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The FDA granted orphan drug designation to darovasertib, a first-in-class oral, small molecular inhibitor of protein kinase C (PKC), for the treatment of uveal melanoma, on 2 May 2022. Primary uveal melanoma has a high risk of progressing to metastatic uveal melanoma, with a poor prognosis. The activation of the PKC and mitogen-activated protein kinase pathways play an essential role in the pathogenesis of uveal melanoma, and mutations in the G protein subunit alpha q (GNAQ), and G protein subunit alpha11 (GNA11) genes are considered early events in the development of uveal melanoma. Compared to other PKC inhibitors, such as sotrastaurin and enzastaurin, darovasertib is significantly more potent in inhibiting conventional (α, β) and novel (δ, ϵ, η, θ) PKC proteins and has a better tolerability and safety profile. Current Phase I/II clinical trials indicated that darovasertib, combined with the Mitogen-activated protein kinase/Extracellular (MEK) inhibitors, binimetinib or crizotinib, produced a synergistic effect of uveal melanoma. In this article, we summarize the development of drugs for treating uveal melanomas and discuss problems associated with current treatments. We also discuss the mechanism of action, pharmacokinetic profile, adverse effects, and clinical trial for darovasertib, and future research directions for treating uveal melanoma.
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INTRODUCTION
Among all the primary intraocular cancers, uveal melanoma is one of the most common types in adults. According to data from the American Cancer Society, there are 7,095 new cases of uveal melanoma diagnosed yearly, with a mean age-adjusted incidence of 4.3 per million people (Barker and Salama, 2018). For local uveal melanoma, radiation therapies, such as proton therapy and plaque brachytherapy, are standard treatments (Barker and Salama, 2018). However, approximately 40%–50% of uveal melanoma patients eventually develop metastatic disease, most commonly in the liver (Kaliki and Shields, 2017). Patients diagnosed with metastatic disease usually have a poor prognosis, and the median overall survival is only 10 months (Barker and Salama, 2018). The mortality rate is estimated to be 31% and 49%, for 5 and 25 years, respectively, from the time of primary tumor diagnosis, due to the lack of effective therapies once the disease has progressed to the metastatic phase (Kaliki and Shields, 2017). As shown in Table 1, many targeted therapies and immunotherapies are being evaluated in clinical trials for metastatic uveal melanoma. However, current targeted therapy does not produce an optimal therapeutic outcome for metastatic uveal melanoma (Barker and Salama, 2018).
TABLE 1 | Current immunotherapies and targeted therapies undergoing clinical trials for metastatic uveal melanoma.
[image: Table 1]Tebentafusp produces a low therapeutic response
Tebentafusp was approved by the United States Food and Drug Administration (FDA) on 25 January 2022, as the first systemic therapy for metastatic uveal melanoma (Center for Drug Evaluation and and Research, 2022). Tebentafusp is an immune-mobilizing, monoclonal T-cell receptor that utilizes an HLA-A*02:01-restricted T-cell receptor with high specificity for the gp100 peptide, which is a melanocyte lineage-specific antigen expressed by lymphocytes that infiltrate tumors, and gp100 peptide expression is significantly positively correlated with metastatic melanoma tumor progression (Middleton et al., 2020). However, a Phase II clinical trial indicated that the median survival time for patients is 6–12 months, regardless of the treatment (Nathan et al., 2021). The response rate was 9% in the tebentafusp group, compared to 5% in the control group and the duration of the response was similar for the control and tebebtafusp groups (9.9 vs 9.7 months, respectively) (Nathan et al., 2021). It is important to note that in the clinical trial for tebentafusp, patients had to have the genotype, HLA-A*02:01, which is present in 50% of the population (Cole et al., 2020).
