 

PhosphoPROTACs, provided the first evidence that PROTACs function in vivo as these were 

able to inhibit tumor growth in murine models [41]. Furthermore, by taking advantage of the 

natural specificity of individual receptor tyrosine kinase (RTK) signaling pathways, the 

PhosphoPROTACs were able to distinguish between different RTK signaling pathways. 

Selectivity was obtained by incorporating different peptide sequencers as POI recruiting 

moiety known to be phosphorylated by a particular kinase. The activated PhosphoPROTAC 

was only obtained after co-treatment with a suitable growth factor, hence only the 

phosphorylated phosphoPROTAC has the ability to bind POI.

The utility of the small molecule-based VHL E3 ligand in facilitating targeted degradation 

was first demonstrated by its incorporation into HaloPROTACs [61]. These HaloPROTACs 

consisted of the VHL ligand as E3 recruiting moiety and a chloroalkane linker allowing for 

covalent attachment to HaloTag7 (HT7). HT7 is a modified bacterial dehalogenase that 

covalently binds to a chloroalkane [62]. The HaloPROTACs successfully recruited VHL to 

promote the degradation of ectopically expressed green fluorescent protein (GFP)-HT7 

fusion protein. The most potent HaloPROTAC resulted in 90% maximum degradation 

(Dmax) of GFP-HT7, and displayed a low nanomolar DC50 (half-maximum degradation 

concentration, 19 nM) [61].

The access to all small molecule-based PROTAC compounds, with more drug-like 

properties, made it possible to generate highly potent cell permeable PROTACs. In 2015, the 

Crews laboratory, in collaboration with GSK, developed a receptor-interacting serine/

threonine-protein kinase 2 (RIPK2)-targeting PROTAC (see Fig. 1c). Partially comprised of 

the small molecule VHL ligand, this PROTAC selectively induced RIPK2 degradation with 

low nanomolar cellular potency (DC50 = 1.4 nM) [12]. Further, mechanistic characterization 
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using an in vitro ubiquitination assay demonstrated the catalytic nature of PROTACs. A 

negative control for the PROTAC which incorporates a stereoisomer of the VHL ligand that 

is unable to recruit VHL, was unable to reduce RIPK2 levels, demonstrating the E3 ligase-

dependent mechanism for RIPK2 degradation. During the same timePROTACs targeting the 

bromodomain and extra-terminal (BRD/BET) family of epigenetic proteins using either 

CRBN or VHL E3 recruiting ligands were reported [63–65] (see Fig. 1c, for an example of a 

BRD-targeting PROTAC).

Further variations of PROTACs include, In-cell CLIck-formed Proteolysis TArgeting 

Chimeras (CLIPTACs) developed by Astex Pharmaceuticals [40]. CLIPTACs are PROTACs 

that are formed intracellularly by biocompatible reactions such as an inverse electron 

demand Diels–Alder reaction. Treating cells, sequentially with cell permeable tetrazine 

substituted thalidomide derivatives and trans-cyclo octene substituted POI ligand results in 

the formation of active PROTACs that successfully induced POI degradation (BRD4 and the 

extracellular signal–regulated kinases ERK1/2).

Altogether, these efforts exemplified the significance the PROTAC technology may impact 

on drug discovery.

Present

PROTAC Target Scope

To date, the most studied PROTAC targets belong to the BET [63–67] and kinase[68] 

families, the latter including the transmembrane RTKs [15,69] and a recent example lipid 

kinase, phosphatidylinositol 3-kinase (PI3K) [37]. Recent examples in addition to these 

protein families include, sirtuins (Sirt2) [31], histone deacetylases (HDACs) [36] and the 

epigenetic targets p300/CBP-associated factor (PCAF) and general control nonderepressible 

5 (GCN5) [28]. During the last year, homo-PROTACs have been developed for auto-

targeting of both VHL and CRBN [70,71]. Although most of the recently developed 

PROTACs utilize a small molecule-based E3 recruiting moiety, there are some examples that 

use the HIF-1α peptide as their E3 recruiting moiety for targeting proteins such as Smad3 

[38], Akt [24], Tau [29,30] and Bcl-xL [25]. See figure 2, box, for summary of targets that 

have been explored using the PROTAC technology [12–41].

Mechanistic Considerations

There have been vast efforts made to understand the mechanism of PROTACs, and as of late 

the importance of ternary complex (POI-PROTAC-E3) formation has been a particular focus 

(Fig 3.).

