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Abstract

:

Ovarian cancer is the deadliest gynecologic malignancy. The majority of patients diagnosed with advanced ovarian cancer will relapse, at which point additional therapies can be administered but, for the most part, these are not curative. As such, a need exists for the development of novel therapeutic options for ovarian cancer patients. Research in the field of targeted protein degradation (TPD) through the use of proteolysis-targeting chimeras (PROTACs) has significantly increased in recent years. The ability of PROTACs to target proteins of interest (POI) for degradation, overcoming limitations such as the incomplete inhibition of POI function and the development of resistance seen with other inhibitors, is of particular interest in cancer research, including ovarian cancer research. This review provides a synopsis of PROTACs tested in ovarian cancer models and highlights PROTACs characterized in other types of cancers with potential high utility in ovarian cancer. Finally, we discuss methods that will help to enable the selective delivery of PROTACs to ovarian cancer and improve the pharmacodynamic properties of these agents.
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1. Ovarian Cancer


Ovarian cancer is estimated to be the fifth leading cause of cancer-related deaths among U.S. women [1]. Ovarian cancer is broadly subdivided into three types: germ cell, sex-cord stromal, and epithelial (EOC), with EOC being the most common, accounting for approximately 90% of cases [2]. EOC is further subdivided into mucinous, endometrioid, clear cell, low-grade serous (LGSC), and high-grade serous (HGSOC), with HGSOC accounting for 70–80% of EOC cases, making it the most common subtype of ovarian cancer [2].



Treatment of EOC consists of debulking surgery coupled with chemotherapy [2]. When possible, patients receive primary debulking surgery to remove as much of the tumor as is feasible, followed by adjuvant platinum- and taxane-based chemotherapy [3]. In cases of highly advanced disease or difficult-to-resect tumors, interval debulking surgery is used, where patients first receive primary chemotherapy to reduce the disease burden followed by debulking surgery [3]. Approximately 70% of patients treated with platinum- and taxane-based chemotherapy respond favorably to treatment and achieve remission [4]. However, one of the major challenges with ovarian cancer is recurrence, as 70% of patients diagnosed with advanced stage disease (FIGO stage III or IV) that receive chemotherapy develop recurrent disease within 5 years [5]. Following relapse, patients receive additional chemotherapy, the VEGF inhibitor bevacizumab, and/or PARP inhibitors [3]. Despite the success of these new approaches, they are rarely curative; thus, there remains a dire need for the development of novel therapeutic options for patients with EOC, particularly for those with recurrent disease.




2. Ubiquitin–Proteasome System


The ubiquitin–proteasome system (UPS) is a key regulator of cellular protein degradation [6]. In the UPS, ubiquitin, a 76 amino acid protein, is conjugated to lysine residues of target proteins by a series of enzymatic reactions [6,7]. Ubiquitin is initially conjugated to E1 ubiquitin-activating enzymes, followed by transfer to E2 ubiquitin-conjugating enzymes, which work in concert with one of four different classes of E3 ligases to transfer ubiquitin to target proteins [7]. The U-box and really interesting new gene (RING) classes of E3 ligases bring together E2-ubiquitin-conjugating enzyme and target proteins, facilitating direct transfer of ubiquitin to the target [7]. In contrast, the homologous to the E6AP carboxyl terminus (HECT) and RING-between-RING (RBR) classes of E3 ligases function through the conjugation of ubiquitin from the E2 ubiquitin-conjugating enzyme to the E3 ligase, followed by transfer to the target protein [7]. In order for target proteins to be degraded through the 26S proteasome, additional ubiquitin proteins must be conjugated through the K48 residue of ubiquitin, forming a polyubiquitin chain [7]. K48 polyubiquitination is recognized by receptors in the 19S regulatory subunits of the 26S proteasome, facilitating the entry of proteins to the 20S core subunit and subsequent cleavage of proteins to peptides through an ATP-dependent process, resulting in target protein degradation [6].




