PROTAC (PROteolysis TArgeting Chimeras) in drug development: a safety perspective
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Abstract 
PROTACs (PROteolysis TArgeting Chimeras) are a new modality that exploits the endogenous ubiquitin proteasome system (UPS) to degrade a protein of interest for therapeutic benefit.  As first generation PROTACs have now entered clinical trials for oncology indications, it is timely to consider the theoretical safety risks inherent with this modality which include off-target degradation, intracellular accumulation of natural substrates for the E3 ligases used in UPS, proteasome saturation by ubiquitinated proteins, and liabilities associated with the PROTAC “hook effect”. This review describes in vitro and nonclinical in vivo data that provide mechanistic insight of these safety risks and approaches being used to mitigate these risks in next generation PROTAC molecules to extend therapeutic applications beyond life-threatening diseases. 

Introduction
PROTACs (PROteolysis TArgeting Chimeras) are drug-like molecules that induce the degradation of proteins (Bondeson et al., 2018; Churcher, 2018; Deshaies, 2015; Mayor-Ruiz & Winter, 2019; Paiva & Crews, 2019; Pettersson & Crews, 2019). They work by bringing in close proximity an E3 ligase and a protein of interest (POI), inducing ubiquitination of the POI and its subsequent degradation via the proteasome. Based on their mechanism of action, PROTAC can potentially target any type of protein including previously “undruggable” class of protein therapeutic targets. As a therapeutic modality, interest in PROTAC has increased following Arvinas’ announcements in 2019 of phase 1 clinical trials with two PROTAC candidate drugs. Indeed, it has been suggested that PROTAC could be the next blockbuster therapy (Scudellari, 2019) and many pharmaceutical companies have invested in developing PROTAC therapeutics. However, as for every promising new drug modality there can be new challenges, for example the ability to identify and investigate clinical safety risks using suitable preclinical models. Here we assess the emerging PROTAC drug modality and identify key safety risks and questions that should be considered during discovery, optimisation and clinical development of PROTAC.   

1. PROTAC mechanism of action and application in drug development
[image: ]PROTACs are hetero-bifunctional molecules that consist of a ligand for a POI and a ligand for an E3 ligase connected by a linker (Figure 1). For efficient degradation of the POI, PROTAC must first enter the cells and interact with both the POI and the E3 ligase in a ternary complex to trigger the ubiquitination of the target. Once ubiquitinated, the POI is degraded by the proteasome, which is one of the major cellular protein degradation pathways (the other being the autophagy-lysosome system) used by eukaryotic cells. Importantly, PROTAC molecules are recycled after the ubiquitination of the POI and can engage in a new reaction. This has an important consequence from a pharmacodynamic perspective as PROTAC can therefore work in a catalytic fashion where one PROTAC molecule can degrade several targets. Furthermore, the PROTAC mode of action potentially offers a long duration of action that will depend on the stability of PROTAC inside the cell and the rate of POI resynthesis. Another PROTAC property includes the potential to target any type of protein as long as a small molecule ligand with appropriate affinity can be generated for the POI. This has been discussed in detail in several recent reviews (Churcher, 2018; Collins, Wang, Caldwell & Chopra, 2017; Hughes & Ciulli, 2017; Mayor-Ruiz & Winter, 2019; Ohoka, Shibata, Hattori & Naito, 2016; Pettersson & Crews, 2019; Schapira, Calabrese, Bullock & Crews, 2019). 
Figure 1. Ubiquitin-Proteasome System and PROTAC mode of action. (a) E3 ligase substrates (Subs) are ubiquitinated leading to their targeting to the proteasome for degradation. (b) PROTAC bridges a target protein and an E3 to trigger the ubiquitination of the target and its degradation using the proteasome. 

At present, CRBN and VHL are the most common E3 ligases utilised in the development of PROTAC  although other E3 ligases have been utilised to a lesser extent including MDM2, cIAP1, KEAP1 and RNF114 (Pettersson & Crews, 2019; Toure & Crews, 2016; Zou, Ma & Wang, 2019). Both pharmaceutical companies and academic labs are seeking to identify new E3 ligases to serve as a platform for PROTAC lead generation. This has important consequences from a safety perspective as each E3 ligase will present its own specific safety risks that will depend on its tissue distribution, substrate specificity, biological function, as well as selectivity of the warhead used to bind the E3 ligase (see section 2). 