The mechanism of PROTAC-induced degradation is dependent on formation of a ternary 

complex enabling POI polyubiquitination and subsequent proteasomal degradation, as 

previously detailed (Fig. 1b). There are established mathematical models that describe 

ternary complex formation [72,73] which can be applied to the PROTAC-mediated ternary 

complex. These models predict a bell-shaped dependency on PROTAC concentration (Fig. 

3a) [74]. For instance, at high PROTAC concentrations unproductive binary complexes may 

be observed and this phenomenon is referred to as the hook effect (Fig. 3a) [75]. 
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Furthermore, favorable or repulsive interactions between the POI and E3 may affect ternary 

complex formation (Fig 3b). The term cooperativity (α) is used to describe these interactions 

where positive cooperativity (α > 1) occurs when stabilizing PPIs between the POI and E3 

promote ternary complex formation. In contrast negative cooperativity (α < 1) occurs when 

interaction abrogate ternary complex formation. Positive cooperativity has been shown to 

minimize the extent of the hook effect, resulting in enhanced productive ternary complex 

formation [76].

The first crystal structure of a ternary complex, MZ1 (PROTAC) bound to the bromodomain 

of BRD4BD2 and to VHL was reported in 2017 by the Ciulli laboratory [77]. The crystal 

structure revealed contacts between BRD4 and VHL as well as interactions between the 

PROTAC linker and BRD4. Positive cooperativity, as evaluated by various biophysical 

methods, was shown to result in higher PROTAC potency and selectivity for induced 

degradation of individual BRD family members.

Recent studies have further shown that ternary complex formation might be more important 

in determining a productive PROTAC than the binary affinity of the POI ligand or the 

PROTAC for the target. A foretinib-based PROTAC, displaying low binary binding affinity 

towards the kinase p38α (Kd = 11 μM), could nonetheless potently induce its degradation 

(DC50 = 210 nM, Dmax = 91%) [78]. It was found that the PROTAC mediated a ternary 

complex formation with stabilizing PPIs between p38α and VHL which compensated for 

the low binary affinity and led to successful degradation. In line with this finding, high 

affinity POI ligand engagement alone was shown not to be sufficient to obtain potent 

PROTACs [79]. Despite incorporating a higher affinity ligand for BRD4 (I-BET726 (Kd = 4 

nM)), a JQ1 (Kd = 100 nM) - containing PROTAC was more effective at promoting E3-

mediated BRD4 degradation as evaluated by its ability to promote ternary complex 

formation through positive cooperativity [79].

There are, however, examples where cooperativity appears to be less important for efficient 

degradation [17,67]. Potent Bruton’s Tyrosine Kinase (BTK) (DC50 = 1–40 nM)- and BRD4 

(DC50 = 5-50 nM)-targeting PROTACs, both of which recruit CRBN, showed very little to 

no cooperativity. Using crystal structures of PROTACs bound to both bromodomains of 

BRD4 (BD1 and BD2) and CRBN in combination with biochemical and cellular data, the 

Gray laboratory conduced investigations of the PROTAC mediated ternary complexes at a 

molecular level [67]. They found that different PROTAC linker lengths favored different 

ternary complex conformations in which BRD4 interacts with either the C-terminal or the N-

terminal domain of CRBN.

Due to their catalytic nature, PROTACs have been described as “programmable essential 

activators” of ubiquitin ligase enzymes [80]. Programmable since PROTACs can 

conceivably be designed to target any POI; essential since no reaction, i.e. ubiquitination 

transfer, will occur in their absence; and finally, as activators since they mediate the ternary 

complex formation in a catalytic fashion. Hence, viewing PROTACs as activators can 

provide a framework for more robust PROTAC design.
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In summary, the ternary complex formation is important to consider when developing 

PROTACs. The data discussed above suggest that determining binary POI-ligand affinity, or 

PROTAC affinity, alone may be insufficient to guide PROTAC design. Based on current data, 

the importance of cooperativity in the ternary complex formation differs between different 

E3s and probably also different POI, thereby making it difficult to determine general 

principles for ternary complex interaction on a molecular level. However, clearly PROTAC 

design should be aimed at obtaining a productive ternary complex.