3. Proteolysis Targeting Chimeras


Proteolysis targeting chimeras (PROTACs) take advantage of the UPS to accomplish targeted protein degradation for therapeutic purposes. Structurally, PROTACs are heterobifunctional molecules composed of: (1) a ligand that binds a protein of interest (POI), commonly referred to as the warhead; (2) a linker motif; and (3) an E3-ligase-recruiting ligand (Figure 1) [8]. PROTAC engagement with the POI and an E3 ligase facilitates the formation of a ternary complex, which leads to the polyubiquitination and proteasomal degradation of the POI [8]. The first PROTACs were designed to target POIs including methionine aminopeptidase 2 (MetAP2), the estrogen receptor (ER), and the androgen receptor (AR) [9,10]. The E3-ligase-recruiting moiety of these early PROTACs was peptide-based, using the IκBα phosphopeptide to recruit the SCFβ-TRCP E3 ligase [9,10]. The first completely small-molecule-based PROTAC that targeted the AR was composed of a non-steroidal androgen receptor ligand as the warhead and nutllin, a ligand for the E3 ligase mouse double minute-2 (MDM2) [11]. The discovery of additional small-molecule E3 ligase ligands further expanded the small-molecule-based PROTAC repertoire, allowing for recruitment of von Hippel–Lindau (VHL) and cereblon E3 ligases [12,13,14].



While over 600 E3 ligases have been identified, only a handful have been targeted by PROTACs to date. The most common E3 ligases targeted by PROTACs are cereblon, VHL, MDM2, and inhibitor of apoptosis proteins (IAPs) [15]. Consequently, the E3-ligase-recruiting moiety is an important consideration in PROTAC design. For example, mutations in VHL, as seen in some cancers, and the inherent high molecular weight of this class of PROTACs might limit their broad applicability [16]. Conversely, cereblon-recruiting PROTACs have lower molecular weights, allowing for oral bioavailability, but cereblon shows ubiquitous expression in normal and tumor tissues, which may limit the tumor selectivity of this class of PROTACs [16]. Additionally, an experimental limitation of cereblon-targeting PROTACs comes with the fact that mouse cereblon has a point mutation relative to human cereblon [17]. While cereblon ligands like thalidomide retain the ability to bind mouse cereblon, certain neosubstrates of cereblon are unable to bind due to steric hinderance [17,18]. As such, an accurate assessment of cereblon-targeting PROTAC pre-clinical activity may not be possible in syngeneic mouse models and the toxicity profiles of such PROTACs in syngeneic and xenograft models may not accurately recapitulate the effects in humans.



Another important consideration in PROTAC design is the linker. Linker composition can impact PROTAC solubility and cell permeability [19]. While the majority of linkers are composed of alkyl or polyethylene glycol (PEG) chains, additional functional groups are now being incorporated to improve the physicochemical properties of PROTACs [19]. Additionally, an optimal distance between the POI and E3 ligase ligand is required for efficient ubiquitination, as short linkers may cause steric hinderance while long linkers may allow for too much movement between the POI and E3 ligase ligand, both of which can limit ternary complex formation [16,20].



In theory, PROTACs afford several advantages over standard small-molecule inhibitors of proteins. While most inhibitors function in a one-to-one ratio with the POI, PROTACs can instead be recycled after targeting a POI for degradation [8]. Recycling allows for a single PROTAC to target multiple copies of a POI, potentially decreasing the amount of drug required to impair the POI, which may reduce toxicity [8,21]. Thus, PROTACs have a mechanism of action (MOA) reminiscent of enzymes, which has been referred to as a pseudo-catalytic MOA [8]. This MOA may afford PROTACs an improved ability to target previously undruggable proteins such as transcription factors [16]. Furthermore, as compared to classical small-molecule inhibitors (SMIs), PROTACs can show greater selectivity for POIs [16,22]. Additionally, PROTACs might be less sensitive to certain resistance mechanisms observed for traditional SMIs such as mutation or upregulation of the target POI [23].




4. PROTACs in Ovarian Cancer


To date, several PROTACs have been developed and their effects characterized in EOC models (Table 1, Figure 2). Table 1 provides a breakdown of the components of the PROTACs characterized in EOC, while Figure 2 depicts the biological effects observed with the PROTACs. The most common PROTACs reported using EOC models are described below.



