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Cancer drug resistance presents a major barrier to continued successful treatment of malignancies. Current therapies inhibiting proteins indicated in cancer progression are consistently found to lose efficacy as a result of acquired drug resistance, often caused by mutated or overexpressed protein targets. By hijacking the cellular ubiquitin-proteasome protein degradation machinery, proteolysis-targeting chimeras (PROTACs) offer an alternative therapeutic modality to cancer treatments with various potential advantages. PROTACs specific for a number of known cancer targets have been developed in the last 5 years, which present new options for remission in patients with previously untreatable malignancies and provide a foundation for future-generation compounds. One notable advantage of PROTACs, supported by evidence from a number of recent studies, is that they can overcome some of the resistance mechanisms to traditional targeted therapies. More recently, some groups have begun researching the use of PROTACs to successfully degrade mutated targets conferring cancer resistance against first-line treatments. In this review, we focus on analyzing the developments in PROTACs geared towards cancer resistance and targets that confer it in the search for new and successful therapies.
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INTRODUCTION
Despite the dramatic progress in understanding cancer biology and cancer drug discovery in the last two decades, cancer drug resistance continues to be a major barrier to successful treatment of malignancies, as cancer cells gain new functions to overcome standard initial therapies (Ward et al., 2021). While many resistance mechanisms to cancer drugs exist, three of the major contributors render traditional small molecule therapies ineffective: drug inactivation, increased drug efflux, and target alteration (Housman et al., 2014). Of these, one of the most common pitfalls in drug discovery occurs when small molecule inhibitors (SMIs) become ineffective due to target protein alteration, including mutation and upregulation. Development of novel drugs has historically been the first line of defense against resistant cells, but their rates of discovery often lag in comparison to the rate of developing drug resistance. Researchers must continually develop new generations of therapies to keep up with the rate of modifications to the target proteins in cancer cells. Thus, alternative approaches to that strategy are needed to counter the emergence of drug resistance.
Proteolysis targeting chimera (PROTAC) technology presents a potent and promising alternative to traditional drug treatments, and has been a competitive drug discovery and research area in the last 5 years (Mullard, 2021; Garber, 2022). Using a heterobifunctional approach to recruit the ubiquitin-proteasome system (UPS) in the innate cellular protein degradation machinery, PROTACs are designed to induce proximity of an E3 ligase to the target protein of interest (POI) (Figure 1) (Sakamoto et al., 2001). The PROTAC binds to the POI as well as an E3 ligase and forms a ternary complex, allowing polyubiquitination of the target by an associated E2 ubiquitin-conjugating enzyme and subsequent destruction by the proteasome (Ciechanover et al., 2000; Lai and Crews, 2017). PROTACs are catalytic in nature and are able to eliminate the POI entirely in this process. For the cell to overcome this type of treatment it must resynthesize the POI, as opposed to quickly recovering from reversible SMIs (Churcher, 2018). Thus, the pharmacodynamic response to PROTACs could extend beyond the pharmacokinetic profile, driven by the synthesis rate of the POI (Mares et al., 2020). Additionally, PROTACs have been improving on typical treatments attained through SMIs with increased target selectivity (Jiang et al., 2019), greater potency/efficacy (Bondeson et al., 2015), and increased tissue selectivity (Khan et al., 2019). However, the biggest promise of this technology is its ability to target the traditionally “undruggable” proteome, i.e., proteins that lack a functional binding site, play a scaffolding role, or form aggregates, as PROTACs can be designed based on protein binders instead of functional ligands (Samarasinghe and Crews, 2021).
[image: Figure 1]FIGURE 1 | General depiction of the mechanism of action of PROTACs.
A number of proof-of-concept studies reported in literature have shown that PROTACs could be utilized in cases of resistant cancers where traditional inhibitors have failed to be effective. The catalytic mode of action renders PROTACs particularly effective in countering drug resistance due to overexpression of the POI. PROTACs can also be effective in drug resistance cases caused by point mutations because they can turn non-functional binders, loss-of-function binders, agonists, or weak inhibitors into potent degraders. Due to their ability for protein removal, PROTACs are particularly useful in resistance cases that are caused by scaffolding functions of the target proteins. In this review, we provide an overview of current progress in the development of PROTACs that have the potential of overcoming cancer drug resistance. In addition, we offer our perspectives on the potential cancer resistance mechanisms to PROTACs that may render them less effective.
PROTACS TARGETED TOWARDS TREATMENT OF VARIOUS TYPES OF DRUG RESISTANT CANCERS
BCR-ABL1-Targeted PROTACs to Address Drug Resistance in CML
Nowell and Hungerford’s groundbreaking work in 1960 studying patients diagnosed with chronic myeloid leukemia (CML) led to the discovery of the cancer-causing Philadelphia (Ph) chromosome (Nowell and Hungerford, 1960). The Ph chromosome was later attributed to a genetic aberration and translocation between chromosomes 9 and 22, forming a fusion breakpoint cluster region (bcr) and Abelson tyrosine kinase (abl) fusion oncogene (Rowley, 1973). This oncogene product BCR-ABL1 is constitutively activated and a fundamental cause of CML (Ben-Neriah et al., 1986). Early work on ATP-competitive tyrosine kinase inhibitors (TKIs) led to the discovery of ABL inhibitor imatinib (Figure 2) (Druker et al., 1996). Initial studies also showed that in the presence of their compound, cell colony formation and growth was diminished by over 90% in BCR-ABL positive CML cells, leaving normal cells virtually unaffected. With the remarkable effect in preventing cancer progression and prolonging patient survival, imatinib gained FDA approval in 2001 (Druker et al., 2001, 2006). Imatinib was the first approved kinase inhibitor that transformed CML from a rapidly fatal disease to a manageable condition (Cohen et al., 2021). However, acquired drug resistance develops over time due to the extensive BCR-ABL1 mutations, which cause the reduced or abolished activity of imatinib. For example, in one study, it was found that seven point mutations (M244V, G250E, Y253F/H, E255K/V, T315I, M351T, and F359V) account for 85% of all resistance-associated mutations (Soverini et al., 2006). Next generation BCR-ABL1 ATP-competitive inhibitors including nilotinib (Blay and von Mehren, 2011), dasatinib (Das et al., 2006), bosutinib (Golas et al., 2003), and ponatinib (Huang et al., 2010) have been developed in response to the emergence of these imatinib-resistant mutations (Figure 2). Nilotinib, dasatinib, and bosutinib can inhibit many imatinib-resistant mutants but not the “gatekeeper” T315I mutant (Redaelli et al., 2009). Ponatinib is the only ATP-competitive BCR-ABL1 inhibitor that can effectively target against this gatekeeper mutant (Huang et al., 2010; O’Hare et al., 2009, 2012). However, due to the poor kinase selectivity, ponatinib may not be suitable for long term maintenance treatment. Asciminib (Figure 2) is a newly approved BCR-ABL1 inhibitor. Unlike the other inhibitors that bind to the ATP-binding site, asciminib binds to the allosteric myristate-binding site of BCR-ABL1 (Wylie et al., 2017; Schoepfer et al., 2018). Thus, asciminib has no overlapping resistance mutations with the ATP-competitive inhibitors, allowing the targeting of BCR-ABL1 mutants such as T315I.
[image: Figure 2]FIGURE 2 | Key BCR-ABL1 small molecule inhibitors and BCR-ABL1-targeted PROTACs.
Recent work on BCR-ABL1-targeted PROTACs provided a potential alternative option for patients showing drug resistance to these therapies. The Crews lab at Yale University initially designed a library of PROTACs with variations in POI ligand (imatinib, dasatinib, or bosutinib), linker, and E3 ligase ligand (for CRBN or VHL) (Lai et al., 2016). Among all these combinations, a dasatinib-based, CRBN-recruiting PROTAC, DAS-CRBN (Figure 2) showed the highest potency in degrading BCR-ABL1. Potent BCR-ABL1 degradation was also observed with SNIPER(ABL)-39 (Figure 2), a dasatinib-based, inhibitor of apoptosis protein (IAP)-recruiting PROTAC (also termed as SNIPER [specific and non-genetic IAP-dependent protein erasers]) (Shibata et al., 2017). Through an extensive structural optimization on the linker unit, Liu et al. (2021) developed a highly potent dasatinib-based, CRBN-recruiting BCR-ABL1 PROTAC SIAIS056 (Figure 2). This sulfur-substituted short carbon chain linker containing PROTAC exhibited a favorable in vivo pharmacokinetic profile and induced tumor regression in a tumor xenograft model. Importantly, SIAIS056 demonstrated degradation of all eight clinically relevant imatinib-resistant and dasatinib-resistant BCR-ABL1 mutants tested. Not surprisingly, no degradation was observed with BCR-ABL1 harboring a T315I mutation, as the gatekeeper threonine to isoleucine mutation blocks the ATP-binding site (Liu et al., 2021).
In order to target BCR-ABL1 mutants that render ATP-competitive inhibitors ineffective, the Crews lab developed BCR-ABL1 PROTAC GMB-475 (Figure 2) (Burslem et al., 2019). This compound, comprised of an allosteric ABL1 inhibitor GNF-5 (Figure 2) (Zhang et al., 2010) and a VHL-recruiting ligand, demonstrated significant levels of ubiquitination and degradation of the fusion protein target and downstream effector inhibition in human CML K562 cells as well as murine Ba/F3 cells, both expressing the oncogenic protein. Importantly, GMB-475 effectively degraded both wild-type (WT) BCR-ABL1 and BCR-ABL1 with T315I mutation. It also re-sensitized resistant Ba/F3 BCR-ABL1 cells to imatinib inhibition. Furthermore, GMB-475 induced apoptosis of CML CD43+ cells, while having virtually no adverse effects on healthy CD43+ cells at the same concentration (Burslem et al., 2019). Similarly, taking advantage of the allosteric binding site of the BCR-ABL1 protein, the Naito lab developed novel IAP-recruiting PROTACs. Of all compounds synthesized, SNIPER(ABL)-062 (Figure 2) exhibited the most promising activity profile in a series of in vitro assays (Shimokawa et al., 2017). These studies illustrated the ability of PROTAC technology to overcome drug resistance caused by ABL-1 ATP-binding site mutations.
AR-Targeted PROTACs to Address Drug Resistance to AR Antagonists
One earliest example of utilizing PROTACs to overcome cancer drug resistance is in the treatment of castration-resistant prostate cancer (CRPC). Prostate cancer (PC) is one of the leading causes of death in men in the United States, with predictions showing this statistic to only be increasing (Tan et al., 2015). One protein with particular importance in PC is the androgen receptor (AR). These receptors are found in various tissues of the body, but most prominently in the prostate and adrenal gland, and play a key role in human development (Gao et al., 2005). The AR is an intracellular transcription factor that, when bound by the androgens dihydrotestosterone or testosterone, promotes a cascade of interactions, resulting in the binding of AR to androgen response elements in the promoter regions of targeted genes (Gao et al., 2005; Tan et al., 2015). AR signaling was originally considered a target for PC because of the increased activity in these cells and its promoting role in cell proliferation, and it remains a vital target to this day for this disease.
Most PCs are dependent on androgens in the early stages of the disease. For these androgen-sensitive PCs, surgical or chemical castration stops the production and release of most circulating androgens and starves the tumor of the AR activity, resulting in reduced cancer growth (Heinlein and Chang, 2004). The same result is often achieved with antiandrogen therapies such as AR antagonists. Unfortunately, many patients eventually experience a reemergence of PC after initial therapies in the form of an androgen-independent tumor, known as CRPC (Feldman and Feldman, 2001). One pathway for this resistance development is that the AR could become overexpressed or mutated to have more sensitivity to its ligands, allowing stimulated activity from even a reduced concentration of endogenous androgens (Montgomery et al., 2008). Alternatively, the AR could develop mutations that allow atypical ligands such as estradiol and other steroidal hormones to bind and activate AR (Veldscholte et al., 1990), resulting in activity without the influence of any ligand binding (Balbas et al., 2013), or allow an alternate pathway of cell growth activation that circumvents the AR entirely (Feldman and Feldman, 2001). In all cases, changes in the receptivity of the AR and its function make tumors resist androgen depletion therapies, and restore cell growth.