PROTAC - Induced Degradation versus Inhibition

The PROTAC technology can provide enhanced selectivity beyond the POI ligand. Large 

efforts in drug discovery are directed towards identification of selective ligands. Although 

there are well-established strategies for the development of highly selective ligands - even 

for highly homologous protein families such as kinases, it still remains a major challenge 

[81].

Recently two lines of work highlight that the degradation MOA of PROTACs can provide 

enhanced selectivity among homologous targets compared to that provided by inhibition 

[27,78]. Both studies used the highly homologous kinase protein family for their 

investigations. Starting from the promiscuous kinase ligand, foretinib that binds around 130 

kinases (determined by Discover X, kinome scan at 10 μM), the Crews laboratory 

demonstrated that the foretenib-based PROTAC has greater binary binding selectivity, as 

compared to foretinib and induced degradation of only a fraction of the kinases to which it 

binds [78]. Furthermore, depending on which E3 was recruited (VHL or CRBN) different 

degradation profiles were observed. The Gray laboratory also developed a promiscuous 

kinase-targeting PROTAC starting from a 2,4-diaminopyrimidine scaffold, which is a 

common motif in various kinase inhibitors [27]. Again, a difference in binary binding versus 

degradation profiles was observed: their 2,4-diamonpyrimidine-based PROTAC binds to 190 

kinases but only induced degradation of 12 or 23 kinases in MOLM-14 or MOLT-4 cells, 

respectively. In summary, both studies concluded that PROTAC engagement by the POI does 

not correlate with degradation. Some kinases that displayed high binding affinity for the 

PROTAC were spared from degradation, while some low affinity binders were degraded e.g. 

p38α as already discussed above. Hence, these studies further demonstrate that the ternary 

complex formation is important to consider for PROTAC development. Enhanced 

degradation selectivity beyond the POI ligand was also observed when developing 

PROTACs targeting the TANK-binding kinase 1 (TBK1) [18]. Starting from an inhibitor that 

potently inhibits both TBK1 and the Inhibitor-κB kinase ε (IKKε), with IC50 of 1.3 nM and 

8.7 nM, respectively, selective TBK1 PROTACs were developed. Interestingly, while the 

PROTAC selectively induced TBK1 degradation it retained inhibitory activity against both 

TBK1 and IKKε. Similar enhanced PROTAC selectivity has been observed for other targets 

including BRD4 [77], BCR-ABL [13] and more recent examples for PROTACs targeting 

HDACs and FMS Like Tyrosine kinase 3 (FLT-3) [36,69].

Additionally, PROTAC linker length, as well as linker attachment point, can affect selectivity 

and degradation profiles. In a recent study, ternary complex conformation was found to be 

PROTAC linker-dependent for CRBN and BRD4 [67]. This suggests that PROTACs with the 
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same E3 recruiting ligand and POI ligand can provide different selectivity profiles 

depending on differences in linker attachment points and linker chemical composition. 

Further, the linker length also influences degradation profiles: an increase in linker length of 

3 atoms changes the degradation profile of a lapatinib-based PROTAC from one that targets 

both Epidermal Growth Factor Receptor (EGFR) and Human Epidermal growth factor 

Receptor 2 (HER2) into one that selectively degrades EGFR while HER2 levels are 

unchanged [15]. The fact that PROTAC technology can add a degree of selectivity above that 

of the parent POI ligand/inhibitor, both to target engagement and induced degradation, 

further strengthens its potential as a strategy to develop novel therapeutic agents.

During the past year, further studies showed that the event-driven PROTAC MOA can evade 

inhibitor resistance mechanisms, including target protein overexpression and resistance 

mutations.

A common resistance mechanism in response to therapeutic inhibition is the mutation of the 

target protein, e.g. mutations close to the inhibitor binding pocket that make inhibition less 

effective or ineffective. This is observed, for example, when ibrutinib is used for the 

treatment of chronic lymphocytic leukemia (CLL) [82] ), which is often dependent on the 

activity of BTK. Ibrutinib is an irreversible kinase inhibitor that covalently binds to a 

cysteine in the ATP binding pocket of BTK. More than 80% of all CLL patients develop 

resistance towards ibrutinib resulting from a cysteine-to-serine mutation (C481S). However, 

BTK-targeting PROTACs, developed from an ibrutinib derivative unable to covalently bind 

to BTK, can induce the degradation of both wildtype and mutant (C418S) BTK [16,83]. 

Additional recent studies have also reported PROTACs that successfully target BTK [17,27].