4.1. Bromodomain-Containing Protein 4 (BRD4) PROTACs


BRD4, a member of the bromodomain and extra terminal domain (BET) family of proteins, promotes tumorigenesis through its transcriptional co-activator activity and plays roles in processes including DNA damage repair and cellular responses to stress [32]. Given these oncogenic roles, as well as its frequent amplification and overexpression in ovarian cancer, BRD4 is a viable therapeutic target [32,33,34]. To date, multiple BRD4-targeting PROTACs have been developed and characterized in EOC models [24,25]. Nobleja-Lopez and colleagues utilized two previously developed PROTACs, ARV-825 and MZ1, to target BRD4 in EOC [24]. ARV-825 is composed of the BET SMI OTX015 and pomalidomide as the ligand for cereblon, while MZ1 contains a different BET SMI, JQ1, as the warhead that is conjugated to a VHL ligand [35,36]. Nobleja-Lopez and colleagues observed degradation of BRD4 following treatment with ARV-825 or MZ1 in triple-negative breast cancer (TNBC) models, including BET-inhibitor-resistant models, and antiproliferative activity in EOC models [24]. Notably, the BRD4-targeting PROTACs exhibited greater antiproliferative activity than the BET SMIs [24]. Recently, a third BRD4-targeting PROTAC, ARV-771, composed of the BET-binding moiety triazolo-diazepine acetamide and a VHL ligand, resulted in BRD2/3/4 degradation in castration-resistant prostate cancer models [37]. Relevant to EOC, Liu and colleagues further modified ARV-771, creating a folate-caged version [25]. Folate receptor α (FRα) is an important target for drug delivery in EOC, given its increased expression in malignant ovarian cancer relative to benign conditions or the normal ovary, its localization on the plasma membrane, and its ability to internalize large molecules through receptor-mediated endocytosis [38,39]. Consistently, the first FRα-targeted agent was recently FDA-approved for the treatment of recurrent EOC [40]. Notably, folate-ARV-771 resulted in proteasome and folate-dependent BRD4 degradation and selectively diminished proliferation in EOC models over the non-transformed HFF-1, HK2, and 3T3 cell lines [25]. However, the activity of BRD4-targeting PROTACs has yet to be reported in in vivo EOC models.




4.2. NAM Phosphoribosyltransferase (NAMPT) PROTACs


NAMPT is a key metabolic regulator involved in the synthesis of nicotinamide adenine dinucleotide (NAD+) and is frequently overexpressed in multiple cancers, including EOC [41]. This overexpression is thought to be due to increased rates of proliferation within tumors and, consequently, higher energy demands [42]. While several NAMPT inhibitors have entered clinical trials, their success has been limited by toxicity, necessitating the development of new therapeutic approaches [27]. In response to this challenge, the first NAMPT-targeting PROTAC, PROTAC B4, was developed using the NAMPT inhibitor and fluorescent compound, M049-0244, connected to a VHL ligand [26,43]. Excitation of PROTAC B4 with visible light resulted in fluorescence, the intensity of which increased in the presence of NAMPT, allowing for confirmation that the compound entered cells, resulting in NAMPT binding and its subsequent proteasomal degradation [26]. PROTAC B4 selectively diminished the proliferation of EOC cells relative to noncancerous human umbilical vein endothelial cells. Moreover, intraperitoneal (IP) administration of PROTAC B4 to nude mice harboring A2780 xenografts led to reduced tumor growth without overt toxicity, as evidenced by minimal changes in mouse bodyweight. This was an improvement over the parental compound, M049-0244, which showed moderate antitumor activity with high toxicity, as evidenced by substantial decreases in mouse bodyweight. A second NAMPT-targeting PROTAC, PROTAC B3, was similarly developed, again using a VHL ligand, but incorporating an alternative NAMPT inhibitor, MS0, as the warhead [27]. PROTAC B3 induced the proteasomal degradation of NAMPT and decreased EOC cell viability. The compound also reduced A2780 tumor growth in a subcutaneous xenograft nude mouse model with no overt toxicity, as evidenced by minimal changes in bodyweight and the normal histology of several organs, including the heart, liver, spleen, lung, and kidney [27]. This was an improvement over the parental MS0 compound, which induced toxicity, as evidenced by decreased bodyweight and abnormalities in the kidney tissues. These differences in toxicity profiles between the PROTAC and the parental compound may be due to the improved selectivity of the PROTACs [16,22]. A third NAMPT-targeting PROTAC, PROTAC C5, was recently developed using the NAMPT inhibitor FK866 connected to a VHL ligand [28]. Interestingly, a comparison of various linker lengths demonstrated that PROTAC C5, with an eight-carbon atom linker, resulted in stronger NAMPT degradation as compared to linker lengths of 4–7 or 9–11 carbon atoms. This observation reinforces the notion that linker length and composition is an important aspect that influences PROTAC target engagement [16,19,20]. While PROTAC C5 inhibited EOC proliferation and induced EOC cell apoptosis, this PROTAC has not yet been tested in vivo [28].