Once the castration-resistant tumor emerges, the first line of defense against PC becomes ineffective. While new AR antagonists such as enzalutamide and apalutamide (Figure 3) continue to be designed as better androgen deprivation therapies, it is known that these drugs will only be clinically useful up to the point where resistance arises (Balbas et al., 2013). These mutations are often a result of the antiandrogen therapy itself; for example, prolonged exposure of PC cell lines and tumors to enzalutamide has been shown to result in the emergence of the F876L point mutation in the AR ligand binding domain (LBD) where enzalutamide binds in every strongly resistant mutated cell line (Balbas et al., 2013; Korpal et al., 2013). Along with other point mutations such as T878A, F876L results in a switch from antagonist to agonist activity of enzalutamide, allowing for cancer cells to continue proliferation (Balbas et al., 2013; Gustafson et al., 2015). Other drug resistance mechanisms that can be attributed to the progression to CRPC include AR upregulation and expression of AR splice variants (AR-SVs) lacking the LBD, upregulation of coactivators, increased androgen synthesis, and activation of other signaling pathways that are related to AR reactivation (Chism et al., 2014). There are limited treatment options once the cancer has progressed to CRPC.
[image: Figure 3]FIGURE 3 | Key AR small molecule inhibitors and AR-targeted PROTACs.
The emergence of PROTAC technology, however, has raised the hope of finding new treatments for CRPC. As mentioned above, the majority of potential resistance mechanisms in CRPC still involve the presence of the AR, and thus utilizing PROTACs to degrade AR, AR mutants, or AR-SVs could be effective (Kargbo, 2019). AR-degrading PROTACs are typically derived from the existing libraries of potent AR antagonists, and modified with optimization of the linker unit and alteration of the binding moiety to different E3 ligases. The effectiveness of PROTACs for treating CRPC has been demonstrated in multiple cases, originating from both academic laboratories and industrial settings. While publications involving AR targeted PROTACs began appearing in the 2000s (Sakamoto et al., 2003; Schneekloth et al., 2008; Tang et al., 2009), only recently have PROTACs been developed specifically in response to resistant tumors. In 2018, the Crews lab reported ARCC-4 (Figure 3), a VHL-recruiting enzalutamide-based PROTAC (Salami et al., 2018). After observing AR degradation in VCap and LNCaP cells with ARCC-4 treatment, they engineered LNCaP cells to overexpress the F876L mutation clinically relevant in PC patients that stop responding to enzalutamide treatments. They found that by degrading the AR, ARCC-4 decreased the agonist activity typically seen with antagonist treatments post-resistance acquisition (Kregal et al., 2020). They also tested several other mutations using engineered HEK293T cells and found that ARCC-4 degraded all of the AR mutants. The Wang lab at the University of Michigan reported a series of highly potent VHL-recruiting AR-PROTACs, such as ARD-61 and ARD-266 (Figure 3) (Han et al., 2019a; Han et al., 2019b; Kregal et al., 2020), based on compound 26 (Figure 3) (Guo et al., 2011). Since the publication of the initial discovery of ARD-61, the authors continued their research and have published an additional study where the PROTAC was tested specifically against enzalutamide-resistant (EnzR) cell lines with great success compared to the inhibitor alone, resulting in an IC50 of 472 nM against the aggressive CWR-R1 EnzR cell line and similar effects in other CRPC lines (Kregal et al., 2020). After the success of their previous compounds, the Wang lab developed a CRBN-recruiting AR-PROTAC ARD-2128 (Figure 3) with good oral bioavailability (67% in mice) (Han et al., 2021). However, the AR antagonists-derived PROTACs will not be effective in CRPC with AR-SVs such as AR-V7 that lack the LBD. To this end, MTX-23 (Figure 3), a VHL-recruiting AR-PROTAC based on a ligand targeting the DNA binding domain (DBD), has been developed to induce degradation of AR-V7 (Lee et al., 2021). MTX-23 is effective in inhibiting cell growth in multiple resistance PC cell lines and shows efficacy in tumor models.
Development of AR-PROTACs for PC treatment has been highly active in industry. Arvinas’ ARV-110 (Figure 3) was the first PROTAC to make it to clinical trials and is currently in Phase II (NCT03888612) (Halford, 2021; Mullard, 2021). ARV-110 is an orally bioavailable AR degrader for the treatment of metastatic CRPC in men. The drug displays high efficacy in inhibiting tumor growth in an enzalutamide-insensitive patient-derived xenograft (PDX) model (Snyder et al., 2021 presented). Based on Phase I data, ARV-110 is well-tolerated and induces 70–90% AR degradation in biopsies from one patient. However, as predicted, patients with point mutations such as L720H that render ARV-110 ineffective in degradation or with AR-SVs (AR-V7) did not respond to the drug. ARV-766 (NCT05067140) and CC-94676 (NCT04428788) are two AR-PROTACs that began Phase I trials recently, developed by Arvinas and Celgene, respectively. Both drugs are being tested in men with metastatic CRPC.
ER-Targeted PROTACs to Address Drug Resistance to SERMs
In a similar pattern to AR-targeted PROTAC development, the estrogen receptor (ER) has become a target for the PROTAC technology due to its influence in breast cancer (BC) progression and metastasis (Sakamoto, 2005). BC has become the most commonly diagnosed malignancy worldwide (Sung et al., 2021). The cancer is largely ERα (the major controller of estrogen signaling over ERβ) positive (ER+), which has been found to have vulnerability to endocrine therapies including selective ER modulators (SERMs) such as tamoxifen and raloxifene that directly alter ER activities (Figure 4). Although SERMs continue to play important role in treating BC, several resistance mechanisms toward these drugs have been observed, including hypersensitivity of ERα to estrogen and ligand independent or SERM-stimulated activation of ERα, driven by mutations in the LBD or stabilization of ERα (Hanker et al., 2020). However, these endocrine resistant tumors still largely depend on ERα signaling. Thus, the strategy to combat this mechanism of resistance was to eliminate ERα expression, which led to the discovery of a new class of drugs called selective ER degraders (SERDs). Currently, fulvestrant (Figure 4) is the only SERD approved by the FDA, but numerous new compounds are under clinical development (Hernando et al., 2021). In both animal models and clinical settings, SERDs have proven to be effective in countering several resistance mechanisms to SERMs (Lu and Liu, 2020). SERDs bind to the ERα and appear to induce a conformational change of the protein that not only inhibits ERα function, but also causes its degradation by the proteasome. The mechanism of SERD-induced ERα degradation is not well understood but could be due to the protein conformational change resulting in exposure of hydrophobic surfaces (Pike et al., 2001).
[image: Figure 4]FIGURE 4 | Key ER small molecule inhibitors and ER-targeted PROTACs.
ERα-targeted PROTACs offer alternative approaches to eliminate the protein. Compared to SERDs, PROTAC-induced ERα degradation is more complete and more potent, and thus could be more effective in treating endocrine resistant BC. In addition, ERα-PROTACs have a clear mechanism of action in inducing protein degradation, which makes the drug development path more straightforward than SERDs. Following the first ERα-PROTAC in 2003 (Sakamoto et al., 2003), many strides have been made by academic researchers and industrial laboratories (Wang et al., 2018; Lin et al., 2020). For one example, the Wang lab published their development of several highly potent VHL-recruiting raloxifene-based ERα-PROTACs, the most potent one being ERD-308 (Figure 4), with a DC50 of 0.17 and 0.43 nM in two BC cell lines (Hu et al., 2019). Compared to fulvestrant, ERα degradation induced by ERD-308 was more complete and the compound also displayed a stronger inhibition of cell proliferation in MCF-7 cells (Hu et al., 2019). In a follow-up study, ERD-148 (Figure 4), a close analog of ERD-308, potently degraded ERα in both WT MCF-7 cells and MCF-7 cells harboring Y537S or D538G mutations (Gonzalez et al., 2020). The most advanced ERα-PROTAC is ARV-471 (Figure 4), an orally bioavailable CRBN-recruiting PROTAC developed by Arvinas for the treatment of patients with locally advanced or metastatic ER+/HER2- BC. ARV-471 is currently in Phase II clinical trials (NCT04072952) (Halford, 2021). In a PDX model with a Y537S mutation, ARV-471 displayed high efficacy in tumor growth inhibition, while fulvestrant only had moderate effect (Flanagan et al., 2019). ARV-471 is well tolerated based on Phase I data (Lin et al., 2020). At their most recent related news update, Arvinas reported up to 89% ER degradation observed in biopsies from 14 patients with doses up to 500 mg daily, with a mean degradation of 64% (Arvinas 2021). The success of these compounds to this point has inspired additional development and patent applications and will presumably remain a groundbreaking area of research and drug development in the future.
BET-Targeted PROTACs to Address Drug Resistance in CRPC and TNBC
Continuing research into novel treatments for metastatic CRPC with de novo or acquired resistance to AR suppression treatment, the bromodomain and extra terminal (BET) protein family (BRD2, BRD3 and BRD4) is another target considered to improve therapy. As previously discussed, androgen deprivation therapies can initially lead to remission in stage I or II (Trewartha and Carter, 2013) but eventual progression may occur, at which point the cancer is classified as CRPC, bringing a worse prognosis and an average survival time of 16–18 months (Amaral et al., 2012). BRD4 binds ARs directly and influences the progression of CRPC, but the interaction can be blocked by the pan-BET inhibitor JQ1 (Figure 5), resulting in a cellular inability to transcribe AR-mediated oncogenes (Asangani et al., 2014). In addition, recent studies indicate that BRD4, not BRD2 or BRD3, regulates key epithelial to mesenchymal transition (EMT) driver genes in CRPC (Shafran et al., 2021). Many BET-targeting PROTACs have been reported (Yang et al., 2019) after initial results showed that PROTACs based on a BRD4 ligand linked to a CRBN ligand led to rapid and sustained degradation of the BET family member proteins in cancer cells (Lu et al., 2015).
[image: Figure 5]FIGURE 5 | Key BET protein small molecule inhibitors and BET-targeted PROTACs.
Given the ability of CRPC cells to confer secondary resistance even after targeting AR signaling pathways, applying PROTAC technology may be a more effective treatment with extended remission results. Initial exploration into the therapeutic potential of BET-targeted PROTACs for CRPC was based on ARV-771 (Figure 5), a VHL-recruiting JQ1-based pan-BET degrader (Raina et al., 2016). ARV-771 exhibited potent BRD2/3/4 degradation and higher potency than JQ1 and OTX015 (another pan-BET inhibitor; Figure 5) (Raina et al., 2016) in suppressing BET function, as indicated by the depleted downstream effector c-MYC protein in several cell line models of CRPC that are resistant to enzalutamide. In these cell lines, ARV-771 is 10- to 500-fold more potent than JQ1 in inhibiting cell proliferation. In addition, ARV-771 induces apoptosis in CRPC cells in vitro, whereas JQ1 and OTX015 have only a cytostatic effect, which further demonstrated the superiority of BET-PROTACs compared with BET inhibitors in treating CRPC. These results have been consistent in xenograft models of CRPC, with downregulation of BRD4 and downstream effector c-MYC, as well as tumor regression. Notably, two of 10 mice showed no appreciable tumor mass and no significant loss in body weight, indicating minimal systemic toxicity (Raina et al., 2016). These promising results offer potential for greater incidence of and longer duration of remission in men diagnosed with late stage CRPC.
BET-PROTACs have also found applications in countering drug resistance in triple negative breast cancer (TNBC), a highly aggressive tumor that accounts for 15% of all BCs (Lehmann et al., 2011). The BRD4-c-Myc axis appears to drive these tumor growths and was found to be targetable by BET inhibitors such as JQ1 (Ocaña and Pandiella, 2017; Ocaña et al., 2017). However, prolonged treatment with BET inhibitors can result in acquired resistance. BRD4 overexpression is indicated as one of the many potential resistance mechanisms to BET inhibitors, which can be effectively countered by a BET-PROTAC (Noblejas-López et al., 2019). Indeed, BET-PROTACs MZ1 and ARV-825 (Figure 5) have been shown to efficiently degrade BRD4 in both an MDA-MB-231 TNBC cell line and a JQ1-resistant cell line MDA-MB-231R (Noblejas-López et al., 2019). The BET-PROTACs also showed an antiproliferative effect in both cell lines with a profound effect on caspase-dependent apoptosis. Importantly, MZ1 was also active in inhibiting MDA-MB-231R growth in a xenograft model, suggesting the clinical potential of BET-PROTACs in treating TNBC (Noblejas-López et al., 2019).
CDK4/6-Targeted PROTACs to Address Drug Resistance Caused by CDK6 Overexpression