The list of proteins targeted by PROTAC has increased rapidly over recent years, with most of the targets focusing on oncology indications (Table 1). This is mainly due to the repurposing of existing small molecule inhibitors against oncology targets and exploiting the PROTAC mode of action in an effort to achieve greater efficacy. Consequently, the first wave of PROTAC targets are not in the “undruggable” space, which was one of the distinguishing features of this modality. This illustrates a pragmatic approach used by pharmaceutical companies to develop their PROTAC program, seeking rapid proof of concept with the first generation molecules to better understand the nuances of PROTAC drug discovery and development. With continued success of the first wave of PROTAC molecules, one can expect the development of PROTAC targeting previously undruggable targets, which will require hit finding strategies to identify ligands for these targets (e.g. structure-based computational methods for in silico screening and biophysical assays to quantify small molecule binding to target protein) and then optimizing the ligand and its coupling to an E3 ligase warhead. We anticipate that the identification of a suitable ligand for PROTAC will require a considerable effort into its validation from a potency but also safety consideration. Critically, engagement of POI by PROTAC does not require pharmacological modulation of the target in the traditional sense i.e. enzyme active site engagement is not necessary. Thus, it may be anticipated that a more diverse chemical space may be explored in discovery of POI binding leads. From a safety perspective, new ligands will need to be screened for potential safety liabilities as done for traditional small molecules, which include the important assessment of on/off target liabilities; however the potential for newer, atypical chemistries will limit safety inference from databases compiled from more traditional leads (e.g. kinase inhibitors).
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Table 1. Examples of  PROTAC targets being pursued therapeutically, their class and the E3 ligase used in the PROTAC mode of action. Met-AP2 (methionine aminopeptidase 2); ER (estrogen receptor); AR (androgen receptor); CRABP (cellular retinoic acid-binding protein); RAR (retinoic acid receptor); DAPK1 (death-associated protein kinase 1); PSD-95 (postsynaptic density protein 95); TACC3 (transforming acidic coiled-coil-containing protein 3); IKZF (ikaros family zinc finger protein); Bcl6 (b-cell lymphoma 6); FAK (focal adhesion kinase); MET (proto-Oncogene, Receptor Tyrosine Kinase); BRD (bromodomain-containing protein); RIPK2 (receptor-interacting serine/threonine-protein kinase 2); Akt (protein kinase B); ABL (abelson murine leukemia); BCR-ABL (breakpoint cluster region protein-abelson murine leukemia); Smad3 (SMAD family member 3); DHODH (dihydroorotate dehydrogenase); CDK (cyclin dependent kinase); Sirt2 (sirtuin 2); BTK (bruton tyrosine kinase); ALK (ALK receptor tyrosine kinase); HDAC6 (histone deacetylase 6); TRIM24 (tripartite motif containing 24); EGFR (epidermal growth factor receptor); Bcl2 (B-cell lymphoma 2); Bcl-xL (B-cell lymphoma-extra large); SMARCA2/4 (SWI/SNF Related, Matrix Associated, Actin Dependent Regulator Of Chromatin, Subfamily A, Member); IRAK4 (interleukin-1 receptor-associated kinase 4); STAT3 (Signal transducer and activator of transcription 3).
2. PROTAC safety challenges
As a therapeutic modality, PROTAC achieved an important milestone in 2019 with the initiation of the first Phase I clinical trials targeting the androgen receptor in patients with metastatic castration-resistant prostate cancer and the estrogen receptor for locally advanced or metastatic ER positive/HER2 negative breast cancer. The authorisation of these trials by the US Food and Drug Administration means the nonclinical safety profile of these two PROTAC molecules align with safety guidelines to enable dosing in cancer patients. And although the nonclinical safety characteristics of each compound has yet to be published, several safety concerns regarding this modality have been identified based on the particular mechanism of therapeutic action. These include prolonged on-target protein degradation, off-target protein degradation, unexpected pharmacology due to off-targets binary bindings, competition with the natural substrates of the E3 ligase used in the PROTAC mode of action, saturation of the proteasome by the ubiquitinated target and the generation of a so-called “hook” effect. Each of these topics are described in more detail in the following sections.