Although the NAMPT-targeting PROTACs B3 and B4 both showed activity in vivo, the findings were limited to immunodeficient xenograft models. In contrast, Wu and colleagues developed an NAMPT-targeting PROTAC, PROTAC A7, using the NAMPT inhibitor MS7 connected to a VHL ligand and observed reduced tumor growth following subcutaneous injection of CT26 mouse colorectal cancer cells in the immunocompetent BALB/c mouse model [44]. Importantly, this work showed that NAMPT-targeting PROTACs can affect the immune microenvironment by decreasing myeloid-derived suppressor cell populations and by increasing T cell tumor infiltration. Given these results, it will be relevant for future studies characterizing the activity of NAMPT-targeting PROTACs in EOC to use immunocompetent models in order to assess potential effects on the immune microenvironment.




4.3. Focal Adhesion Kinase (FAK) PROTACs


The gene encoding FAK, a non-receptor tyrosine kinase, is frequently amplified in EOC [45]. High FAK mRNA expression is correlated with reduced progression-free and overall survival of EOC patients [29]. FAK plays a role in tumorigenesis by promoting cell proliferation, migration, invasion, and adhesion, pointing to the kinase as a potential therapeutic target in EOC [46]. FAK SMIs have been developed to target its kinase-dependent functions but fail to target kinase-independent functions such as its function as a scaffold protein, mediating protein–protein interactions [29]. This is a limitation that PROTACs are well-suited to address. PROTAC-3 was developed to target FAK using a modified form of the FAK SMI, defacitinib, as the warhead, in combination with a VHL ligand [47]. Treatment of breast cancer cells with this compound resulted in FAK degradation with greater selectivity for FAK over other kinases, as compared with defacitinib, and decreased cell migration and invasion. Huo and colleagues further assessed the activity of PROTAC-3 in EOC cell lines and observed that the compound reduced FAK and p-FAK levels in addition to inducing greater reductions in cell proliferation, colony formation, cell migration, and cell invasion compared with defacitinib [29]. Moreover, PROTAC-3, but not defacitinib, disrupted the interaction of FAK with ASAP1 (ADP-ribosylation factor (ARF) GTPase-activating protein), demonstrating the ability of the compound to successfully inhibit the kinase-independent functions of FAK. Importantly, PROTAC-3 also showed activity against EOC xenografts, decreasing the growth and metastasis of OVCAR8 cells injected intrabursally into female NSG mice. These data suggest that the degradation of FAK is a more effective therapeutic approach than is the inhibition of its kinase activity with SMIs.




4.4. Feline Sarcoma-Related Kinase (FER) PROTACs


FER kinase is a potential therapeutic target in EOC, as it is frequently overexpressed and plays a functional role in EOC metastasis [48]. Two FER-targeting PROTACs, SIAIS25008 and SIAIS262039, abbreviated as 008 and 039, respectively, have recently been described [30]. These two compounds were modified from a previously developed PROTAC, SIAIS164018, composed of the cereblon ligand pomalidomide linked to brigatinib C. Brigatinib C is a derivative of the SMI brigatinib, which was originally designed to inhibit anaplastic lymphoma kinase (ALK) and epidermal growth factor receptor (EGFR) [30,49]. Unexpectedly, SIAIS1764018 was observed to promote the degradation of FER in addition to its intended target, ALK [49]. To improve the FER degradation properties, Zhang and colleagues structurally optimized SIAIS1764018, swapping pomalidomide for lenalidomide and altering the linker length and composition, creating PROTACs 008 and 039 [30]. Both of these new PROTACs effectively promoted proteasome-dependent FER degradation in EOC cells [30]. While PROTACs 008 and 039 did not significantly affect EOC cell proliferation, cell-cycle progression, or cell apoptosis, the compounds decreased EOC cell migration, and did so at a lower concentration than brigatinib, consistent with the known role of FER in EOC metastasis [30,48]. Treatment of female NSG mice with PROTAC 008 decreased the tumor burden of CAOV4 IP xenografts [30]. Intriguingly, a greater reduction in tumor xenograft burden was observed when combining PROTAC 008 treatment with FER knockdown, possibly due to the off-target degradative activity of PROTAC 008 on other kinases such as AAK1 and GAK or the PROTAC-mediated inhibition of cereblon.