Furthermore, PROTACs can also evade other inhibition-derived resistance mechanisms [35]. 

Enzalutamide is an AR inhibitor used for the treatment of prostate cancer [84]. Resistance 

mechanisms which arise in response to enzalutamide treatment include AR mutations that 

turn enzalutamide into an agonist and/or the upregulation of the endogenous androgen 

ligand. Enzalutamide-derived PROTACs recruiting the VHL E3 can successfully induce 

degradation of various AR mutants for which inhibition is no longer efficacious, 

highlighting the event driven nature of these compounds. Additionally, these PROTACs were 

shown to outperform enzalutamide in antiproliferative and pro-apoptotic activity in AR 

overexpressing cells in the presence of synthetic androgen (R1881) [35].

Targeting kinases with PROTACs enables modulation of both scaffolding and enzymatic 

functions as compared to occupancy driven pharmacology that only affects enzymatic 

function [81]. This was demonstrated in a recent study, PROTACs targeting RTKs were able 

to target scaffolding functions as well as induce degradation of commonly observed RTK 

mutations that are resistant to kinase inhibitors [15]. PROTACs could successfully induce 

degradation of EGFR, HER2 and tyrosine-protein kinase Met (c-Met) including mutants of 

EGFR and c-Met. Depletion of these RTKs showed that downstream signaling was halted. 

Moreover, PROTAC-induced degradation showed a delay in kinome rewiring as compared to 

inhibition. This example also demonstrated for the first time that PROTACs are capable of 

inducing the degradation of transmembrane receptors. Similarly, PROTAC induced 

degradation of focal adhesion kinase (Fak) has also been demonstrated to affect scaffolding 
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functions of Fak [85]. Induced degradation of Fak was shown to outcompete kinase activity 

inhibition both regarding Fak signaling as well as cell migration and invasion in human 

triple-negative breast cancer cells.

Also, a PROTAC targeting both PCAF and GCN5, which are closely related epigenetic 

proteins, was able to potently modulate expression of multiple inflammatory mediators in 

LPS-stimulated macrophages and dendric cells [28]. In contrast, inhibition of the 

bromodomain of PCAF and GCN5 with the POI ligand itself was insufficient to modulate 

the immunomodulatory function of these proteins.

To summarize, the PROTAC technology can escape resistance mechanisms that are difficult 

or impossible to modulate using the inhibitor MOA by offering means to modulate both 

enzymatic and non-enzymatic roles of proteins.

Present and Future Perspectives - Advancing the PROTAC Technology

Optimizing PROTAC Design, Synthesis and Evaluation

In order to accelerate and streamline PROTAC discovery, it is necessary to uncover PROTAC 

discovery principles and hence establish robust evaluation platforms [8] (Fig. 4a). To date, 

most of the reported PROTACs have been developed starting from a well-characterized 

ligand, often an inhibitor, as the POI recruiting moiety. The crystal structure of the POI 

ligand bound to its target and/or available POI ligand structure activity relationship (SAR) 

information has been used to guide PROTAC design, e.g. to identify linker attachment point 

on the POI ligand. In a recent example, PROTACs targeting the putative transcription factor 

regulator, pirin, were developed by using the physicochemical properties of the compounds 

to guide the PROTAC optimization. In only three iterations, selective and potent pirin-

targeting PROTACs were obtained [32]. Computational protein-protein docking has been 

employed for rational design of highly a selective BRD4-targeting PROTAC [67].

Furthermore, PROTACs are often screened for activity by measuring protein levels using 

end-point techniques – primarily immunoblotting and more recently mass spectroscopy. 

These techniques are however, currently not amenable for high-throughput screeningand 

provide limited information to guide PROTAC structural optimization. As a result, the 

design and optimization of PROTACs are largely empirical making the iterative design, 

synthesis, test and analyze cycle (Fig. 4a) of PROTACs very laborious and time consuming.

Ternary complex binding data as well as ternary complex structural information would 

provide valuable information, given its recognized importance for determining PROTAC 

efficacy. Currently, there are only a few crystal structures reported of a PROTAC mediated 

ternary complex [67,77]. Methods to study ternary complex include Time-Resolved 

Fluorescence Energy Transfer (TR-FRET), AlphaLISA, Surface Plasmon Resonance (SPR) 

and Isothermal Titration Calorimetry (ITC) [74,89]. Although useful for ternary complex 

formation studies these methods do not recapitulate the full ubiquitin–proteasome system 

required for POI degradation.