a. Prolonged target protein degradation 
PROTAC can quickly and efficiently degrade its primary target, with potential for prolonged degradation depending on the pharmacokinetic (PK) profile of the compound and the resynthesis rate of the target protein within the disease-relevant tissue. Compared to reversible small molecule inhibitors, PROTAC have the potential for greater efficacy via the pronounced and extended target degradation (i.e. deeper and longer inhibition). In many ways, the non-equilibrium PROTAC pharmacological mechanism of action resemble irreversible antagonists, which can produce a pharmacodynamic (PD) response that extends beyond that predicted from their PK profile.  Irreversible inhibitors have been successfully exploited to achieve clinically effective drugs in many therapeutic areas (Strelow, 2017) so prolonged target inhibition can be tolerated, although clearly this is target  and context dependent. Optimizing dose and schedule to achieve an efficacious level of target degradation in the disease tissue can be a challenge if on-target toxicity is a dose-limiting concern.  For oncology indications, choosing PROTAC targets that drive synthetic lethality has the potential for improved tolerability, as the tumor may be more sensitive to target degradation compared to normal tissue. In addition, choosing an E3 ligase that is preferentially expressed in the disease tissue compared to normal tissue has the potential to improve therapeutic margin for on-target toxicity (Khan et al., 2019).

b. Off-target protein degradation 
Multiple studies have shown that PROTACs are not entirely selective and can degrade proteins other than the primary target (Bai et al., 2017; Bondeson et al., 2018; Brand et al., 2019; Matyskiela et al., 2016; Yang, Li, Aguilar, Liu, Yang & Wang, 2019; Zorba et al., 2018). Degradation of a protein that is not directly bound by the PROTAC can arise as a consequence of “bystander degradation” where the degradation of a protein that is not directly bound by the PROTAC becomes ubiquitinated and hence degraded as part of the same complex with the PROTAC POI (Hsu et al., 2019; Maniaci et al., 2017; Potjewyd et al., 2019). In other instances, this is an off-target effect due to the neo-morphic interactions with so-called neosubstrates, which become ubiquitinated by the E3 ligase and subsequently degraded (Figure 2). Off-target effect can also arise from the mere binary engagement of the target binding ligand of the PROTAC to other proteins in the same way as the POI. A well-characterized example of off-target activities with potential safety liabilities for PROTAC comes from the immunomodulatory drugs (IMiDs) thalidomide, pomalidomide and lenalidomide, which function as ligands for the CRBN E3 ligase. IMiDs are small molecules that have been used clinically for decades against several types of cancer without a clear understanding of their therapeutic mechanism of action. Recent studies have shown that IMiDs recruit neo-substrates to CRBN, which induces their degradation (Figure 3). There are many neo-substrates degraded by IMiDs: most of them are transcription factors such as SALL4 and some Ikaros proteins (IKZF1, IKZF3) but not all of them as seen with the degradation of the tranlation regulator GSPT1 (Donovan et al., 2018; Ishoey et al., 2018; Matyskiela et al., 2018; Matyskiela et al., 2016; Sievers et al., 2018). SALL4 and p63 have recently been linked to the teratogenic effect of these IMiDs while Ikaros proteins regulate important cell-fate decisions during hematopoiesis, which may explain the hematotoxicity seen with the IMiDs (Asatsuma-Okumura et al., 2019; Donovan et al., 2018; John & Ward, 2011). There are other adverse effects described with the use of IMiDs that include cardiovascular, hepatic and neuronal toxicities although the mechanism(s) behind these toxicities are not understood and therefore it’s not known if they are mediated via degradation of neo-substrates.  
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Figure 2. Safety challenges inherent to the PROTAC modality. PROTAC can degrade other proteins than the primary target vis the recuitment of neo-substrates to the E3 ligase.

Many PROTAC molecules have been created by incorporating an IMiD or IMiD derivative as a CRBN warhead. From a safety perspective, it’s important to determine whether this imparts undesired features of SALL4 and Ikaros protein degradation and the consequent safety liabilities therein. Indeed, literature examples indicate reasons for concern. A BTK-targeting PROTAC that incorporated pomalidomide as the CRBN warhead induced potent degradation of the IMiD substrates IKZF1, IKZF3, ZNF827 and ZFP91 (Zorba et al., 2018). Both IKZF1 and IKZF3 were degraded by a CDK6-targeting PROTAC that used lenalidomide as the E3 ligase warhead as well as a HDA6-targetting PROTAC that incorporated a pomalidomide warhead (Brand et al., 2019; Wu et al., 2019). Although the impact of these PROTAC on haematopoiesis were not reported, it would be important to assess this safety risk using in vitro assays and/or incorporating relevant endpoints in a preclinical investigative toxicology study. 