4.5. Transglutaminase 2 (TG2) PROTACs


TG2 is upregulated in EOC, which is associated with reduced overall survival in patients [50,51,52]. In normal physiology, TG2 binds fibronectin when localized to the plasma membrane or secreted into the extracellular matrix (ECM) and thus plays a functional role in cell adhesion and ECM remodeling [53]. TG2 can also localize to the cytosol, where it interacts with GTP and influences intracellular signaling [54,55]. In the context of cancer, these functions can be hijacked, promoting metastasis and tumor dissemination [50,51,54]. While SMIs targeting the TGase activity to disrupt fibronectin binding and SMIs targeting the GTPase activity of TG2 have been developed, their success has been limited, likely due to the multifaceted roles TG2 plays in oncogenesis [31]. Valdivia and colleagues created a series of TG2-targeting PROTACs using the TG2 SMI MT4 connected to either VHL or cereblon ligands [31]. Of the series of compounds synthesized, two VHL-ligand-containing degraders, PROTACs 7 and 11, were found to directly bind TG2, resulting in TG2 proteasomal degradation. Both PROTACs diminished the migration of EOC cells and decreased EOC cell adhesion to fibronectin, without inducing EOC cell death. It is plausible that these compounds may be useful to impair the EOC metastatic burden, but this requires further assessment using in vivo EOC models. Additionally, since neither PROTAC induced cell death, these compounds may also benefit from combination treatments with cytotoxic agents.





5. Novel Potential PROTAC Targets in EOC


The development of PROTACs as a treatment strategy for EOC is in its infancy. While a few oncogenic proteins have been successfully targeted by PROTACs in EOC models (Figure 2), there remains great potential for PROTACs characterized in other types of cancer to be developed in EOC. Some of the most prominent examples of these are PROTACs that target Poly ADP Ribose Polymerase 1 (PARP1) [56,57,58,59,60], Forkhead Box M1 (FOXM1) [61,62], c-Myc (MYC) [63], Epidermal Growth Factor Receptor (EGFR) [60,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84], and Cyclin Dependent Kinases (CDK) 2 [85,86,87,88,89] and 9 [22,89,90,91,92,93,94,95,96,97]. We will discuss two of these new classes of PROTACs in detail below, those that target PARP1 and those that target FOXM1.



PARP1 plays a multi-faceted role in DNA damage repair [98]. Most notably, PARP1 stimulates base excision repair (BER) to repair DNA single-strand breaks (SSB) [98]. Importantly, in the presence of PARPi, SSBs accumulate and ultimately lead to DNA double-strand breaks (DSB), which must be repaired to maintain cell viability [99,100]. In homologous recombination (HR)-proficient cells, the resulting DSBs are repaired via the error-free HR mechanism [101]. However, in HR-deficient (HRD) cells, non-homologous end joining (NHEJ), an error-prone repair mechanism, is utilized to repair DSB [101]. This leads to the accumulation of mutations in HRD cells treated with PARP inhibitors (PARPi) and reduced cell viability as compared to HR-proficient cells, a concept referred to as synthetic lethality [102]. Importantly, several PARP SMIs are FDA-approved for use in HRD EOC patients [102]. While PARP inhibitors have shown beneficial activity in the clinic, due to the diverse functions of these enzymes, the field may further benefit from the development of PARP-targeting PROTACs [57].