Pettersson and Crews Page 8

Drug Discov Today Technol. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In recent work by Promega, a real time live-cell system for PROTAC evaluation that enables 

both characterization of efficacy and MOA has been developed (Fig. 4b) [86]. The system 

combines CRISPR/Cas9 endogenous tagging and luminescent technology to kinetically 

measure target protein levels in live-cells. Furthermore, when this technology was combined 

with Bioluminescence Resonance Energy Transfer (NanoBRET), it enabled kinetic 

measurements of intracellular protein interactions along the degradation pathway such as 

ternary complex formation, ubiquitination, and PROTAC target engagement. This system 

may be valuable in particular when investigating non-traditional drug targets that lack 

enzymatic activity and/or down-stream signaling.

Expanding the E3 Space

There are more than 600 E3s predicted in the human genome but as of yet, only a few have 

been validated or exploited for PROTAC development [90]: specifically VHL, CRBN, 

MDM2, and cIAP1, which all have small molecule ligands, have been the E3 of choice. 

Peptide ligands for E3s have also been used with some success – the very first PROTAC 

recruited ß-TRCP by use of a peptide ligand; and a more recent PROTAC that contains a 

Keap1-binding peptide was able to recruit the Keap1 E3 to successfully induce degradation 

of the Tau protein [30,33]. Although these E3s have proven successful, some of them have 

limitations that need to be considered during PROTAC development. First, the originally 

used cIAP1 ligands suffered from specificity issues and caused cIAP1 degradation which 

made the utility of this E3 somewhat self-limiting [91,92]. Fortunately, more recent reports 

suggest that careful selection of the ligand for recruiting cIAP1 can largely circumvent 

autoubiquitination and hence self-degradation of cIAP1 [93]. Recently it was also reported 

that PROTACs that recruit the CRBN E3 can simultaneously mediate recruitment of 

neosubstrates, as similarly observed with IMiDs [94,95]. The simultaneous recruitment of 

neo-substrates may limit its utility in the PROTAC technology. Consequently, it is important 

to control for potential CRBN-mediated off-targets effects. Immunoblotting and negative 

control compounds, unable to recruit the POI, have been previously been employed. [16]

[28]. It would however be more thorough to perform global proteomic studies to control for 

yet unknown neo-substrates. The inherent activity of the E3 ligand can however be exploited 

in the PROTAC design, as illustrated in a recent example [96]. A BRD4-targeting PROTAC 

utilizing a nutlin derivate as E3 ligand, hence recruiting MDM2, showed dual MOA - 

induced degradation of BRD4 as well as upregulation of the tumor suppressor p53, 

providing a synergistic antiproliferative effect in several cancer cell lines. This example also 

illustrates that MDM2 can be utilized in the PROTAC technology to provide PROTACs with 

low nanomolar potency.

To further advance the PROTAC technology, efforts to identify additional E3s that can be 

utilized are needed. A cell-based E3 reporter system to evaluate which E3s can be recruited 

for induced protein degradation (Fig. 4d) was recently reported [88]. Six different E3s, 

representing the three major E3 classes were investigated. These were fused to HT7, and a 

FKBPF36V-GFP fusion was used as a degradation reporter substrate for a FK506 “bump” 

ligand-based HaloPROTAC. Two out of six E3s (Parkin and β-TRCP) showed potential for 

effective PROTAC recruitment. As previously mentioned, β-TRCP has been used as an 
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recruiting E3 [33,34] but Parkin offers a novel example that could be exploited as a potential 

recruiting E3.

Selecting and Validating Targets

Target selection is one of the most important decisions in a drug discovery program [97]. 

Furthermore, there is a high probability that not all biological targets will be receptive to 

protein degradation and, as discussed above, PROTAC development can be a very time-

consuming process. Therefore, early validation of selected POI targets would be very 

valuable.

In a recent paper, a promiscuous kinase-targeting PROTAC was used in a chemoproteomic 

approach to evaluate degradability of kinases [27]. Several well-characterized kinase 

therapeutic targets were identified as sensitive to PROTAC-induced degradation. Similar 

studies may be useful for other protein families before initiating PROTAC development. 