Another class of small molecules that induce targeted protein degradation are the anti-cancer sulfonamides, which include indisulam, E7820 and CQS (Han et al., 2017; Uehara et al., 2017). These compounds function by recruiting neo-substrates to the E3 ligase DCAF15 for degradation in a similar mechanism as the IMiDs (Figure 3). The most characterised neo-substrate degraded by sulfonamides is the mRNA splicing factor RBM39, which has been shown to be the main target for the anti-proliferative effect seen with anti-cancer sulfonamide treatment (Han et al., 2017; Uehara et al., 2017). Novartis have recently solved the complex structure of DCAF15-DDB1-DDA1-Indisulam-RBM39 and from this work identified the precise mechanism by which indisulam mediates interaction between RBM39 and DCAF15 (Han et al., 2017). Indisulam forms a tripartite complex with DCAF15 and RBM39, where DCAF15 and RBM39 bind together mainly through non-polar interactions. The observation that anti-cancer sulfonamides make contact with both proteins simultaneously illustrates a diversity in this so-called “molecular glue” mechanism and also highlights the challenge to hijack DCAF15 as a novel E3 ligase (Bussiere et al., 2020). Indisulam has been shown to be highly selective and in HCT116 cells showed degradation of RBM39 as the primary target together with RBM23 (https://doi.org/10.1101/737510). However, additional global proteomic studies have shown other proteins are downregulated by anti-cancer sulfonamides (Uehara et al., 2017). 
Anti-cancer sulphonamides have been in clinical trials although progress has been limited due to dose-limiting myelosuppression (neutropenia and thrombocytopenia) (van Kesteren et al., 2005; Zandvliet, Schellens, Dittrich, Wanders, Beijnen & Huitema, 2008). Fatigue, alopecia and inject site reactions were also observed.  If anti-cancer sulphonamides are used as a DCAF15 warhead for PROTAC applications, these toxicities would need to be carefully assessed in nonclinical studies to ensure the PROTAC has a safety profile to support clinical development for the particular patient population.
[bookmark: _GoBack]As described above, PROTAC molecules can induce the degradation of neo-substrates that cannot be predicted based on the small molecule E3 ligase ligands alone. Therefore, ideally monitoring the degradation of the global proteome following PROTAC treatment in cell models or tissues from in vivo pre-clinical studies should be performed.  The current method of choice to study the dynamics of protein degradation in cellular systems is a multiplexed isobaric tandem mass tag (TMT) labelling approach for simultaneous identification and quantification of thousands of proteins. There are several reviews describing this technique, which has become a cornerstone “omics” technology used by most pharmaceutical companies engaged in PROTAC drug discovery (Bondeson et al., 2018; Donovan et al., 2018; Farnaby et al., 2019; Huang et al., 2018; Treumann & Thiede, 2010). A comprehensive proteomics strategy towards investigating PROTAC safety will consider two elements: selectivity and mechanism. Selectivity entails characterizing the binding and degradation selectivity of the PROTAC of interest using affinity based chemical and global proteomics, respectively. Chemical proteomics profiling identifies the binding partners of the PROTAC of interest, as well as the specific E3 ligase and POI ligands (along with their respective proteomics Kd’s). These information enable assessing safety risks derived from the degradation profile linked to specific binary binding events. Global proteomics techniques have been broadly applied in the PROTAC field  (Bondeson et al., 2018; Donovan et al., 2018; Farnaby et al., 2019; Huang et al., 2018; Olson et al., 2018) as a way to measure degradation selectivity as well as identifying previously unknown degradation off targets across a  proteome of 8,000-10,000 proteins as a result of PROTAC treatment. Further, global profiling allows to monitor downstream protein dynamics and pathway effects by varying cell priming conditions and/or PROTAC treatment conditions. This parameter is particularly relevant when degrading transcription factors and epigenetic targets and delivers mechanistic insights that link degradation selectivity to in vivo observations, including adverse safety events. In addition to understanding proteome wide effects of PROTAC treatment, mechanistic parameters of interest include absolute quantitation and relative stoichiometry of E3 ligase and protein of interest levels,  as well as the turnover rates of the target of interest in disease and safety relevant input material, both of which will inform mechanistic models for understanding and predicting ternary complex formation (to be discussed in a later section). A relevant consideration while using mass spectrometry techniques to assess safety liabilities of protein degraders is the utilization of the most relevant biological system to answer specific questions. For example the identification of SALL4 has remained elusive for many years until the correct biological system expressing that protein was utilized. Additionally, optimal cellular systems must be chosen for profiling against other reported off targets of CRBN warheads, such as IKZF1 and IKZF3 as mentioned earlier (Donovan et al., 2018; Matyskiela et al., 2018) as well as p63 (Asatsuma-Okumura et al., 2019).