Since the discovery of cyclin-dependent kinase (CDK) function as regulators in cell division (Nurse, 2002; Sherr, 1996), CDK inhibitors have been extensively evaluated as cancer treatments (Zhang et al., 2021). CDK1 (regulator of mitosis), CDK2, CKD4, and CDK6 (regulators of the S phase) all play a role in proliferative signaling to proceed through the cell cycle when associated with various necessary cyclins (Serrano, et al., 1993; Asghar et al., 2015). Other CDKs, such as CDK7, CDK8, and CDK9, are involved specifically with transcription regulation, and play a different yet still important role in the cell (Asghar et al., 2015). While early CDK inhibitors did not make it through clinical trials due to indiscriminate binding, more selective CDKIs have since been found to have less cytotoxic effects and increased potency. CDK4 interacts with cyclin D and plays an essential role in both breast tumor initiation and proliferation (Yu et al., 2006). Inhibiting the activity of CDK4/6 reduces phosphorylation activity, leading to reduced tumor formation and growth. After the observations that pan-CDK inhibitors were not viable treatments due to toxicity, researchers began searching for selective inhibitors, and often selected CDK4 or combined CDK4/6 in response to the importance of the kinases in BC. Following the first FDA approved CDK4/6 inhibitor palbociclib (2015), two more CDK4/6 inhibitors, ribociclib (2017) and abemaciclib (2017), have been approved (Figure 6) and many more are currently in clinical trials (Sanchez-Martinez et al., 2015, 2019). CDK4/6 inhibitors are found to be most effective in BC combination therapies, and all three drugs are approved for this malignancy (Yuan et al., 2020). These inhibitors have proven to be effective, but a combination of the need to counter acquired resistance and the desire to also target the kinase-independent functions of CDK4/6 has made PROTAC technology an appealing direction in this field (Li et al., 2018; Rana et al., 2019). Resistance occurs through different pathways in this system, typically because of CDK6 overexpression caused by CDK6 mutation-triggered amplification (Yang et al., 2017; Knudsen and Witkiewicz, 2017) or loss of a tumor suppressor protein like FAT1 or RB1 (Li et al., 2018). Thus, CDK4/6 targeted PROTACs can be effective in combating drug resistance caused by CDK6 overexpression. Both CDK6 selective degraders like BSJ-03-123, PROTAC 6, and CP-10 (Brand et al., 2019; Rana et al., 2019; Su et al., 2019; Anderson et al., 2020) and CDK4/6 dual degraders such as BSJ-03-204 and PAL-POM (Jiang et al., 2019; Zhao and Burgess, 2019) have been reported (Figure 6). These PROTACs have typically used combinations of VHL or CRBN E3 ligase ligands and FDA-approved CDK4/6 inhibitors to achieve degradation, with variations in linker lengths, connection points, and functional groups. Many of these PROTACs have proved to be potent enough in early stage examination to have potential in clinical studies (Su et al., 2019; Zhao and Burgess, 2019; Anderson et al., 2020). CP-10, a CRBN-recruiting palbociclib-based CDK6 selective PROTAC, has been shown to effectively degrade both WT and mutated and overexpressed CDK6, supporting the potential of applying CDK4/6-PROTACs to overcome palbociclib resistance.
[image: Figure 6]FIGURE 6 | Key CDK4/6 small molecule inhibitors and CDK4/6-targeted PROTACs.
EGFR-Targeted PROTACs to Address Resistance Caused by Point Mutations and Scaffolding Function
The epidermal growth factor receptor (EGFR) is a single transmembrane-spanning protein that promotes downstream pro-proliferation and survival signaling in the cell, activated through C-terminal phosphorylation by the EGFR tyrosine kinase domain (Lynch et al., 2004). The EGFR has been a potential target to treat non-small cell lung cancer (NSCLC) since the discovery that it is often overexpressed in lung cancer tissue compared to surrounding normal tissue (Rusch et al., 1993). The first EGFR TKI, gefitinib, was approved by the FDA for the treatment of NSCLC in 2003, followed by erlotinib in 2004 (Figure 7). While the percentage of patients who were effectively treated by gefitinib was small (for example from one clinical study, 27.4% for Japanese patients and 10.4% for patients of European descent) (Paez et al., 2004), those who showed a response had dramatic improvements to their condition, enough to warrant further study into the cause for variability in treatment success. It was found that there were several mutation types that were common among most cases of gefitinib success, most commonly including the L858R point mutation and deletions in exon 19 (Ex19del) that typically overlapped to include codons 747-750, along with a few others (Lynch et al., 2004; Paez et al., 2004). L858R and Ex19del are activating mutations in EGFR that act as oncogenic drivers in NSCLC (Sharma et al., 2007; Cheng et al., 2020). In vitro studies show that the L858R mutation decreases the binding affinity of ATP to EGFR (Yun et al., 2008), leading to the increased potency of “first-generation” EGFR TKIs like gefitinib and erlotinib that bind to the ATP binding site. Thus, gefitinib and erlotinib were approved by the FDA for the treatment of NSCLC patients with these activating mutations in EGFR.
[image: Figure 7]FIGURE 7 | Key EGFR small molecule inhibitors and EGFR-targeted PROTACs.
However, even as the success of the first-generation EGFR TKIs was proven for the population of NSCLC patients with these activating mutations in EGFR, resistance to these drugs quickly developed. In one of the original examples of resistance, a patient who had responded to gefitinib to the point of complete remission relapsed after 2 years; an analysis of the biopsy discovered a mutation of gatekeeper threonine 790 to methionine (T790M) (Kobayashi et al., 2005). The acquired mutation has since been found to be the reason for resistance in many cases of NSCLC that are treated with first-generation EGFR TKIs, as this mutation increases the affinity of the protein for ATP (Yun et al., 2008). To overcome this resistance mechanism, a new class of compounds was created by introducing an irreversible covalent bond-forming warhead that alkylates key residue cysteine 797 (C797) and was effective in both activated EGFR and EGFRT790M (Zhou et al., 2009). The activity of these new drugs including afatinib and dacomitinib (Figure 7) is heavily dependent on C797, as it is the reactive residue for covalent binding, but it was soon found that a C797S mutation greatly reduced potency by a 100-fold difference in IC50 (Godin-Heymann et al., 2008; Zhou et al., 2009; Oxnard et al., 2018). After treatment of EGFRT790M mutants with the covalent inhibitor AZD9291 (later named osimertinib) (Figure 7), Thress et al. (2015) demonstrated that C797S was one of the predominant resulting mutations observed in 40% of 15 patients who experienced progression while taking the drug.
The C797S mutation is thus a resistance mechanism to the third-generation FDA-approved drug osimertinib, designed to target both activated EGFR and EGFRT790M with selectivity over wild type EGFR (EGFRWT) (Oxnard et al., 2018). Current EGFR TKI drug discovery has been focusing on reversible inhibitors that are effective against the triple mutation (activated EGFR through L858R or Ex19del, T790M, and C797S); some have shown promise in selectivity for mutants over EGFRWT or occupying both the ATP binding site and the allosteric site on the enzyme (Shen et al., 2019; Li et al., 2019). The early success of these compounds, however, does not minimize the fact that EGFR mutates frequently with inhibitor therapies and there is a need to find better strategies. The development of PROTACs to degrade various forms of EGFR is a potential approach to counter the resistance mutations from EGFR TKI treatment. The first EGFR-targeted PROTACs such as PROTAC 3 (Figure 7) were published in 2018 by the Crews lab, and were created based on gefitinib and a few other known inhibitors linked to a VHL ligand (Burslem et al., 2018). The fact that the transmembrane EGFR protein can be degraded by PROTACs was a breakthrough in the field.
EGFR also has non-enzymatic functions, acting as a binding partner for other receptor tyrosine kinases (RTKs), that are independent of its kinase activity. The interaction can activate other RTKs to induce kinome rewiring, which contributes to resistance against EGFR TKIs (Jo et al., 2000; Stuhlmiller et al., 2015). Thus, the degradation of EGFR also removes the scaffolding functions of the target and increases the effective time as the protein must be resynthesized before signaling can resume (Burslem et al., 2018; Cheng et al., 2020). Based on gefitinib, the Jin lab improved on the potency of PROTAC 3 with their own VHL-recruiting EGFR-PROTAC MS39, and also created a CRBN-recruiting EGFR-PROTAC MS154 (Figure 7) (Cheng et al., 2020). However, while these compounds had DC50 values at or below 25 nM in activated EGFR cell lines, both of these compounds were based on gefitinib and so were ineffective against mutants that had developed resistance through the T790M mutation.
The Zhang lab at Xi’an Jiaotong University made significant strides in development of PROTACs targeting the mutated EGFR. Their EGFR-PROTACs were based on a fourth-generation EGFR TKI compound 1 (Figure 7), which they discovered in the lab with potent inhibitory activity against EGFRL858R/T790M/C797S (Zhang et al., 2020). However, one of the most potent PROTACs, degrader 2 (Figure 7), was potent in degrading EGFREx19del (DC50 < 50 nM) but only weakly degraded EGFRL858R/T790M in H1975 cell line. A later publication from the same lab reported PROTAC P3, based on a different EGFR TKI compound F (Yang et al., 2012) that has activity against both EGFREx19del and EGFRL858R/T790M (Figure 7). P3 demonstrated its activity against both the activated EGFR and the double mutant, seen with its activity against the HCC827 (DC50 = 0.51 nM) and H1975 (DC50 = 126.2 nM) cell lines, respectively (Zhao et al., 2020). Most recently, the CRBN-recruiting EGFRL858R/T790M degrader SIAIS126 (Figure 7) was reported, based on an irreversible EGFR inhibitor canertinib (Figure 7) (Qu et al., 2021). SIAIS126 selectively degraded mutated EGFR but not EGFRWT in A549 cell line. While this does not exhaustively show every PROTAC created targeting EGFR or various mutations, there are still at this point no published PROTACs that can degrade EGFRC797S. With the emergence of more EGFR TKIs that target the triple mutation EGFRL858R/T790M/C797S, however, the potential is there for new PROTAC development that may one day be able to target these resistant cells.
BRAF-Targeted PROTACs to Address Drug Resistance Caused by Target Mutation
BRAF belongs to the rapidly accelerated fibrosarcoma (RAF) family of serine/threonine protein kinases. Along with two other members of the RAF family, ARAF and CRAF, BRAF contributes to major cellular functions by transducing downstream signals of RAS to the mitogen-activated protein kinase (MAPK) cascade. While mutations in ARAF or CRAF are very rare in cancer cells, BRAF is one of the most frequently mutated protein kinases and mutations in BRAF account for ∼8% of all cancer cases (Fransén et al., 2004; Garnett and Marais, 2004; Emuss et al., 2005; Lee et al., 2005). The BRAFV600E is the most prevalent among all mutations, and has been shown to make BRAF constitutively active, resulting in activation of downstream oncogenesis signaling pathways (Tsai et al., 2008). The most common cancer associated with BRAF mutations is melanoma, with 59% of cell lines analyzed having some kind of polymorphism. This is followed by colorectal cancers (18%), liver cancers (14%), and gliomas (11%) (Davies et al., 2002).
Given the significance of the BRAFV600E mutant and its activity in various cancers, the protein is an attractive target for drug development. The first approved BRAFV600E inhibitor vemurafenib (Figure 8) has demonstrated tumor regression in melanoma with a confirmed response rate of over 50% during phase III trials with eventual FDA approval in 2011 (Tsai et al., 2008; Bollag et al., 2012). Dabrafenib (2013) and encorafenib (2018) (Figure 8) are the other two approved BRAFV600E inhibitors. One of the first proposed mechanisms of acquired resistance to vemurafenib is upregulation of CRAF to maintain MAPK pathway activation and allow tumor progression (Montagut et al., 2008). However, this upregulation has not been significantly observed in clinical analysis of patients resistant to the drug. Upregulations of other pathways, including the platelet-derived growth factor receptor (PDGFR) pathway and insulin-like growth factor 1 receptor (IGF1R) pathway, as well as upregulation of upstream RAS oncogenes and the BRAF oncogene itself have been noted in several preclinical and clinical samples analyzed, any of which may confer resistance against vemurafenib (Nazarian et al., 2010; Villanueva et al., 2010; Shi et al., 2012). One mechanism of particular note, however, is the modification of BRAF protein through incorrect mRNA splicing, resulting in a truncated isoform of protein that constitutively dimerizes into its active form to continue the pathway. This dimer, termed p61-BRAFV600E, is not affected by vemurafenib, and signaling occurs as needed for cancer progression (Poulikakos et al., 2011).
[image: Figure 8]FIGURE 8 | Key BRAF kinase small molecule inhibitors and BRAF-targeted PROTACs.
The prevalence of resistance to BRAF inhibitors sparked interest in PROTAC technology to degrade the protein entirely, and resulted in efficient and potent molecules selective for mutated BRAF proteins. Cullgen reported the first two BRAF-PROTACs, compounds 12 and 23 (Figure 8), constructed by linking vemurafenib and pan-RAF inhibitor BI882370 to a CRBN thalidomide ligand through an alkyl and a PEG linker, respectively (Han et al., 2020). Both PROTACs demonstrated dose-dependent degradation of BRAFV600E and leaving BRAFWT untouched in cells. Further, the degraders both show impaired melanoma cell growth in culture.