Furthermore, protein labeling systems including HaloTag (HT) [98,99] and His[100] tagged 

POI can also be utilized for determining target degradability and concomitantly enable target 

validation (Fig. 4c). This system has been employed with HaloPROTACs recruiting either 

VHL [61] or cIAP1 [98,99]. Currently, Promega offers around 9000 commercially available 

plasmids for HT-POI fusion proteins making this system readily accessible [101]. However, 

it should be noted that this system provides overexpressed levels of HT-POI which has been 

shown to affects normal protein turnover and homeostasis [86]. This may be overcome using 

CRISPR/Cas9 genome editing to obtain endogenous levels of HT tagged POIs. This has 

been done in a recent example, there CRISPR-mediated knock-in of FKBP12F36V provided 

endogenous expressed FKBP12F36V-POI fusion protein [87]. This system known as dTAG 

(Fig. 4c) can be used for early target validation. It is a cell-based system that enables 

immediate and selective control of POIs using CRBN-recruiting PROTACs. The dTAG 

approach was successfully employed to different FKBP12F36V tagged POIs including, 

BRD4, MYC and KRas. Additionally, it has been used in a separate study to evaluate 

PROTAC cell permeability, which is often a concern given their high molecular weight [27].

Targeting the Undruggable Proteome - Chemically Convert Binders to Potent PROTACs

So far most of the developed PROTACs target proteins are nonetheless part of the druggable 

proteome. The PROTAC technology has the potential to develop molecules capable of 

modulating challenging non-traditional drug targets. Since PROTAC technology only 

requires binders that temporarily mediate ternary complex formation, low affinity POI 

ligands can be incorporated into a PROTAC. This was recently demonstrated with the p38α 
targeting PROTAC, already discussed above, which displayed low affinity (11 μM) but could 

potently induce degradation of p38α (DC50 = 210 nM, Dmax = 91%). This opens 

possibilities to explore targets which have been proven difficult to access using traditional, 

occupancy-based MOA therapeutics.

An illustrative example of converting a binder into a PROTAC is the development of pirin-

targeting PROTACs [32]. Pirin belongs to the cupin superfamily of proteins and has no 

known enzymatic activity or known endogenous ligand. To further study this protein, a 

PROTAC was developed starting from a pirin ligand discovered from a cell-based 
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phenotypic screen. The PROTAC could successfully induce pirin degradation and 

competition with the PROTAC and the pirin ligand confirmed binding of the ligand to pirin. 

The PROTAC and small molecule probes offer chemical tools to further study the 

unexplored pirin protein. This strategy could be useful for investigating uncharacterized 

targets in cases were traditional tools are unsuccessful.

Progression to the Clinic

As mentioned above the drug class space has expanded to include alternative modalities. 

Even though the number of biologies, such as replacement proteins (e.g. insulin) or 

monoclonal antibodies (e.g. trastuzumab) [102], reaching the clinic have increased during 

recent years, the small molecule-based drugs will continue to contribute the most to the drug 

space [103]. An advantage with the small molecule-based PROTAC technology in contrast 

to biologies, is the cost of manufacturing. Small molecule-based drugs cost ~USD 700 per 

patient per year as compared to ~USD 15000 for biologies [66]. The cost of administration 

of a PROTAC may be even less than that of traditional small molecule drugs because of the 

catalytic MOA of the former, which may require lower or less frequent drug doses. 

Furthermore, an additional advantage of small molecule-based drugs include their cell 

permeability, hence their ability to modulate intracellular targets.

In the early stages of PROTAC development, their oral availability was questioned due to 

their non-adherence to the Lipinski’s Rule of Five [104]. In particular the high molecular 

weight of PROTACs was a concern regarding permeability. General principles for design of 

so-called beyond Rule of Five (bRo5) compounds are however evolving [105,106]. In fact, 

in 2017, Arvinas reported the first orally available PROTAC targeting AR [107]. PROTAC 

induced AR degradation was showed to be superior to inhibition in mouse xenograft studies, 

there 90% AR degradation was observed at a 1 mg/kg PO QD dose.

As already suggested, chemically converting failed small molecule-based drugs into 

PROTACs could give fast access to new therapeutics [8]. Abandoned drug discovery 

programs where high efficacy could not be reached using the inhibitor MOA may be 

especially attractive to explore, which is the major reason for failure in clinical development 

phases [108].