Following identification of off-target proteins that are degraded by PROTAC, it is necessary to investigate the safety risks of these undesired effects through understanding the function of the degraded proteins and the physiological consequences of reducing their levels in different tissues. This can be a formidable task, especially when the function of the degraded protein has not been characterized.  For example, the BTK-targeting PROTAC cited above degrades ZNF827, a poorly characterised protein potentially involved in telomere function and homologous recombination (Pickett & Reddel, 2015).  Fortunately, toxicologists can use a collection of databases and in silico tools to learn the tissue expression and potential biological pathways in which a particular protein functions to develop  hypotheses of potential toxicities. These hypotheses could be tested experimentally by using shRNA/siRNA and genetic approaches (CRISPR knockout in cell and animal models).  The resulting information can be used to influence the design of in vivo investigative studies with the PROTAC to understand safety risks in nonclinical species by evaluating organ-specific toxicities, determine the exposures at which these toxicities occur relative to the predicted clinically efficacious exposure, and monitor the reversibility of toxicological effects upon PROTAC withdrawal.  
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Figure 3. Off-target activities of PROTAC. (a) IMiDs such as thalidomide (Tha), pomalidomide (Pom) and lenalidomide (Len) degrade neo-substrates via their recruitment to CRBN. The IMiD substrates SALL4 and P63 are transcription factors involved in embryo development while Ikaros proteins (IKZs) and CK1alpha are anti-cancer factors. (b) Anti-cancer sulfonamides degrade neo-substrates via their recruitment to DCAF15. The sulfonamide substrate RBM39 is a splicing regulating factor. There are many other sulfonamide substrates whose function is poorly characterised.

c. Disruption of cellular proteostasis 
Since PROTAC utilize an E3 ligase to initiate proteasomal degradation of a POI, it is possible that PROTAC-POI complexes compete with natural substrates for binding to the E3 ligase for ubiquitination and degradation, resulting in accumulation of those substrates and potentially perturbing specific cellular pathways (Figure 4). Furthermore, there is also a risk that PROTAC increase the cellular concentration of ubiquitinated proteins resulting in saturation of the proteasome, which could have consequences on cellular homeostasis. The proteasome controls the cellular content of proteins that regulate many aspects of cellular biology including cell cycle, cell growth, immune homeostasis and metabolic activity (Thibaudeau & Smith, 2019) and therefore, alterations in proteasome activity and protein accumulation could have deleterious effects. For example, the proteasome governs the presentation of MHC class I antigens which is critical for the function of the immune response (Santambrogio, Berendam & Engelhard, 2019). Dysregulation of the proteasome is also involved in multiple disorders such as neurodegeneration and autoimmune diseases (Rousseau & Bertolotti, 2018). 
[image: ]While the concern about blocking natural E3 substrate and proteasome is theoretically relevant, experimentally it has not been observed at low concentrations. One reason is that as PROTAC acts catalytically and so crucially sub-stoichiometrically, PROTAC will only engage to a sub-population of E3 ligase molecules, particularly in the case of abundant E3 ligases (as is the case with CRBN and VHL). This means that a large population of E3 ligase molecules remain unbound by the PROTAC, and can carry on their natural activity against their native substrate molecules, with little to no effective inhibition being observed. This has been observed at least with the E3 ligases for which natural substrates are known (e.g. VHL). With VHL based-PROTACs, several studies have shown that there exist a very large concentration window between PROTAC-mediated degradation (in the pM-nM range with the best degraders) and stabilisation of HIF-1alpha, which is only observed at high micro molar range, hence >1000 fold higher than what required for degradation) (Bondeson et al., 2015; Frost et al., 2016; Maniaci et al., 2017; Zengerle, Chan & Ciulli, 2015). However, the physical and pharmacokinetic properties of PROTAC, which are distinct from traditional small molecule drugs may require higher doses to achieve the desired exposure and exposure duration (for example when targeting POI with high turnover), this would result the potential for increased off-taregt degradation and narrowing of the therapeutic margin; especially if the off-target was an essential cell homeostasis gene with a slow turnover. Similarly, the therapeutic margin could also be compromised if the E3 ligase utilised by the target was more abundant in normal cells and tissues compared to the intended target tissue. 