Two PROTACs, Compound 3 and NN3, were recently developed using the PARPi niraparib as the warhead in combination with a ligand for the MDM2 E3 ligase [56,57]. Compound 3 increased PARP1 cleavage and apoptosis of breast cancer cells. This compound also showed selectivity for breast cancer cells over normal breast cells and further decreased breast cancer cell viability as compared to commonly used PARP inhibitors, including niraparib, olaparib, and veliparib [56]. Similarly, NN3 promoted PARP1 proteasomal degradation in addition to causing the degradation of mutant forms of PARP1 that have been identified in patients and contribute to PARPi resistance [57]. NN3 treatment induced ferroptosis in breast cancer cells and reduced breast cancer xenograft growth to a greater extent than niraparib alone, with minimal changes in mouse bodyweight. Additional PARP1-targeting PROTACs have been developed using a second PARP inhibitor, olaparib, in combination with cereblon ligands [58,59]. One of these PROTACs, Compound 2, induced PARP1 degradation, apoptosis, G1 cell cycle arrest, and reduced proliferation in colorectal cancer cells [58]. However, this PROTAC was limited by a very short half-life (1.86 min) in human liver microsomes. A second olaparib-based PROTAC, LB23, also induced PARP1 degradation in addition to cell-cycle arrest in the G2/M phase in breast cancer cells [59].



Zheng and colleagues developed a novel PROTAC for the dual targeting of EGFR and PARP, given the contribution of both proteins to therapy resistance [60]. These dual PROTACs use a star-type linker composed of either a serine or a tyrosine amino acid, each of which has three reactive sites, allowing for one copy each of the PARP inhibitor, olaparib, the EGFR inhibitor, Gefitinib, and an E3 ligase ligand (either a cereblon or VHL ligand) to be connected by the linker. They reported two such PROTACs, DP-C-1, containing a cereblon ligand and DP-V-4, containing a VHL ligand. Both novel PROTACs induced proteasome-dependent degradation of both EGFR and PARP. DP-V-4 displayed antiproliferative activity in non-small cell lung cancer cells, but to a lesser extent than Gefitinib alone, likely due to reduced solubility and poor cell permeability of the PROTAC. While this affords a unique approach for dual protein-targeting, with the potential to replace certain combination treatments [60], additional work characterizing the anti-cancer activity and pharmacokinetics (PK) of dual-targeting PROTACs is required.



A second potentially high-impact target for PROTACs in EOC is the FOXM1 transcription factor. Dysregulation of the FOXM1 gene and pathway is the second most common molecular alteration in HGSOC (after TP53 mutations), and the upregulation of FOXM1 is associated with the reduced progression-free and overall survival of EOC patients [103,104,105]. Furthermore, FOXM1 is commonly expressed in recurrent chemoresistant EOC and targeting FOXM1 using SMIs shows anti-cancer effects in EOC cells [106,107,108]. Although FOXM1 has been targeted with SMIs, many of these compounds do not fully disrupt the oncogenic activity of FOXM1 as they only target its DNA-binding activity [107,109]. In contrast, FOXM1-targeted PROTACs might have greater anti-tumor activity as they promote protein degradation and thus fully disrupt FOXM1 functions. To this end, Luo and colleagues developed the first FOXM1-targeting PROTAC, 17d, using an analog of the FOXM1 SMI FDI-6 linked to a cereblon ligand [61]. 17d induced FOXM1 degradation and disrupted the FOXM1 pathway in breast cancer cells. This PROTAC also decreased the growth of breast cancer cells with little effect on normal breast cells. Additionally, treatment with 17d promoted apoptosis, G2/M arrest, downregulated epithelial–mesenchymal transition (EMT) genes and reduced the growth of MDA-MB-231 cell xenografts grown subcutaneously in female nude mice.



A second FOXM1-targeting PROTAC, FOXM1-PROTAC was recently reported and consists of a cereblon ligand coupled to FIP-1, a FOXM1-binding peptide identified through a library screen and modified to improve cell permeability [62]. FOXM1 PROTAC resulted in FOXM1 degradation and reduced the viability of breast, lung, colon, and liver cancer cells. FOXM1-PROTAC also decreased migration and colony formation of breast and liver cancer cells. Additionally, FOXM1-PROTAC reduced the growth of subcutaneous HepG2 cell line xenografts in female BALB/c nude mice, and to a greater extent than FIP-1. Mouse bodyweights remained constant following FOXM1-PROTAC treatment and immunohistochemical staining of tissues and measures of liver indexes showed little toxicity. This may however not fully represent the toxicity profile of this PROTAC given the difference between mouse and human cereblon, as previously discussed [17,18].