Conclusion

Drug discovery is expanding its repertoire and the PROTAC technology shows great 

potential as a new modality using an alternative MOA. Reports discussed here corroborate 

that the event-driven MOA exhibited by PROTACs offers several advantages over the 

occupancy-driven MOA. Key advancements from the last year include enhanced binding and 

degradation selectivity profiles towards homologous protein families and the ability to 

circumvent routine inhibition-derived resistance mechanisms. Additionally, the PROTAC 

technology shows potential for modulating targets where the inhibitor MOA is unsuccessful. 

Examples include PROTACs that target PCAF and GCN5 [28] , where inhibitor modulation 

has no effect, and where a binder was chemically converted to a PROTAC targeting pirin 

[32] underscores the PROTAC technology applicability. Furthermore, PROTAC development 

platforms are emerging that include methods for early target validation and systems that 
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allow in cell characterization of ternary complex formation as well as POI degradation (Fig 

4). It is clear that, established technologies for inhibitor discovery can be employed but 

should include ternary complex formation characterization as early as possible to guide 

PROTAC optimization. Since low affinity POI ligands can be utilized in PROTAC design, 

methodologies in fragment-based drug design (FBDD)[109] optimized for identification of 

low affinity ligands, in combination with ternary complex formation assays, may be useful 

for targeting non-traditional drug targets; especially for those were inhibition have been 

unsuccessful. Further, development of suitable computational tools that provide high 

throughput in silico characterization of ternary complexes would be useful for informing 

PROTAC design.

Since it has been demonstrated that the choice of E3 affects PROTAC degradation profile, 

efforts to expand the number of E3s that can be utilized are needed. Also, the 

characterization of tissue- and/or disease-specific E3s could potentially be utilized to further 

improve selectivity by developing PROTACs that are only active in a specific context, 

similar to phosphoPROTACs [41].

Further studies are needed to determine PROTAC efficiency in vivo, but as the first 

PROTACs are reaching clinical trials, this information will soon be available. It is an 

exciting time for the PROTAC technology and the knowledge about this highly promising 

strategy will improve over time, as PROTAC development principles are established and 

more POIs as well as E3s are explored.
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Figure 1. 
Schematic illustration of: a) Occupancy driven pharmacology – a small molecule-based 

drug, often an inhibitor, modulates protein function employing a non-catalytic MOA. b) 

Event-driven pharmacology (using PROTAC MOA as an example) – protein function is 

modulated by induced degradation. The PROTACs initiates a degradation cascade with POI 

ubiquitination followed by subsequent 26S proteasomal degradation of the POI. c) 

Schematic illustration of a PROTAC, POI ligand (royal blue) and an E3 ligand (dark blue), 

linker (black) and examples of PROTACs.
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Figure 2. 
Time table describing the evolution of PROTACs (2001-2016): above time arrow (left): first 

time different protein or protein families were targeted using the PROTAC technology. Box: 

Example of targets that have been explored with the PROTAC technology [12–41]. Below 

time arrow (right): important milestones for the PROTAC technology development.
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Figure 3. 
a) PROTAC-mediated ternary complex formation and Hook effect as a function of PROTAC 

concentration. PROTAC compound; POI ligand (royal blue), E3 ligand (dark blue) 

connected by a linker (black), POI (light blue), E3 (green). b) Top: Positive cooperativity is 

obtained when stabilizing PPIs are obtained between POI and E3. Bottom: Negative 

cooperativity is observed when charge repulsion and/or steric clashes is observed between 

POI and E3.
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Figure 4. 
a) PROTAC compound; POI ligand (royal blue), E3 ligand (dark blue) connected by a linker 

(black). PROTAC platform with iterative design, synthesis, test and analyze cycle. b) 

Schematic illustration of the CRISPR NanoBiT-BET protein system [86]. This system 

enables PROTAC characterization in live-cells using endogenous protein levels. c) Protein 

tagging systems can be exploited for target selection and/or validation. The POI is fused to 

e.g. HT7 [61] or FKBP[87] and PROTAC mediated ternary complex formation results in 

polyubiquitination of the POI followed by proteasomal degradation. d) System for assessing 

E3 utility in the PROTAC technology [88]. Schematic illustration of the E3 reporter 
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substrate system. E3 is fused to HT7, chloroalkane PROTAC covalently binds to HT7, and 

the recruitment of the reporter substrate (FKBP-GFP fusion protein) results in ternary 

complex, polyubiquitination and subsequent proteasomal degradation of the reporter 

substrate.
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