Figure 4.  Safety challenges inherent to the PROTAC modality. (1) PROTAC may affect the degradation of the natural E3 ligase substrates. (2) PROTAC may saturate the proteasome via an increase in target occupancy.

Further in vivo studies are therefore required to better understand the pharmacokinetic/pharmacodynamic relationship vs the POI and key off-targets are required. In addition, more detailed investigations of whether PROTAC affect natural E3 ligase substrate levels or induce proteasome saturation and, if so, the toxicological consequences of these events. A global proteomics approach is the method of choice to monitor the change in concentration of E3 ligase substrates following PROTAC treatment. This includes antibodies that detect and enrich for GlyGly-modified Lys of ubiquitinated peptides, followed by mass spectrometry for protein identification, enabling the mapping of tens of thousands of ubiquitination sites (Swatek et al., 2019). To monitor the proteasome activity, several commercial kits are available using a cell permeable proteasome substrate as a read-out. Quantifying endoplasmic reticulum (ER) stress (e.g. by altered expression of chaperones such as Bip) can be an indirect measure of proteasome activity since a decrease in proteasome activity would lead to the accumulation of misfolded proteins in the ER (Sun & Brodsky, 2019). Data from these experiments could then be used to infer toxicity liabilities and lead to focussed toxicological assessments.

d. Implications of the “hook” effect
At high concentrations, PROTAC saturates binding to the target and to the E3 ligase resulting in the formation of binary complexes instead of the productive ternary complex (E3-PROTAC-Target) (Figure 4). This prevents target ubiquitination and degradation, a situation that has been observed with many PROTACs and has been termed the “hook” effect (Paiva & Crews, 2019; Pettersson & Crews, 2019). In theory, the formation of binary complexes could have two adverse consequences. The first concern is an increase in off-target degradation activity via binding of the E3-PROTAC binary complex to lower affinity off-targets (Figure 5). The second concern is the potential for a pharmacological response driven by the PROTAC-POI binary complex interaction that is different from target degradation.  This scenario would be realized, for example, if the POI ligand (and resulting PROTAC) had agonist activity.  This is a concern for PROTAC targeting androgen receptors containing mutations within the ligand binding domain, as androgen receptor antagonists function as agonists for these mutations (Prekovic et al., 2016). The hook effect is an intrinsic property of any PROTAC and the underlying mechanisms in terms of ternary complex formation is generally understood (Douglass, Miller, Sparer, Shapiro & Spiegel, 2013). However, while ternary complex formation is an essential step for PROTAC mediated protein degradation, this is not sufficient to induce degradation (Smith et al., 2019). Consequentially, the onset of the hook effect observed from binding experiments may be very different from what is observed in cell-based degradation assays. While this is clearly an issue for PROTAC efficacy, it is not clear whether the hook effect has any safety liabilities. However on closer inspection it may complicate toxicological assessments: in theory the observed maximum tolerated doses in animal studies (required by regulatory authorities prior to starting clinical trials) may be a consequence of reduced POI degradation ie. higher concentrations of PROTAC inadequately “tox the target”. Thus, careful exploration of a broad dose range may be necessary to ensure that lower doses that may result in paradoxically greater toxicity as a consequence of greater POI degradation are properly understood. Never-the-less, it should be possible to build PK-PD models that take PROTAC specific properties into account and use such models to predict the onset of the hook effect. The accuracy of such predictions will depend on the model itself, but also on whether key parameters can be experimentally determined in relevant cell-based assays. Even then the hook effect is likely to be different between tissues as it will depend on the concentration of both the target and the E3 ligase, the PROTAC exposure achieved in the tissue and possibly additional parameters as well. Until it has been demonstrated, how such PK-PD models can be useful for PROTAC dose predictions to avoid the hook effect remains to be seen. One way to avoid this issue would be to alleviate the hook effect, for example by increasing the protein-protein interaction or cooperativity of the ternary complex. This has been shown to be possible in vitro but it remains to be seen whether this can be achieved in vivo. 