A second series of BRAF PROTACs were independently developed in the Therrien/Sicheri labs (Posternak et al., 2020). Their PROTACs were CRBN-recruiting and derived from two different linker tethering sites, each on dabrafenib and BI882370 that are similar to compound 23. The most potent PROTAC, P4B (Figure 8), displayed a DC50 of 12 nM and a Dmax of 82% for BRAFV600E in A375 cells and superior specificity and potency in pathway inhibition after a 24-h treatment compared to BI882370. They further demonstrated that P4B is also superior to inhibitors against cell lines with specific mutations that typically confer resistance to inhibitors, including NCI-H1666 cell line harboring the BRAFG466V mutation and the A375-VR cell line harboring the BRAFV600E with a tandem duplication of the kinase domain. Their work shows degradation by P4B and decreased cell proliferation in vemurafenib-resistant cell line A375, characterized by a homozygous BRAFV600E mutation. However, when analyzing other specific lines with unique BRAF mutations, the compound showed no significant degradation or overall effect on cell viability (Posternak et al., 2020). These results suggest that P4B may be able to overcome cancers with BRAF mutations at the specific locus deemed suitable for degrader use, but is no more effective than inhibitors in cancer cells harboring other polymorphisms.
The Crews lab developed an optimized BRAF-PROTAC SJF-0628 that uses a vemurafenib-based ligand linked to a VHL E3 ligase ligand through a short and rigid piperazine linker (Figure 8) (Alabi et al., 2021). Initial in cellulo studies showed that SJF-0628 induces dose-dependent degradation of various BRAF mutants, while leaving BRAFWT, ARAF, and CRAF undisturbed despite the ability of warhead vemurafenib to potently bind all of these protein variants. The molecule successfully degraded the mutated BRAF protein within 4 h to near completion, with sustained degradation and diminished downstream ERK phosphorylation for up to 72 h. Even after washout, cells only showed 30% BRAF recovery in 24 h, highlighting the extended activity and catalytic effects of PROTAC treatment (Alabi et al., 2021). Of note is the ability of SJF-0628 to promote degradation of BRAF protein even in its truncated, dimerized form in various cell lines, overcoming vemurafenib resistance acquired through this mutation. This study demonstrated the potential of utilizing PROTAC technology to address drug resistance due to BRAF mutations.
BTK-Targeted PROTACs to Address Drug Resistance Caused by Binding Site Mutation
B-cell lymphomas are often directly driven by chronic activation of B-cell receptor (BCR) and its mediator Bruton’s tyrosine kinase (BTK). Constitutive activation of BCR signaling via BTK is implicated in chronic lymphocytic leukemia (CLL), mantle cell lymphoma (MCL), diffuse large B cell lymphoma (DLBCL), as well as other malignancies (Valla et al., 2018). This uncontrolled activity results in cellular proliferation and subsequent B-lymphocyte malignancies in bone marrow, secondary lymphoid organs, and blood (Young et al., 2019). With the importance of BTK in cancer, early effort by Celera in search of inhibitors against this constitutive kinase activation resulted in the discovery of an irreversible covalent inhibitor later named ibrutinib (Figure 9). Unlike more mainstream noncovalent protein inhibitors, ibrutinib takes advantage of a reactive cysteine residue C481 within the BTK kinase domain, undergoing a Michael addition to the well-positioned acrylamide moiety on ibrutinib upon binding and irreversibly inhibiting the target. Initial studies showed significant potency, both in vitro and in vivo, along with selectivity for BTK over other related kinases (Pan et al., 2007). Ibrutinib was approved by the FDA in 2013 for the treatment of MCL and is now approved for multiple cancer indications. Acalabrutinib (2017; Figure 9) and zanubrutinib (2019; Figure 9), also targeting C481, are second-generation FDA approved irreversible BTK inhibitors with improved target selectivity (Wen et al., 2021).
[image: Figure 9]FIGURE 9 | Key BTK small molecule inhibitors and BTK-targeted PROTACs.
Unfortunately, many patients receiving ibrutinib treatment experience disease relapse due to drug resistance. One study into BTK inhibition with ibrutinib in CLL samples explored efficacy of the drug ex vivo, and concluded that CLL cells with the 17p deletion (del17p) mutation along with TP53 mutations are substantially less sensitive to ibrutinib treatment than either alone, or no mutations at all (Amin et al., 2017). It remains unclear, however, what the cellular implications of these mutations are that allow cells to survive and proliferate even in the presence of a generally potent and effective inhibitor. Two other groups independently uncovered another resistance mechanism to covalent BTK inhibitors via the C481S mutation. Both groups highlight the fact that the C481S mutation was not present in baseline pretreatment samples, but are detected following ibrutinib therapy (Furman et al., 2014; Woyach et al., 2014). This mutation abolishes the covalent bond formation ability of ibrutinib and other irreversible BTK inhibitors with the protein, along with a potential steric clash, leading to insufficient inhibition and restored tumor growth.
To overcome the resistance caused by C481S mutation, two strategies have been proposed to directly target this mutation. One is to develop reversible BTK inhibitors that do not require C481 for strong binding. A number of reversible BTK inhibitors such as fenebrutinib, rilzabrutinib, spebrutinib, ARQ 531, and LOXO-305 are currently being evaluated in clinical trials (Estupinan et al., 2021). The second strategy is to develop BTK-targeted PROTACs (Arthur et al., 2020), and several groups have explored this option. Because irreversible binding to the POI will likely negate the catalytic nature of PROTACs, reported BTK-PROTACs are mostly based on non-covalent inhibitors or convert irreversible inhibitors to reversible covalent binders (Kiely-Collins, et al., 2021). The Gray lab reported the first CRBN-recruiting BTK-PROTAC DD-04-015, which is based on reversible BTK inhibitor RN486 (Figure 9) (Huang et al., 2018; Xu et al., 2012). This initial PROTAC demonstrated the validity of BTK degradation. In a follow up study, the Gray lab developed another CRBN-recruiting BTK-PROTAC DD-03-171, which is based on reversible BTK inhibitor CGI1746 (Figure 9) (Dobrovolsky et al., 2019). DD-03-171 is highly effective in degrading both BTKWT and BTKC481S that results in potent suppression of signaling and proliferation in cancer cells. Moreover, DD-03-171 was found to have more potent antiproliferative effects on MCL cells in vitro than inhibitors by degrading BTK and CRBN neo-substrates IKFZ1 and IKFZ3. DD-03-171 also displayed BTK degradation and tumor growth inhibition in in vivo PDX models (Dobrovolsky et al., 2019).
The Crews lab developed a novel CRBN-recruiting PROTAC, MT-802, based on a modified reversible ibrutinib scaffold and pomalidomide moiety (Figure 9). MT-802 displayed greater selectivity towards BTK when compared with ibrutinib. More importantly, MT-802 was able to induce potent degradation of both BTKWT and BTKC481S in samples from relapsed CLL patients with the C481S mutation, showing significantly lower phosphorylation levels (Buhimschi et al., 2018). Due to the catalytic nature of PROTACs, non-covalent binding of the warhead to BTKC481S, albeit weaker than irreversible covalent inhibitors, is sufficient to induce degradation of BTK in ibrutinib-resistant CLL. Based on MT-802, the Crews lab carried out a systematic medicinal chemistry campaign, which led to the identification of an equally potent analog SJF620 (Figure 9) with largely improved pharmacokinetic properties that are suitable for in vivo efficacy studies (Jaime-Figueroa et al., 2020).
The Rao lab independently developed BTK-PROTACs for the degradation of both BTKWT and BTKC481S (Sun et al., 2018). They surveyed the reversible version of ibrutinib and spebrutinib as a BTK-binding ligand and both CRBN ligand pomalidomide and MDM2 ligand RG-7112 as E3-binding ligand. P13I (Figure 9), which is based on ibrutinib and pomalidomide, was identified as a lead. The degrader also had no major off-target degradation, and was capable of targeting BTK proteins harboring the C481S mutation (Sun et al., 2018). These studies further confirmed the potential benefit of using PROTACs for relapsed disease caused by acquired mutations to inhibitors.
Further, Nurix has developed two orally bioavailable CRBN-recruiting BTK PROTACs: NX-2127 (NCT04830137) (with IMiD activity) and NX-5948 (NCT05131022) (lacking IMiD activity). Both have entered Phase I clinical trials (structures undisclosed) and have the ability to degrade clinically relevant BTK mutations that confer resistance to BTK inhibitors. Further, NX-5948 is capable of crossing the blood-brain barrier in animal models. (Robbins et al., 2020; Robbins et al., 2021). Though initial results are still forthcoming, the potential of these PROTACs in clinical trials is noteworthy.
DISCUSSION AND CONCLUSION
Targeted cancer therapy has altered the way many types of cancer are treated over the last two decades, but the clinical utility of these cancer drugs is often limited by the seemingly inevitable development of drug resistance. With the understanding of the emerging mechanisms of resistance, subsequent generations of drugs could be developed to regain the treatment efficacy in patients. However, the cost and technical barrier to achieve the continued success in countering drug resistance may eventually make such practice impractical. Thus, there is an urgent need to develop novel treatment strategies and therapeutic modalities (Vasan et al., 2019). The advent of PROTAC technology has been paradigm-shifting in drug discovery, by offering many potential advantages over occupancy-driven protein inhibitors (Békés et al., 2022). PROTACs are being developed to target a number of clinically relevant targets and more than a dozen of them have been advanced to clinical trials (Mullard, 2021; Garber, 2022), demonstrating the great promise of this new therapeutic modality. As indicated in the examples summarized above, PROTACs offer an effective approach to address various forms of emerging drug resistance in response to SMIs. Consistent with their event-driven pharmacology, the catalytic removal of the target protein in its entirety and degradation driven by target binding rather than function disruption, PROTACs are well-suited for treatment of a number of clinically relevant, target therapy-induced resistance mechanisms. This includes 1) drug binding impaired by point mutations, 2) mutations resulting in target constitutive activation, 3) mutations inducing binding domain conformation changes, 4) gain of scaffolding function through target complex rearrangement, 5) target protein overexpression, 6) increased competition from endogenous ligands, and 7) splicing mutations. PROTACs can be constructed based on neutral binders that bind anywhere on a target protein, which opens up new opportunities to tackle mutation variants. Thus, in the situation that mutations cause a complete loss of binding affinity of existing ligands or loss of binding site, new binders could be potentially developed for PROTACs.
Overall, PROTACs appear to be promising in solving at least some of the challenges facing targeted therapies in the context of drug resistance. However, PROTAC technology is not without its potential limitations, and to the topic of this review, the possibility of cancer cells gaining resistance to PROTACs after extended treatment is a concern that has already attracted attention from academia and industry. The same mechanisms that allow for resistance to SMIs are possible for PROTACs, with alterations to either the POI or the E3 ligase that impair the ability of the PROTAC to engage ternary complex formation. However, the observed instances of drug induced resistance were not from mutations that affect the binding to the POI but occurred via genomic alterations that compromise the core components of the UPS (Mayor-Ruiz et al., 2019; Ottis et al., 2019; Zhang et al., 2019; Shirasaki et al., 2021). For example, BET-PROTACs ARV-771 (VHL-recruiting) and ARV-825 (CRBN-recruiting) were used in one experiment to produce resistant mutants through extended exposure to the OVCAR8 cell line, which was less sensitive to these PROTACs than other cells. These mutants were found to have mutations that affected the ubiquitination machinery, with different resistance origins based on what E3 ligase the PROTAC targeted (Zhang et al., 2019). ARV-711 caused mutations in the CUL2 gene, which is necessary for the interaction between the VHL subunit and the rest of the ubiquitin ligase complex (Zhang et al., 2019); further research using siRNA knockdown has shown that CUL2, RBX1, ELOB, ELOC, and the VHL subunit itself are all important proteins in the ubiquitin complex and thus vulnerable areas of resistance mutations for VHL-recruiting PROTACs (Ottis et al., 2019). ARV-825, on the other hand, was found to cause resistance through the deletion in the CRBN gene (Zhang et al., 2019), and siRNA also pointed to RBX1 and DDB1 as potential influential mutation sites for resistance (Ottis et al., 2019). Even after pausing and continuing treatment of cells with these PROTACs, cells were unaffected, indicating permanent genetic changes conferring resistance through mutation (Zhang et al., 2019). Unfortunately, these studies are currently limited as BRD4 is the only POI being investigated. Other resistance mechanisms are possible and should be considered for future development, such as resistance originating from the POI rather than the ubiquitin complexes, but further studies are needed to confirm the extent of effect from these mutations. As indirect evidence, studies on myeloma patient samples have found that the resistance to immunomodulatory imide drugs (IMiDs) such as pomalidomide and lenalidomide arise from genomic alterations in both the components of CRBN ligase machinery and the target proteins IKZF1/3 (Barrio et al., 2020; Gooding et al., 2021). These results also suggest that patients with prior exposure to IMiD treatments may have limited response to CRBN-based PROTACs. In another study, it was found that upregulation of USP15, a deubiquitinating enzyme (DUB), can antagonize IMiDs and CRBN-based PROTAC-induced ubiquitination, thereby preventing degradation, suggesting DUB overexpression is another potential resistance mechanism to PROTACs (Nguyen 2021).