6. Strategies for Targeted Delivery of PROTACs in EOC


While PROTACs afford several advantages over traditional SMIs, they may have a greater propensity for on-target toxicity in non-target cells due to their degradation of the POI, which leads to near or complete loss of POI downstream functions [110]. As such, methods to improve the selective delivery of PROTACs for tumor cells versus normal cells will be key for the continued progression of these compounds to the clinic. In this context, methods to enable the selective delivery of PROTACs to EOC cells are of paramount importance. To this end, as mentioned above, Liu and colleagues developed a folate-caged PROTAC for the targeted delivery of a BRD4 PROTAC to EOC cells, based on targeting FRα (Figure 3A) [25]. In addition to this approach, the potential exists for the use of additional delivery systems, such as nanoparticles and degrader-antibody conjugates, to improve cell permeability, selectivity, and the pharmacodynamics of PROTACs in ovarian cancer. For example, inorganic, lipid-based, or polymeric nanoparticles can be used to package PROTACs for improved stability and selectivity (Figure 3B) [111]. Such systems have successfully been used to deliver BRD4-targeting PROTACs and have shown anticancer activity in melanoma, pancreatic, and breast cancer models [112,113,114]. Additionally, degrader–antibody conjugates serve as an alternative delivery strategy whereby an antibody with specificity for tumor cells is conjugated to the PROTAC to facilitate targeted delivery (Figure 3C) [111]. For example, antibodies against human epidermal growth factor receptor 2 (HER2), C-type lectin-like molecule-1 (CLL1) and six-transmembrane epithelial antigen of the prostate 1 (STEAP1) have successfully been conjugated to BET-targeting PROTACs [114,115,116,117,118]. The use of nanoparticles and degrader–antibody conjugates for BET-targeting PROTAC delivery is of particular interest given the activity of BRD4 PROTACs in EOC [24,25].



While targeted delivery methods may enhance selectivity, recent advances in the field of opto-PROTACs may afford an alternative method for achieving selectivity through the spatiotemporal control of PROTAC activation (Figure 3D). These strategies use caging groups or photoswitches that serve to maintain the PROTAC in an inactive state until exposed to light [110,119,120,121]. Opto-PROTACs have now been used to successfully target several POIs, including ALK, BRD2, BRD3, BRD4, and BTK [110,119,120,121]. These compounds promoted light-dependent POI degradation and resulted in antiproliferative effects in cancer models including Burkett’s lymphoma, hepatocellular carcinoma, lymphoma, and non-small cell lung cancer. The potential activity of opto-PROTACs in an in vivo setting, however, remains to be characterized. Recent work by Liu and colleagues is of particular interest, as the caging group was added to pomalidomide, which may make the technology more readily applicable to the pomalidomide-based PROTACs currently under investigation in EOC [24,120]. While opto-PROTACs provide a novel strategy for selectively targeting cancer, the technology is currently limited to blood and skin cancers due to the inability of the light used for irradiation to penetrate tissues [120]. Future methods could potentially use caging groups or photoswitches activated in the near-infrared region, allowing for improved tissue penetration, increasing the technology’s applicability across an array of cancers, including EOC [120].




7. Conclusions


Several different PROTACs have recently been investigated in EOC models, although the field remains in its infancy. Further research is needed to investigate new POIs that may provide therapeutic benefits in EOC, as well as to better characterize the activity of existing PROTACs targeting POIs in EOC using in vivo EOC models such as xenografts, PDXs, and immunocompetent syngeneic models. An exciting development in the field has been the use of a folate-caged PROTAC for targeted delivery to FRα-expressing cells, which has high relevance for EOC [25,38,39]. Future work focused on additional delivery systems, such as nanoparticles, degrader–antibody conjugates, and opto-PROTACs, will provide further opportunities to refine PROTAC delivery and selectivity for EOC.
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Figure 1. PROTAC structure and mechanism of action (MOA): (A) the PROTAC structure includes a warhead that binds the POI, a linker, and an E3 ligase ligand; and (B) the PROTAC MOA includes the formation of a ternary complex comprised of the POI, the PROTAC, and the E3 ligase. The transfer of Ubiquitin to the POI leads to its proteolytic degradation by the proteosome, while the PROTAC is recycled and can engage another molecule of POI. Figure created with BioRender.com. 
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Figure 2. Biological effects of PROTACs tested in EOC models. F