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Figure 5. Hook effect with PROTAC. At high intracellular PROTAC concentration, binary complexes are favoured over ternary complexes, resulting in reduced target degradation. Binary complexes could cause an increase in degradation of neo-substrates as well as the PROTAC acting as a traditional small molecule inhibitor/activator, reflecting the pharmacophore of the POI ligand. 

3. Opportunity to develop “safer” PROTAC
Safety insight gained from 1st generation PROTACs will help direct efforts towards safer PROTAC molecules, which may be particularly important for non-oncology indications where higher therapeutic safety margins are typically required, e.g. for chronic therapy and non-life-threatening diseases and where other modalities provide some therapeutic benefit and therefore efficacy/safety balance is a higher hurdle for clinical use. And although no clinical safety data are yet available for PROTAC molecules, one can ask whether “safer” PROTAC can be developed.  For example, it has been shown that each IMiD has a distinct degradation profile with pomalidomide inducing the degradation of a larger set of proteins compared to thalidomide (Donovan et al., 2018) suggesting that CRBN ligands may have different safety profiles and therefore optimizing the E3 ligase warhead could decrease off-target degradation activity and improve the therapeutic index of PROTAC molecules. 
Another way to minimize off-target degradation is to modify the linker and its attachment orientation to the E3 ligase warhead. This has been shown recently in several studies. For example, Brand et. al.  (Brand et al., 2019) generated a potent PROTAC against CDK6 that was not adequately selective as two IMiD substrates, IKZF1 and IKZF3, were also degraded. However, modifications in the linker region resulted in a PROTAC with no observed degradation of these ikaros proteins. Wu et al. (Wu et al., 2019) also increased the selectivity of a PROTAC targeting HDAC6 by modifying how the linker attached to the E3 ligase warhead. Finally, the Crews lab have published examples where changes to the PROTAC linker increased PROTAC selectivity, either by modifying the interaction between the E3 ligase and the recruited protein or by modifying the orientation of the recruited ligase. Using promiscuous CRBN- and VHL-PROTAC that bind to more than 50 kinases, they showed that only a few kinases were actually degraded due to the selectivity of interactions between the E3 ubiquitin ligase and the target protein (Bondeson et al., 2018). In a second example, modifying linker attachments and lengths for a VHL PROTAC resulted in differential degradation of p38α or p38δ MAPK (Smith et al., 2019). Finally, a recent paper from Chen’s group has shown intra-BET selectivity of PROTACs despite using pan-selective BET targeting ligands (Jiang et al., 2019). These studies are important from a safety perspective as they provide proof of principle that PROTAC chemistry can be optimized to reduce off-target degradation activity. However, this currently remains an empiric approach for each POI ligand and E3 ligase warhead. 
Most PROTACs are designed to utilize ubiquitously expressed E3 ligases and validated ligase warheads. One way to restrict PROTAC activity to a specific tissue is to engage an E3 with a unique tissue expression. In theory, this should avoid PROTAC mediated degradation in tissues where the E3 ligase is not expressed. For example, Khan et al (Khan et al., 2019) demonstrated that a  BCL-XL- targeting VHL PROTAC could potently degrade BCL-XL in cancer cells and had reduced on-target toxicity to platelets due to low VHL expression in these cells. Another strategy is to use an E3 ligase with a unique expression in a specific disease, for example in a specific cancer (Mansour, 2018). Many pharmaceutical and biotech companies have announced plans to discover new E3 ligases for PROTAC applications with most employing proprietary strategies. However, a challenge shared by all these strategies is the difficulty and time required to identify ligands for new E3 ligases that can be used for PROTAC applications.  

4. Conclusion
PROTAC has progressed from an academic tool to degrade protein into a potential therapy in about 20 years. Many pharmaceutical and biotech companies have invested in PROTAC and molecules with this mechanism of action have now entered clinical trials. Routes to assess and better understand PROTAC safety risks have been identified, which is an essential step towards delivering efficacious and safe PROTAC to patients.  It will be interesting to see how the PROTAC field advances in the next 20 years and whether it develops into the blockbuster therapeutic modality with clinical benefit across multiple therapy areas as envisioned by many drug developers.
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