Despite the possibility of eventual resistance occurring, PROTACs continue to increase in potential for effective treatments because of the advantages they offer over conventional SMIs, especially as these inhibitors can quickly give rise to resistant tumors. However, it is still too early to know if these promises can be translated into clinical benefits. With many clinical trials ongoing and new compounds entering clinical testing, we will soon see proof-of-concept data emerging from these studies. With our improved ability to predict potential drug resistance mechanisms ahead of real occurrence in clinical settings, it is possible to design strategies to prevent, slow down, or overcome such resistance. To this end, PROTACs could have an advantage in terms of overcoming their own resistance, as it has been shown that resistance to a VHL-recruiting PROTAC does not necessarily translate to resistance against a CRBN-recruiting PROTAC, or vice versa (Zhang et al., 2019; Shirasaki et al., 2021). With over 600 E3 ligases in the human genome, new E3 ligases and ligands that are suitable for PROTAC design will be identified. A library of E3 recruiters could be used with variation to continue treatments and lower chances of resistance, resulting in further generations that are more potent and efficacious in treating various cancers.
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REFERENCES
 Alabi, S., Jaime-Figueroa, S., Yao, Z., Gao, Y., Hines, J., Samarasinghe, K. T. G., et al. (2021). Mutant-Selective Degradation by BRAF-Targeting PROTACs. Nat. Commun. 12, 920. doi:10.1038/s41467-021-21159-7
 Amaral, T. M. S., Macedo, D., Fernandes, I., and Costa, L. (2012). Castration-Resistant Prostate Cancer: Mechanisms, Targets, and Treatment. Prostate Cancer 2012, 1–11. doi:10.1155/2012/327253
 Amin, N. A., Balasubramanian, S., Saiya-Cork, K., Shedden, K., Hu, N., and Malek, S. N. (2017). Cell-Intrinsic Determinants of Ibrutinib-Induced Apoptosis in Chronic Lymphocytic Leukemia. Clin. Cancer Res. 23 (4), 1049–1059. doi:10.1158/1078-0432.CCR-15-2921
 Anderson, N. A., Cryan, J., Ahmed, A., Dai, H., McGonagle, G. A., Rozier, C., et al. (2020). Selective CDK6 Degradation Mediated by Cereblon, VHL, and Novel IAP-Recruiting PROTACs. Bioorg. Med. Chem. Lett. 30, 127106. doi:10.1016/j.bmcl.2020.127106
 Arthur, R., Valle-Argos, B., Steele, A. J., and Packham, G. (2020). Development of PROTACs to Address Clinical Limitations Associated with BTK-Targeted Kinase Inhibitors. Explor. Target Antitumor Ther. 1, 131-152. doi:10.37349/etat.2020.00009
 Arvinas (2021). Press Relase: Arvinas and Pfizer Announce PROTAC® Protein Degrader ARV-471 Continues to Demonstrate Encouraging Clinical Benefit Rate in Patients with Locally Advanced or Metastatic ER+/HER2- Breast Cancer. Available at: https://ir.arvinas.com/news-releases/news-release-details/arvinas-and-pfizer-announce-protacr-protein-degrader-arv-471 (Accessed January 5, 2022). 
 Asangani, I. A., Dommeti, V. L., Wang, X., Malik, R., Cieslik, M., Yang, R., et al. (2014). Therapeutic Targeting of BET Bromodomain Proteins in Castration-Resistant Prostate Cancer. Nature 510, 278–282. doi:10.1038/nature13229
 Asghar, U., Witkiewicz, A. K., Turner, N. C., and Knudsen, E. S. (2015). The History and Future of Targeting Cyclin-dependent Kinases in Cancer Therapy. Nat. Rev. Drug Discov. 14, 130–146. doi:10.1038/nrd4504
 Balbas, M. D., Evans, M. J., Hosfield, D. J., Wongvipat, J., Arora, V. K., Watson, P. A., et al. (2013). Overcoming Mutation-Based Resistance to Antiandrogens with Rational Drug Design. eLife 2, 00499. doi:10.7554/eLife.00499
 Barrio, S., Munawar, U., Zhu, Y. X., Giesen, N., Shi, C.-X., Viá, M. D., et al. (2020). IKZF1/3 and CRL4CRBN E3 Ubiquitin Ligase Mutations and Resistance to Immunomodulatory Drugs in Multiple Myeloma. Haematologica 105 (5), e237–e241. doi:10.3324/haematol.2019.217943
 Békés, M., Langley, D. R., and Crews, C. M. (2022). PROTAC Targeted Protein Degraders: The Past Is Prologue. Nat. Rev. Drug Discov. 21, 181–200. doi:10.1038/s41573-021-00371-6
 Ben-Neriah, Y., Daley, G. Q., Mes-Masson, A.-M., Witte, O. N., and Baltimore, D. (1986). The Chronic Myelogenous Leukemia-Specific P210 Protein Is the Product of the Bcr/Abl Hybrid Gene. Science 233 (4760), 212–214. doi:10.1126/science.3460176
 Blay, J.-Y., and von Mehren, M. (2011). Nilotinib: A Novel, Selective Tyrosine Kinase Inhibitor. Semin. Oncol. 38, S3–S9. doi:10.1053/j.seminoncol.2011.01.016
 Bollag, G., Tsai, J., Zhang, J., Zhang, C., Ibrahim, P., Nolop, K., et al. (2012). Vemurafenib: The First Drug Approved for BRAF-Mutant Cancer. Nat. Rev. Drug Discov. 11 (11), 873–886. doi:10.1038/nrd3847
 Bondeson, D. P., Mares, A., Smith, I. E. D., Ko, E., Campos, S., Miah, A. H., et al. (2015). Catalytic In Vivo Protein Knockdown by Small-Molecule PROTACs. Nat. Chem. Biol. 11, 611–617. doi:10.1038/nchembio.1858
 Brand, M., Jiang, B., Bauer, S., Donovan, K. A., Liang, Y., Wang, E. S., et al. (2019). Homolog-Selective Degradation as a Strategy to Probe the Function of CDK6 in AML. Cel Chem. Biol. 26, 300–306. doi:10.1016/j.chembiol.2018.11.006
 Buhimschi, A. D., Armstrong, H. A., Toure, M., Jaime-Figueroa, S., Chen, T. L., Lehman, A. M., et al. (2018). Targeting the C481S Ibrutinib-Resistance Mutation in Bruton's Tyrosine Kinase Using PROTAC-Mediated Degradation. Biochemistry 57 (26), 3564–3575. doi:10.1021/acs.biochem.8b00391
 Burslem, G. M., Smith, B. E., Lai, A. C., Jaime-Figueroa, S., McQuaid, D. C., Bondeson, D. P., et al. (2018). The Advantages of Targeted Protein Degradation over Inhibition: An RTK Case Study. Cel Chem. Biol. 25, 67–77. doi:10.1016/j.chembiol.2017.09.009
 Burslem, G. M., Schultz, A. R., Bondeson, D. P., Eide, C. A., Stevens, S. L. S., Druker, B. J., et al. (2019). Targeting BCR-ABL1 in Chronic Myeloid Leukemia by PROTAC-Mediated Targeted Protein Degradation. Canc. Res. 79 (18), 4744-4753. doi:10.1158/0008-5472.CAN-19-1236
 Cheng, M., Yu, X., Lu, K., Xie, L., Wang, L., Meng, F., et al. (2020). Discovery of Potent and Selective Epidermal Growth Factor Receptor (EGFR) Bifunctional Small-Molecule Degraders. J. Med. Chem. 63, 1216–1232. doi:10.1021/acs.jmedchem.9b01566
 Chism, D. D., De Silva, D., and Whang, Y. E. (2014). Mechanisms of Acquired Resistance to Androgen Receptor Targeting Drugs in Castration-Resistant Prostate Cancer. Expert Rev. Anticancer Ther. 14, 1369–1378. doi:10.1586/14737140.2014.928594
 Churcher, I. (2018). Protac-Induced Protein Degradation in Drug Discovery: Breaking the Rules or Just Making New Ones?J. Med. Chem. 61, 444–452. doi:10.1021/acs.jmedchem.7b01272
 Ciechanover, A., Orian, A., and Schwartz, A. L. (2000). Ubiquitin-Mediated Proteolysis: Biological Regulation via Destruction. BioEssays 22 (5), 442–451. doi:10.1002/(sici)1521-1878(200005)22:5<442:aid-bies6>3.0.co;2-q
 Cohen, P., Cross, D., and Jänne, P. A. (2021). Kinase Drug Discovery 20 Years after Imatinib: Progress and Future Directions. Nat. Rev. Drug Discov. 20, 551–569. doi:10.1038/s41573-021-00195-4
 Das, J., Chen, P., Norris, D., Padmanabha, R., Lin, J., Moquin, R. V., et al. (2006). 2-Aminothiazole as a Novel Kinase Inhibitor Template. Structure−Activity Relationship Studies toward the Discovery of N-(2-Chloro-6-methylphenyl)-2-[[6-[4-(2-hydroxyethyl)-1- Piperazinyl)]-2-Methyl-4-Pyrimidinyl]amino)]-1,3-Thiazole-5-Carboxamide (Dasatinib, BMS-354825) as a Potent Pan-Src Kinase Inhibitor. J. Med. Chem. 49 (23), 6819–6832. doi:10.1021/jm060727j
 Davies, H., Bignell, G. R., Cox, C., Stephens, P., Edkins, S., Clegg, S., et al. (2002). Mutations of the BRAF Gene in Human Cancer. Nature 417, 949–954. doi:10.1038/nature00766
 Dobrovolsky, D., Wang, E. S., Morrow, S., Leahy, C., Faust, T., Nowak, R. P., et al. (2019). Bruton Tyrosine Kinase Degradation as a Therapeutic Strategy for Cancer. Blood 133 (9), 952–961. doi:10.1182/blood-2018-07-862953
 Druker, B. J., Tamura, S., Buchdunger, E., Ohno, S., Segal, G. M., Fanning, S., et al. (1996). Effects of a Selective Inhibitor of the Abl Tyrosine Kinase on the Growth of Bcr-Abl Positive Cells. Nat. Med. 2 (5), 561–566. doi:10.1038/nm0596-561
 Druker, B. J., Talpaz, M., Resta, D. J., Peng, B., Buchdunger, E., Ford, J. M., et al. (2001). Efficacy and Safety of a Specific Inhibitor of the BCR-ABL Tyrosine Kinase in Chronic Myeloid Leukemia. N. Engl. J. Med. 344, 1031–1037. doi:10.1056/NEJM200104053441401
 Druker, B. J., Guilhot, F., O'Brien, S. G., Gathmann, I., Kantarjian, H., Gattermann, N., et al. (2006). Five-Year Follow-Up of Patients Receiving Imatinib for Chronic Myeloid Leukemia. N. Engl. J. Med. 355 (23), 2408–2417. doi:10.1056/NEJMoa062867
 Emuss, V., Garnett, M., Mason, C., and Marais, R. (2005). Mutations of C-RAF Are Rare in Human Cancer Because C-RAF Has a Low Basal Kinase Activity Compared with B-RAF. Cancer Res. 65 (21), 9719–9726. doi:10.1158/0008-5472.CAN-05-1683
 Estupinan, H. Y., Berglof, A., Zain, R., and Smith, C. I. E. (2021). Comparative Analysis of BTK Inhibitors and Mechanisms Underlying Adverse Effects. Front. Cell Dev. Biol. 9, 630942. doi:10.3389/fcell.2021.630942
 Feldman, B. J., and Feldman, D. (2001). The Development of Androgen-independent Prostate Cancer. Nat. Rev. Cancer 1, 34–45. doi:10.1038/35094009
 Flanagan, J., Qian, Y., Gough, S., Andreoli, M., Bookbinder, M., Cadelina, G., et al. (2019). Abstract P5-04-18: ARV-471, an Oral Estrogen Receptor PROTAC Degrader for Breast Cancer. Cancer Res. 79 (4). doi:10.1158/1538-7445.SABCS18-P5-04-18
 Fransén, K., Klintenäs, M., Osterström, A., Dimberg, J., Monstein, H. J., and Söderkvist, P. (2004). Mutation Analysis of the BRAF, ARAF and RAF-1 Genes in Human Colorectal Adenocarcinomas. Carcinogenesis 25 (4), 527–533. doi:10.1093/carcin/bgh049
 Furman, R. R., Cheng, S., Lu, P., Setty, M., Perez, A. R., Guo, A., et al. (2014). Ibrutinib Resistance in Chronic Lymphocytic Leukemia. N. Engl. J. Med. 370 (24), 2352–2354. doi:10.1056/NEJMc1402716
 Gao, W., Bohl, C. E., and Dalton, J. T. (2005). Chemistry and Structural Biology of Androgen Receptor. Chem. Rev. 105, 3352–3370. doi:10.1021/cr020456u
 Garber, K. (2022). The PROTAC Gold Rush. Nat. Biotechnol. 40, 12–16. doi:10.1038/s41587-021-01173-2
 Garnett, M. J., and Marais, R. (2004). Guilty as Charged: B-RAF Is a Human Oncogene. Cancer Cell 6 (4), 313–319. doi:10.1016/j.ccr.2004.09.022
 Godin-Heymann, N., Ulkus, L., Brannigan, B. W., McDermott, U., Lamb, J., Maheswaran, S., et al. (2008). The T790M “Gatekeeper” Mutation in EGFR Mediates Resistance to Low Concentrations of an Irreversible EGFR Inhibitor. Mol. Cancer Ther. 7 (4), 874–879. doi:10.1158/1535-7163.MCT-07-2387
 Golas, J. M., Arndt, K., Etienne, C., Lucas, J., Nardin, D., Gibbons, J., et al. (2003). SKI-606, a 4-Anilino-3-Quinolinecarbonitrile Dual Inhibitor of Src and Abl Kinases, Is a Potent Antiproliferative Agent against Chronic Myelogenous Leukemia Cells in Culture and Causes Regression of K562 Xenografts in Nude Mice. Cancer Res. 63 (2), 375–381.
 Gonzalez, T. L., Hancock, M., Sun, S., Gersch, C. L., Larios, J. M., David, W., et al. (2020). Targeted Degradation of Activating Estrogen Receptor α Ligand-Binding Domain Mutations in Human Breast Cancer. Breast Cancer Res. Treat. 180 (3), 611–622. doi:10.1007/s10549-020-05564-y
 Gooding, S., Ansari-Pour, N., Towfic, F., Ortiz Estévez, M., Chamberlain, P. P., Tsai, K.-T., et al. (2021). Multiple Cereblon Genetic Changes Are Associated with Acquired Resistance to Lenalidomide or Pomalidomide in Multiple Myeloma. Blood 137 (2), 232–237. doi:10.1182/blood.2020007081
 Guo, C., Linton, A., Kephart, S., Ornelas, M., Pairish, M., Gonzalez, J., et al. (2011). Discovery of Aryloxy Tetramethylcyclobutanes as Novel Androgen Receptor Antagonists. J. Med. Chem. 54 (21), 7693–7704. doi:10.1021/jm201059s
 Gustafson, J. L., Neklesa, T. K., Cox, C. S., Roth, A. G., Buckley, D. L., Tae, H. S., et al. (2015). Small-Molecule-Mediated Degradation of the Androgen Receptor through Hydrophobic Tagging. Angew. Chem. 127, 9795–9798. doi:10.1002/ange.201503720
 Halford, B. (2021). Arvinas Unveils PROTAC Structures. Chem. Eng. 99 (14), 5. doi:10.47287/cen-09914-scicon1
 Han, X., Wang, C., Qin, C., Xiang, W., Fernandez-Salas, E., Yang, C.-Y., et al. (2019a). Discovery of ARD-69 as a Highly Potent Proteolysis Targeting Chimera (PROTAC) Degrader of Androgen Receptor (AR) for the Treatment of Prostate Cancer. J. Med. Chem. 62, 941–964. doi:10.1021/acs.jmedchem.8b01631
 Han, X., Zhao, L., Xiang, W., Qin, C., Miao, B., Xu, T., et al. (2019b). Discovery of Highly Potent and Efficient PROTAC Degraders of Androgen Receptor (AR) by Employing Weak Binding Affinity VHL E3 Ligase Ligands. J. Med. Chem. 62, 11218–11231. doi:10.1021/acs.jmedchem.9b01393
 Han, X.-R., Chen, L., Wei, Y., Yu, W., Chen, Y., Zhang, C., et al. (2020). Discovery of Selective Small Molecule Degraders of BRAF-V600E. J. Med. Chem. 63 (8), 4069–4080. doi:10.1021/acs.jmedchem.9b02083
 Han, X., Zhao, L., Xiang, W., Qin, C., Miao, B., McEachern, D., et al. (2021). Strategies toward Discovery of Potent and Orally Bioavailable Proteolysis Targeting Chimera Degraders of Androgen Receptor for the Treatment of Prostate Cancer. J. Med. Chem. 64, 12831-12854. doi:10.1021/acs.jmedchem.1c00882
 Hanker, A. B., Sudhan, D. R., and Arteaga, C. L. (2020). Overcoming Endocrine Resistance in Breast Cancer. Cancer Cell 37, 496–513. doi:10.1016/j.ccell.2020.03.009
 Heinlein, C. A., and Chang, C. (2004). Androgen Receptor in Prostate Cancer. Endocr. Rev. 25 (5), 276–308. doi:10.1210/er.2002-0032
 Hernando, C., Ortega-Morillo, B., Tapia, M., Moragón, S., Martínez, M. T., Eroles, P., et al. (2021). Oral Selective Estrogen Receptor Degraders (SERDs) as a Novel Breast Cancer Therapy: Present and Future from a Clinical Perspective. Ijms 22 (15,), 7812. doi:10.3390/ijms22157812
 Housman, G., Byler, S., Heerboth, S., Lapinska, K., Longacre, M., Snyder, N., et al. (2014). Drug Resistance in Cancer: An Overview. Cancers 6, 1769–1792. doi:10.3390/cancers6031769
 Hu, J., Hu, B., Wang, M., Xu, F., Miao, B., Yang, C.-Y., et al. (2019). Discovery of ERD-308 as a Highly Potent Proteolysis Targeting Chimera (PROTAC) Degrader of Estrogen Receptor (ER). J. Med. Chem. 62, 1420–1442. doi:10.1021/acs.jmedchem.8b01572
 Huang, W.-S., Metcalf, C. A., Sundaramoorthi, R., Wang, Y., Zou, D., Thomas, R. M., et al. (2010). Discovery of 3-[2-(Imidazo[1,2-B]pyridazin-3-yl)ethynyl]-4-Methyl-N-{4-[(4-Methylpiperazin-1-yl)methyl]-3-(trifluoromethyl)phenyl}benzamide (AP24534), a Potent, Orally Active Pan-Inhibitor of Breakpoint Cluster Region-Abelson (BCR-ABL) Kinase Including the T315I Gatekeeper Mutant. J. Med. Chem. 53, 4701–4719. doi:10.1021/jm100395q
 Huang, H.-T., Dobrovolsky, D., Paulk, J., Yang, G., Weisberg, E. L., Doctor, Z. M., et al. (2018). A Chemoproteomic Approach to Query the Degradable Kinome Using a Multi-Kinase Degrader. Cel Chem. Biol. 25 (1), 88–99.e6. doi:10.1016/j.chembiol.2017.10.005
 Jaime-Figueroa, S., Buhimschi, A. D., Toure, M., Hines, J., and Crews, C. M. (2020). Design, Synthesis and Biological Evaluation of Proteolysis Targeting Chimeras (PROTACs) as a BTK Degraders with Improved Pharmacokinetic Properties. Bioorg. Med. Chem. Lett. 30, 126877. doi:10.1016/j.bmcl.2019.126877
 Jiang, B., Wang, E. S., Donovan, K. A., Liang, Y., Fischer, E. S., Zhang, T., et al. (2019). Development of Dual and Selective Degraders of Cyclin-dependent Kinases 4 and 6. Angew. Chem. Int. Ed. 58, 6321–6326. doi:10.1002/anie.201901336
 Jo, M., Stolz, D. B., Esplen, J. E., Dorko, K., Michalopoulos, G. K., and Strom, S. C. (2000). Cross-talk between Epidermal Growth Factor Receptor and C-Met Signal Pathways in Transformed Cells. J. Biol. Chem. 275, 8806–8811. doi:10.1074/jbc.275.12.8806
 Kargbo, R. B. (2019). Treatment of Prostate Cancers and Kennedy's Disease by PROTAC-Androgen Receptor Degradation. ACS Med. Chem. Lett. 10, 701–702. doi:10.1021/acsmedchemlett.9b.0011510.1021/acsmedchemlett.9b00115
 Khan, S., Zhang, X., Lv, D., Zhang, Q., He, Y., Zhang, P., et al. (2019). A Selective BCL-XL PROTAC Degrader Achieves Safe and Potent Antitumor Activity. Nat. Med. 25, 1938–1947. doi:10.1038/s41591-019-0668-z
 Kiely-Collins, H., Winter, G. E., and Bernardes, G. J. L. (2021). The Role of Reversible and Irreversible Covalent Chemistry in Targeted Protein Degradation. Cel Chem. Biol. 28 (7), 952–968. doi:10.1016/j.chembiol.2021.03.005
 Knudsen, E. S., and Witkiewicz, A. K. (2017). The Strange Case of CDK4/6 Inhibitors: Mechanisms, Resistance, and Combination Strategies. Trends Cancer 3 (1), 39–55. doi:10.1016/j.trecan.2016.11.006
 Kobayashi, S., Boggon, T. J., Dayaram, T., Jänne, P. A., Kocher, O., Meyerson, M., et al. (2005). EGFRMutation and Resistance of Non-Small-Cell Lung Cancer to Gefitinib. N. Engl. J. Med. 352 (8), 786–792. doi:10.1056/NEJMoa044238
 Korpal, M., Korn, J. M., Gao, X., Rakiec, D. P., Ruddy, D. A., Doshi, S., et al. (2013). An F876L Mutation in Androgen Receptor Confers Genetic and Phenotypic Resistance to MDV3100 (Enzalutamide). Cancer Discov. 3, 1030–1043. doi:10.1158/2159-8290.CD-13-0142
 Kregel, S., Wang, C., Han, X., Xiao, L., Fernandez-Salas, E., Bawa, P., et al. (2020). Androgen Receptor Degraders Overcome Common Resistance Mechanisms Developed during Prostate Cancer Treatment. Neoplasia 22, 111–119. doi:10.1016/j.neo.2019.12.003
 Lai, A. C., and Crews, C. M. (2017). Induced Protein Degradation: An Emerging Drug Discovery Paradigm. Nat. Rev. Drug Discov. 16, 101–114. doi:10.1038/nrd.2016.211
 Lai, A. C., Toure, M., Hellerschmied, D., Salami, J., Jaime-Figueroa, S., Ko, E., et al. (2016). Modular PROTAC Design for the Degradation of Oncogenic BCR-ABL. Angew. Chem. Int. Ed. 55 (2), 807–810. doi:10.1002/anie.201507634
 Lee, J. W., Soung, Y. H., Kim, S. Y., Park, W. S., Nam, S. W., Min, W. S., et al. (2005). Mutational Analysis of the ARAF Gene in Human Cancers. APMIS 113 (1), 54–57. doi:10.1111/j.1600-0463.2005.apm1130108.x
 Lee, G. T., Nagaya, N., Desantis, J., Madura, K., Sabaawy, H. E., Kim, W.-J., et al. (2021). Effects of MTX-23, a Novel PROTAC of Androgen Receptor Splice Variant-7 and Androgen Receptor, on CRPC Resistant to Second-Line Antiandrogen Therapy. Mol. Cancer Ther. 20 (3), 490–499. doi:10.1158/1535-7163.MCT-20-0417
 Lehmann, B. D., Bauer, J. A., Chen, X., Sanders, M. E., Chakravarthy, A. B., Shyr, Y., et al. (2011). Identification of Human Triple-Negative Breast Cancer Subtypes and Preclinical Models for Selection of Targeted Therapies. J. Clin. Invest. 121 (7), 2750–2767. doi:10.1172/JCI45014
 Li, Z., Razavi, P., Li, Q., Toy, W., Liu, B., Ping, C., et al. (2018). Loss of the FAT1 Tumor Suppressor Promotes Resistance to CDK4/6 Inhibitors via the Hippo Pathway. Cancer Cell 34, 893–905. doi:10.1016/j.ccell.2018.11.006
 Li, Q., Zhang, T., Li, S., Tong, L., Li, J., Su, Z., et al. (2019). Discovery of Potent and Noncovalent Reversible EGFR Kinase Inhibitors of EGFRL858R/T790M/C797S. ACS Med. Chem. Lett. 10, 869–873. doi:10.1021/acsmedchemlett.8b00564
 Lin, X., Xiang, H., and Luo, G. (2020). Targeting Estrogen Receptor α for Degradation with PROTACs: A Promising Approach to Overcome Endocrine Resistance. Eur. J. Med. Chem. 206, 112689. doi:10.1016/j.ejmech.2020.112689
 Liu, H., Ding, X., Liu, L., Mi, Q., Zhao, Q., Shao, Y., et al. (2021). Discovery of Novel BCR-ABL PROTACs Based on the Cereblon E3 Ligase Design, Synthesis, and Biological Evaluation. Eur. J. Med. Chem. 223, 113645. doi:10.1016/j.ejmech.2021.113645
 Lu, Y., and Liu, W. (2020). Selective Estrogen Receptor Degraders (SERDs): A Promising Strategy for Estrogen Receptor Positive Endocrine-Resistant Breast Cancer. J. Med. Chem. 63 (24), 15094–15114. doi:10.1021/acs.jmedchem.0c00913
 Lu, J., Qian, Y., Altieri, M., Dong, H., Wang, J., Raina, K., et al. (2015). Hijacking the E3 Ubiquitin Ligase Cereblon to Efficiently Target BRD4. Chem. Biol. 22 (6), 755–763. doi:10.1016/j.chembiol.2015.05.009
 Lynch, T. J., Bell, D. W., Sordella, R., Gurubhagavatula, S., Okimoto, R. A., Brannigan, B. W., et al. (2004). Activating Mutations in the Epidermal Growth Factor Receptor Underlying Responsiveness of Non-Small-Cell Lung Cancer to Gefitinib. N. Engl. J. Med. 350 (21), 2129–2139. doi:10.1056/NEJMoa040938
 Mares, A., Miah, A. H., Smith, I. E. D., Rackham, M., Thawani, A. R., Cryan, J., et al. (2020). Extended Pharmacodynamic Responses Observed upon PROTAC-Mediated Degradation of RIPK2. Commun. Biol. 3, 140. doi:10.1038/s42003-020-0868-6
 Mayor-Ruiz, C., Jaeger, M. G., Bauer, S., Brand, M., Sin, C., Hanzl, A., et al. (2019). Plasticity of the Cullin-RING Ligase Repertoire Shapes Sensitivity to Ligand-Induced Protein Degradation. Mol. Cel. 75, 849–858. doi:10.1016/j.molcel.2019.07.013
 Montagut, C., Sharma, S. V., Shioda, T., McDermott, U., Ulman, M., Ulkus, L. E., et al. (2008). Elevated CRAF as a Potential Mechanism of Acquired Resistance to BRAF Inhibition in Melanoma. Cancer Res. 68 (12), 4853–4861. doi:10.1158/0008-5472.CAN-07-6787
 Montgomery, R. B., Mostaghel, E. A., Vessella, R., Hess, D. L., Kalhorn, T. F., Higano, C. S., et al. (2008). Maintenance of Intratumoral Androgens in Metastatic Prostate Cancer: A Mechanism for Castration-Resistant Tumor Growth. Cancer Res. 68, 4447–4454. doi:10.1158/0008-5472.CAN-08-0249
 Mullard, A. (2021). Targeted Protein Degraders Crowd into the Clinic. Nat. Rev. Drug Discov. 20, 247–250. doi:10.1038/d41573-021-00052-4
 Nazarian, R., Shi, H., Wang, Q., Kong, X., Koya, R. C., Lee, H., et al. (2010). Melanomas Acquire Resistance to B-RAF(V600E) Inhibition by RTK or N-RAS Upregulation. Nature 468, 7326973–7326977. doi:10.1038/nature09626
 Nguyen, T. V. (2021). USP15 Antagonizes CRL4 CRBN -mediated Ubiquitylation of Glutamine Synthetase and Neosubstrates. Proc. Natl. Acad. Sci. U.S.A. 118 (40), 2111391118. doi:10.1073/pnas.2111391118
 Noblejas-López, M. D. M., Nieto-Jimenez, C., Burgos, M., Gómez-Juárez, M., Montero, J. C., Esparís-Ogando, A., et al. (2019). Activity of BET-Proteolysis Targeting Chimeric (PROTAC) Compounds in Triple Negative Breast Cancer. J. Exp. Clin. Cancer Res. 38 (1), 383. doi:10.1186/s13046-019-1387-5
 Nowell, P. C., and Hungerford, D. A. (1960). A Minute Chromosome in Human Chronic Granulocytic Leukemia. Science 132, 1497. 
 Nurse, P. M. (2002). NOBEL LECTURE: Cyclin Dependent Kinases and Cell Cycle Control. Biosci. Rep. 22 (5-6), 487–499. doi:10.1023/A:1022017701871
 O'Hare, T., Zabriskie, M. S., Eiring, A. M., and Deininger, M. W. (2012). Pushing the Limits of Targeted Therapy in Chronic Myeloid Leukaemia. Nat. Rev. Cancer 12 (8), 513–526. doi:10.1038/nrc3317
 Ocaña, A., and Pandiella, A. (2017). Targeting Oncogenic Vulnerabilities in Triple Negative Breast Cancer: Biological Bases and Ongoing Clinical Studies. Oncotarget 8 (13), 22218–22234. doi:10.18632/oncotarget.14731
 Ocaña, A., Nieto-Jiménez, C., and Pandiella, A. (2017). BET Inhibitors as Novel Therapeutic Agents in Breast Cancer. Oncotarget 841, 71285–71291. doi:10.18632/oncotarget.19744
 O'Hare, T., Shakespeare, W. C., Zhu, X., Eide, C. A., Rivera, V. M., Wang, F., et al. (2009). AP24534, a Pan-BCR-ABL Inhibitor for Chronic Myeloid Leukemia, Potently Inhibits the T315I Mutant and Overcomes Mutation-Based Resistance. Cancer Cell 16 (5), 401–412. doi:10.1016/j.ccr.2009.09.028
 Ottis, P., Palladino, C., Thienger, P., Britschgi, A., Heichinger, C., Berrera, M., et al. (2019). Cellular Resistance Mechanisms to Targeted Protein Degradation Converge toward Impairment of the Engaged Ubiquitin Transfer Pathway. ACS Chem. Biol. 14, 2215–2223. doi:10.1021/acschembio.9b00525
 Oxnard, G. R., Hu, Y., Mileham, K. F., Husain, H., Costa, D. B., Tracy, P., et al. (2018). Assessment of Resistance Mechanisms and Clinical Implications in Patients WithEGFRT790M-Positive Lung Cancer and Acquired Resistance to Osimertinib. JAMA Oncol. 4 (11), 1527–1534. doi:10.1001/jamaoncol.2018.2969
 Paez, J. G., Jänne, P. A., Lee, J. C., Tracy, S., Greulich, H., Gabriel, S., et al. (2004). EGFR Mutations in Lung Cancer: Correlation with Clinical Response to Gefitinib Therapy. Science 304, 1497–1500. doi:10.1126/science.1099314
 Pan, Z., Scheerens, H., Li, S.-J., Schultz, B. E., Sprengeler, P. A., Burrill, L. C., et al. (2007). Discovery of Selective Irreversible Inhibitors for Bruton's Tyrosine Kinase. ChemMedChem 2 (1), 58–61. doi:10.1002/cmdc.200600221
 Pike, A. C. W., Brzozowski, A. M., Walton, J., Hubbard, R. E., Thorsell, A.-G., Li, Y.-L., et al. (2001). Structural Insights into the Mode of Action of a Pure Antiestrogen. Structure 9 (2), 145–153. doi:10.1016/s0969-2126(01)00568-8
 Posternak, G., Tang, X., Maisonneuve, P., Jin, T., Lavoie, H., Daou, S., et al. (2020). Functional Characterization of a PROTAC Directed against BRAF Mutant V600E. Nat. Chem. Biol. 16, 1170–1178. doi:10.1038/s41589-020-0609-7
 Poulikakos, P. I., Persaud, Y., Janakiraman, M., Kong, X., Ng, C., Moriceau, G., et al. (2011). RAF Inhibitor Resistance Is Mediated by Dimerization of Aberrantly Spliced BRAF(V600E). Nature 480 (7377), 387–390. doi:10.1038/nature10662
 Qu, X., Liu, H., Song, X., Sun, N., Zhong, H., Qiu, X., et al. (2021). Effective Degradation of EGFRL858R+T790M Mutant Proteins by CRBN-Based PROTACs through Both Proteosome and Autophagy/lysosome Degradation Systems. Eur. J. Med. Chem. 218, 113328. doi:10.1016/j.ejmech.2021.113328
 Raina, K., Lu, J., Qian, Y., Altieri, M., Gordon, D., Rossi, A. M. K., et al. (2016). PROTAC-induced BET Protein Degradation as a Therapy for Castration-Resistant Prostate Cancer. Proc. Natl. Acad. Sci. U.S.A. 113 (26), 7124–7129. doi:10.1073/pnas.1521738113
 Rana, S., Bendjennat, M., Kour, S., King, H. M., Kizhake, S., Zahid, M., et al. (2019). Selective Degradation of CDK6 by a Palbociclib Based PROTAC. Bioorg. Med. Chem. Lett. 29, 1375–1379. doi:10.1016/j.bmcl.2019.03.035
 Redaelli, S., Piazza, R., Rostagno, R., Magistroni, V., Perini, P., Marega, M., et al. (2009). Activity of Bosutinib, Dasatinib, and Nilotinib against 18 Imatinib-Resistant BCR/ABL Mutants. Jco 27 (3), 469–471. doi:10.1200/JCO.2008.19.8853
 Robbins, D. W., Kelly, A., Tan, M., McIntosh, J., Wu, J., Konst, Z., et al. (2020). Nx-2127, a Degrader of BTK and IMiD Neosubstrates, for the Treatment of B-Cell Malignancies. Blood 136 (Suppl. 1), 34. doi:10.1182/blood-2020-141461
 Robbins, D. W., Noviski, M., Rountree, R., Tan, M., Brathaban, N., Ingallinera, T., et al. (2021). Nx-5948, a Selective Degrader of BTK with Activity in Preclinical Models of Hematologic and Brain Malignancies. Blood 138 (Suppl. 1), 2251. doi:10.1182/blood-2021-147473
 Rowley, J. D. (1973). A New Consistent Chromosomal Abnormality in Chronic Myelogenous Leukaemia Identified by Quinacrine Fluorescence and Giemsa Staining. Nature 243, 290–293. doi:10.1038/243290a0
 Rusch, V., Baselga, J., Cordon-Cardo, C., Orazem, J., Zaman, M., Hoda, S., et al. (1993). Differential Expression of the Epidermal Growth Factor Receptor and its Ligands in Primary Non-small Cell Lung Cancers and Adjacent Benign Lung. Cancer Res. 53, 2379–2385.
 Sakamoto, K. M., Kim, K. B., Kumagai, A., Mercurio, F., Crews, C. M., and Deshaies, R. J. (2001). PROTACs: Chimeric Molecules that Target Proteins to the Skp1-Cullin-F Box Complex for Ubiquitination and Degradation. Proc. Natl. Acad. Sci. U.S.A. 98 (15), 8554–8559. doi:10.1073/pnas.141230798
 Sakamoto, K. M., Kim, K. B., Verma, R., Ransick, A., Stein, B., Crews, C. M., et al. (2003). Development of Protacs to Target Cancer-Promoting Proteins for Ubiquitination and Degradation. Mol. Cell Proteomics 2 (12), 1350–1358. doi:10.1074/mcp.T300009-MCP200
 Sakamoto, K. M. (2005). Chimeric Molecules to Target Proteins for Ubiquitination and Degradation. Methods Enzymol. 339, 833–847. doi:10.1016/S0076-6879(05)99054-X
 Salami, J., Alabi, S., Willard, R. R., Vitale, N. J., Wang, J., Dong, H., et al. (2018). Androgen Receptor Degradation by the Proteolysis-Targeting Chimera ARCC-4 Outperforms Enzalutamide in Cellular Models of Prostate Cancer Drug Resistance. Commun. Biol. 1, 100. doi:10.1038/s42003-018-0105-8
 Samarasinghe, K. T. G., and Crews, C. M. (2021). Targeted Protein Degradation: A Promise for Undruggable Proteins. Cel Chem. Biol. 28, 934–951. doi:10.1016/j.chembiol.2021.04.011
 Sánchez-Martínez, C., Gelbert, L. M., Lallena, M. J., and de Dios, A. (2015). Cyclin Dependent Kinase (CDK) Inhibitors as Anticancer Drugs. Bioorg. Med. Chem. Lett. 25, 3420–3435. doi:10.1016/j.bmcl.2015.05.100
 Sánchez-Martínez, C., Lallena, M. J., Sanfeliciano, S. G., and de Dios, A. (2019). Cyclin Dependent Kinase (CDK) Inhibitors as Anticancer Drugs: Recent Advances (2015-2019). Bioorg. Med. Chem. Lett. 29, 126637. doi:10.1016/j.bmcl.2019.126637
 Schneekloth, A. R., Pucheault, M., Tae, H. S., and Crews, C. M. (2008). Targeted Intracellular Protein Degradation Induced by a Small Molecule: En Route to Chemical Proteomics. Bioorg. Med. Chem. Lett. 18 (22), 5904–5908. doi:10.1016/j.bmcl.2008.07.114
 Schoepfer, J., Jahnke, W., Berellini, G., Buonamici, S., Cotesta, S., Cowan-Jacob, S. W., et al. (2018). Discovery of Asciminib (ABL001), an Allosteric Inhibitor of the Tyrosine Kinase Activity of BCR-ABL1. J. Med. Chem. 61, 188120–188135. doi:10.1021/acs.jmedchem.8b01040
 Serrano, M., Hannon, G. J., and Beach, D. (1993). A New Regulatory Motif in Cell-Cycle Control Causing Specific Inhibition of Cyclin D/CDK4. Nature 366, 704–707. doi:10.1038/366704a0
 Shafran, J. S., Jafari, N., Casey, A. N., Győrffy, B., and Denis, G. V. (2021). BRD4 Regulates Key Transcription Factors that Drive Epithelial-Mesenchymal Transition in Castration-Resistant Prostate Cancer. Prostate Cancer Prostatic Dis. 24, 268–277. doi:10.1038/s41391-020-0246-y
 Sharma, S. V., Bell, D. W., Settleman, J., and Haber, D. A. (2007). Epidermal Growth Factor Receptor Mutations in Lung Cancer. Nat. Rev. Cancer 7, 169–181. doi:10.1038/nrc2088
 Shen, J., Zhang, T., Zhu, S.-J., Sun, M., Tong, L., Lai, M., et al. (2019). Structure-Based Design of 5-Methylpyrimidopyridone Derivatives as New Wild-type Sparing Inhibitors of the Epidermal Growth Factor Receptor Triple Mutant (EGFRL858R/T790M/C797S). J. Med. Chem. 62, 7302–7308. doi:10.1021/acs.jmedchem.9b00576
 Sherr, C. J. (1996). Cancer Cell Cycles. Science 274 (5293), 1672–1677. doi:10.1126/science.274.5293.1672
 Shi, H., Moriceau, G., Kong, X., Lee, M.-K., Lee, H., Koya, R. C., et al. (2012). Melanoma Whole-Exome Sequencing Identifies (V600E)B-RAF Amplification-Mediated Acquired B-RAF Inhibitor Resistance. Nat. Commun. 3, 724. doi:10.1038/ncomms1727
 Shibata, N., Miyamoto, N., Nagai, K., Shimokawa, K., Sameshima, T., Ohoka, N., et al. (2017). Development of Protein Degradation Inducers of Oncogenic BCR - ABL Protein by Conjugation of ABL Kinase Inhibitors and IAP Ligands. Cancer Sci. 108, 1657–1666. doi:10.1111/cas.13284
 Shimokawa, K., Shibata, N., Sameshima, T., Miyamoto, N., Ujikawa, O., Nara, H., et al. (2017). Targeting the Allosteric Site of Oncoprotein BCR-ABL as an Alternative Strategy for Effective Target Protein Degradation. ACS Med. Chem. Lett. 8 (10), 1042–1047. doi:10.1021/acsmedchemlett.7b00247
 Shirasaki, R., Matthews, G. M., Gandolfi, S., de Matos Simoes, R., Buckley, D. L., Raja Vora, J., et al. (2021). Functional Genomics Identify Distinct and Overlapping Genes Mediating Resistance to Different Classes of Heterobifunctional Degraders of Oncoproteins. Cel Rep. 34 (1), 108532. doi:10.1016/j.celrep.2020.108532
 Snyder, L. B., Neklesa, T. K., Chen, X., Dong, H., Ferrara, C., Gordon, D. A., et al. (2021). “Discovery of ARV-110, a First in Class Androgen Receptor Degrading PROTAC for the Treatment of Men with Metastatic Castration Resistant Prostate Cancer,” in AARC Annual Meeting Presentation , Virtual Meeting ( April 10-15, May 17-21 2021). 
 Soverini, S., Colarossi, S., Gnani, A., Rosti, G., Castagnetti, F., Poerio, A., et al. (2006). Contribution of ABL Kinase Domain Mutations to Imatinib Resistance in Different Subsets of Philadelphia-Positive Patients: By the GIMEMA Working Party on Chronic Myeloid Leukemia. Clin. Cancer Res. 12 (24), 7374–7379. doi:10.1158/1078-0432.CCR-06-1516
 Stuhlmiller, T. J., Miller, S. M., Zawistowski, J. S., Nakamura, K., Beltran, A. S., Duncan, J. S., et al. (2015). Inhibition of Lapatinib-Induced Kinome Reprogramming in Erbb2-Positive Breast Cancer by Targeting Bet Family Bromodomains. Cel Rep. 11 (3), 390–404. doi:10.1016/j.celrep.2015.03.037
 Su, S., Yang, Z., Gao, H., Yang, H., Zhu, S., An, Z., et al. (2019). Potent and Preferential Degradation of CDK6 via Proteolysis Targeting Chimera Degraders. J. Med. Chem. 62, 7575–7582. doi:10.1021/acs.jmedchem.9b00871
 Sun, Y., Zhao, X., Ding, N., Gao, H., Wu, Y., Yang, Y., et al. (2018). PROTAC-induced BTK Degradation as a Novel Therapy for Mutated BTK C481S Induced Ibrutinib-Resistant B-Cell Malignancies. Cell Res. 28, 779–781. doi:10.1038/s41422-018-0055-1
 Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA A. Cancer J. Clin. 71, 209–249. doi:10.3322/caac.21660
 Tan, M. E., Li, J., Xu, H. E., Melcher, K., and Yong, E.-l. (2015). Androgen Receptor: Structure, Role in Prostate Cancer and Drug Discovery. Acta Pharmacol. Sin. 36, 3–23. doi:10.1038/aps.2014.18
 Tang, Y.-Q., Han, B.-M., Yao, X.-Q., Hong, Y., Wang, Y., Zhao, F.-J., et al. (2009). Chimeric Molecules Facilitate the Degradation of Androgen Receptors and Repress the Growth of LNCaP Cells. Asian J. Androl. 11, 119–126. doi:10.1038/aja.2008.26
 Thress, K. S., Paweletz, C. P., Felip, E., Cho, B. C., Stetson, D., Dougherty, B., et al. (2015). Acquired EGFR C797S Mutation Mediates Resistance to AZD9291 in Non-Small Cell Lung Cancer Harboring EGFR T790M. Nat. Med. 21 (6), 560–562. doi:10.1038/nm.3854
 Trewartha, D., and Carter, K. (2013). Advances in Prostate Cancer Treatment. Nat. Rev. Drug Discov. 12, 823–824. doi:10.1038/nrd4068
 Tsai, J., Lee, J. T., Wang, W., Zhang, J., Cho, H., Mamo, S., et al. (2008). Discovery of a Selective Inhibitor of Oncogenic B-Raf Kinase with Potent Antimelanoma Activity. Proc. Natl. Acad. Sci. U.S.A. 105 (8), 3041–3046. doi:10.1073/pnas.0711741105
 Valla, K., Flowers, C. R., and Koff, J. L. (2018). Targeting the B Cell Receptor Pathway in Non-Hodgkin Lymphoma. Expert Opin. Investig. Drugs 27 (6), 513–522. doi:10.1080/13543784.2018.1482273
 Vasan, N., Baselga, J., and Hyman, D. M. (2019). A View on Drug Resistance in Cancer. Nature 575, 299–309. doi:10.1038/s41586-019-1730-1
 Veldscholte, J., Ris-Stalpers, C., Kuiper, G. G. J. M., Jenster, G., Berrevoets, C., Claassen, E., et al. (1990). A Mutation in the Ligand Binding Domain of the Androgen Receptor of Human INCaP Cells Affects Steroid Binding Characteristics and Response to Anti-androgens. Biochem. Biophys. Res. Commun. 173 (2), 534–540. doi:10.1016/s0006-291x(05)80067-1
 Villanueva, J., Vultur, A., Lee, J. T., Somasundaram, R., Fukunaga-Kalabis, M., Cipolla, A. K., et al. (2010). Acquired Resistance to BRAF Inhibitors Mediated by a RAF Kinase Switch in Melanoma Can Be Overcome by Cotargeting MEK and IGF-1R/PI3K. Cancer Cell 18 (6), 683–695. doi:10.1016/j.ccr.2010.11.023
 Wang, L., Guillen, V. S., Sharma, N., Flessa, K., Min, J., Carlson, K. E., et al. (2018). New Class of Selective Estrogen Receptor Degraders (SERDs): Expanding the Toolbox of PROTAC Degrons. ACS Med. Chem. Lett. 9, 803–808. doi:10.1021/acsmedchemlett.8b00106
 Ward, R. A., Fawell, S., Floc’h, N., Flemington, V., McKerrecher, D., and Smith, P. D. (2021). Challenges and Opportunities in Cancer Drug Resistance. Chem. Rev. 121, 3297–3351. doi:10.1021/acs.chemrev.0c00383
 Wen, T., Wang, J., Shi, Y., Qian, H., and Liu, P. (2021). Inhibitors Targeting Bruton's Tyrosine Kinase in Cancers: Drug Development Advances. Leukemia 35, 312–332. doi:10.1038/s41375-020-01072-6
 Woyach, J. A., Furman, R. R., Liu, T.-M., Ozer, H. G., Zapatka, M., Ruppert, A. S., et al. (2014). Resistance Mechanisms for the Bruton's Tyrosine Kinase Inhibitor Ibrutinib. N. Engl. J. Med. 370 (24), 2286–2294. doi:10.1056/NEJMoa1400029
 Wylie, A. A., Schoepfer, J., Jahnke, W., Cowan-Jacob, S. W., Loo, A., Furet, P., et al. (2017). The Allosteric Inhibitor ABL001 Enables Dual Targeting of BCR-ABL1. Nature 543, 733–7647737. doi:10.1038/nature21702
 Xu, D., Kim, Y., Postelnek, J., Vu, M. D., Hu, D.-Q., Liao, C., et al. (2012). RN486, a Selective Bruton's Tyrosine Kinase Inhibitor, Abrogates Immune Hypersensitivity Responses and Arthritis in Rodents. J. Pharmacol. Exp. Ther. 341 (1), 90–103. doi:10.1124/jpet.111.187740
 Yang, J., Wang, L.-J., Liu, J.-J., Zhong, L., Zheng, R.-L., Xu, Y., et al. (2012). Structural Optimization and Structure-Activity Relationships of N2-(4-(4-Methylpiperazin-1-yl)phenyl)-N8-Phenyl-9H-Purine-2,8-Diamine Derivatives, a New Class of Reversible Kinase Inhibitors Targeting Both EGFR-Activating and Resistance Mutations. J. Med. Chem. 55, 10685–10699. doi:10.1021/jm301365e
 Yang, C., Li, Z., Bhatt, T., Dickler, M., Giri, D., Scaltriti, M., et al. (2017). Acquired CDK6 Amplification Promotes Breast Cancer Resistance to CDK4/6 Inhibitors and Loss of ER Signaling and Dependence. Oncogene 36, 2255–2264. doi:10.1038/onc.2016.379
 Yang, C.-Y., Qin, C., Bai, L., and Wang, S. (2019). Small-Molecule PROTAC Degraders of the Bromodomain and Extra Terminal (BET) Proteins - A Review. Drug Discov. Today Tech. 31, 43–51. doi:10.1016/j.ddtec.2019.04.001
 Young, R. M., Phelan, J. D., Wilson, W. H., and Staudt, L. M. (2019). Pathogenic B-Cell Receptor Signaling in Lymphoid Malignancies: New Insights to Improve Treatment. Immunol. Rev. 291 (1), 190–213. doi:10.1111/imr.12792
 Yu, Q., Sicinska, E., Geng, Y., Ahnström, M., Zagozdzon, A., Kong, Y., et al. (2006). Requirement for CDK4 Kinase Function in Breast Cancer. Cancer Cell 9, 23–32. doi:10.1016/j.ccr.2005.12.012
 Yuan, K., Wang, X., Dong, H., Min, W., Hao, H., and Yang, P. (2020). Selective Inhibition of CDK4/6: A Safe and Effective Strategy for Developing Anticancer Drugs. Acta Pharm. Sin. B 11 (1), 30–54. doi:10.1016/j.apsb.2020.05.001
 Yun, C.-H., Mengwasser, K. E., Toms, A. V., Woo, M. S., Greulich, H., Wong, K.-K., et al. (2008). The T790M Mutation in EGFR Kinase Causes Drug Resistance by Increasing the Affinity for ATP. Proc. Natl. Acad. Sci. U.S.A. 105 (6), 2070–2075. doi:10.1073/pnas.0709662105
 Zhang, J., Adrián, F. J., Jahnke, W., Cowan-Jacob, S. W., Li, A. G., Iacob, R. E., et al. (2010). Targeting Bcr-Abl by Combining Allosteric with ATP-Binding-Site Inhibitors. Nature 463 (7280), 501–506. doi:10.1038/nature08675
 Zhang, L., Riley-Gillis, B., Vijay, P., and Shen, Y. (2019). Acquired Resistance to BET-PROTACs (Proteolysis-Targeting Chimeras) Caused by Genomic Alterations in Core Components of E3 Ligase Complexes. Mol. Cancer Ther. 18 (7), 1302–1311. doi:10.1158/1535-7163.MCT-18-1129
 Zhang, H., Zhao, H.-Y., Xi, X.-X., Liu, Y.-J., Xin, M., Mao, S., et al. (2020). Discovery of Potent Epidermal Growth Factor Receptor (EGFR) Degraders by Proteolysis Targeting Chimera (PROTAC). Eur. J. Med. Chem. 189, 112061. doi:10.1016/j.ejmech.2020.112061
 Zhang, M., Zhang, L., Hei, R., Li, X., Cai, H., Wu, X., et al. (2021). CDK Inhibitors in Cancer Therapy, an Overview of Recent Development. Am. J. Cancer Res. 11 (5), 1913–1935.
 Zhao, B., and Burgess, K. (2019). PROTACs Suppression of CDK4/6, Crucial Kinases for Cell Cycle Regulation in Cancer. Chem. Commun. 55, 2704–2707. doi:10.1039/c9cc00163h
 Zhao, H., Yang, X., Lei, H., Xi, X., Lu, S., Zhang, J., et al. (2020). Discovery of Potent Small Molecule PROTACs Targeting Mutant EGFR. E. J. Med. Chem. 208, 112781. doi:10.1016/j.ejmech.2020.112781
 Zhou, W., Ercan, D., Chen, L., Yun, C.-H., Li, D., Capelletti, M., et al. (2009). Novel Mutant-Selective EGFR Kinase Inhibitors against EGFR T790M. Nature 462, 1070–1074. doi:10.1038/nature08622
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Burke, Smith and Zheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-872729-g005.gif





OPS/images/fcell-10-872729-g006.gif
I GWe) wf 2
i f“"’ 'S ‘(
)%iu@fd Jé} ,O’J []

gl ¥
5 e,
Rl i eesres

2‘/\“&\/:7(\0 ; ‘(\h A






OPS/images/fcell-10-872729-g003.gif





OPS/images/fcell-10-872729-g004.gif





OPS/images/fcell-10-872729-g009.gif
B Q {O X gg **O\L g
'T‘UTIEO,M\ {&&?}UO






OPS/images/fcell-10-872729-g007.gif
0“2336{:1 @C@O\
LK 5O
] e,

ﬁw&é

No“j;?ﬁéwo =
PO
-0’75?;0’ b






OPS/images/fcell-10-872729-g008.gif
Wm TR
=y &W«%
%nowﬁi{*}
?:jinro*mjvwg‘j
«g&nﬂjmg





OPS/xhtml/nav.xhtml
Contents

		Cover

		Overcoming Cancer Drug Resistance Utilizing PROTAC Technology		Introduction

		PROTACS Targeted Towards Treatment of Various Types of Drug Resistant Cancers		BCR-ABL1-Targeted PROTACs to Address Drug Resistance in CML

		AR-Targeted PROTACs to Address Drug Resistance to AR Antagonists

		ER-Targeted PROTACs to Address Drug Resistance to SERMs

		BET-Targeted PROTACs to Address Drug Resistance in CRPC and TNBC

		CDK4/6-Targeted PROTACs to Address Drug Resistance Caused by CDK6 Overexpression

		EGFR-Targeted PROTACs to Address Resistance Caused by Point Mutations and Scaffolding Function

		BRAF-Targeted PROTACs to Address Drug Resistance Caused by Target Mutation

		BTK-Targeted PROTACs to Address Drug Resistance Caused by Binding Site Mutation





		Discussion and Conclusion

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Abbreviations

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-10-872729-g001.gif





OPS/images/fcell-10-872729-g002.gif
T OOy,
s, o O
G e oo
Qr&ﬁt ;d
QMMQIW g %{f
o
: “J\[}Q}QIW ‘&t

Koy Eopeend S









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