Immune checkpoint inhibitors are not efficacious in patients with metastatic uveal melanoma
Immune checkpoint inhibitors are efficacious in patients with a high tumor burden (Tang et al., 2018), including patients with cutaneous melanoma, which has one of the highest tumor burdens of any solid tumor (Leiter et al., 2004). In contrast, uveal melanoma has a low tumor burden, and current single-therapy immune checkpoint inhibitors approved for treating cutaneous melanoma have been reported to lack significant efficacy (Algazi et al., 2016). Ipilimumab did not produce a significant therapeutic response in patients with uveal melanoma, and the median overall survival was 6.8 months (Algazi et al., 2016). Furthermore, patients did not show a response to tremelimumab, with a median overall survival of 12.8 months (Algazi et al., 2016). In patients diagnosed with uveal melanoma, drugs that inhibit the programmed death-1 pathway (PD-1) (e.g., nivolumab and pembrolizumab) produced an overall response rate of 3.6% and a median overall survival of 7.6 months (Joshua et al., 2015). Although the combinations of specific immune checkpoint inhibitors are more efficacious than monotherapy, the combination of nivolumab and ipilimumab only produced a 15%–18% overall response rate, indicating that the therapeutic outcome is suboptimal (Piperno-Neumann et al., 2020). Of 64 patients who participated in the trials, the 1- year overall survival rate was 56%. (Piperno-Neumann et al., 2020).
Targeted therapies for uveal melanoma
Because of the resistance to current chemotherapy and the lack of efficacy of the immune checkpoint inhibitors, more novel therapies, specifically compared to chemotherapies, that target uveal melanoma at different signaling pathways are urgently needed. Novel therapies for metastatic uveal melanoma include drugs targeting the 1) MAPK pathway, such as the selective MEK1/2 inhibitor, selumetinib; 2) PKC pathway, such as AEB071 (Pelster et al., 2021) and IDE196 (i.e., darovasertib (Ideayabio, 2022a)); 3) phosphoinositide-3-kinase (PI3K) and insulin-like growth factor-1(IGF)-1/insulin-like growth factor type 1 receptor (IGF-1R) pathways, e.g., pasireotide and 4) Hippo-Yes-associated protein 1(YAP) pathway (Martin et al., 2013). Novel treatments targeting late prognostic mutations in the Gα pathway and epigenetic regulation are being extensively investigated (Chen et al., 2014). This category includes compounds that inhibit histone deacetylase (HDAC) (Landreville et al., 2012), Histone-lysine N-methyltransferase (EZH2) (Chen et al., 2014), and poly (ADP-ribose) polymerase (PARP) (Sagoo et al., 2014). Other epigenetic regulatory proteins, such as the bromodomain and extra terminal (BET; Harbour et al., 2013) protein families, bromodomain-containing protein 4 (BRD4) (Chokhachi Baradaran et al., 2020), and barrier-to-autointegration factor (BAF) (Kuznetsoff et al., 2021) (mammalian SWItch/Sucrose Non-Fermentable (SWI/SNF) or Brahma-associated factor complexes, may be suitable targets for novel medications that can treat metastatic uveal melanoma.
Among all the aforementioned drugs, the PKC inhibitors, like sotrastaurin and darovasertib, are the most efficacious and safe treatments for uveal melanoma. Darovasertib is a first-in-class oral, small molecule inhibitor of protein kinase C that received approval as an orphan drug by the U.S. FDA on 2 May 2022, for treating uveal melanoma (Pharmabiz, 2022).
PATHOPHYSIOLOGY AND PHARMACOGENETICS
GNA11 and GNAQ mutations play an important role in activating the PKC pathway
Activating mutations in the genes coding for G protein subunit alpha q (GNAQ) or G protein subunit alpha 11 (GNA11) are present in approximately 90% of uveal melanoma patients, and the GNA11 mutation rate is significantly dependent on PKC activity (Shoushtari and Carvajal, 2014). Thus, GNAQ and GNA11 are essential biomarkers for uveal melanoma in diagnostic panels. (Shoushtari and Carvajal, 2014).
As shown in Figure 1, GNAQ and GNA11 mutations are present in 55% and 50%, respectively, of primary uveal melanoma patients (Shoushtari and Carvajal, 2014). The amino acid mutations, Q209 P/L, R183Q or G48/V23, primarily occur in GNAQ, whereas the amino acids mutations, Q209L (94%), R183C (3%) or R166H (3%), primarily occur in GNA11 (Piperno-Neumann et al., 2014). These amino acid mutations cause the constitutive activation of the G protein and GTPase activity in GNAQ and GNA11 (Piperno-Neumann et al., 2014). (Seedor et al., 2021) As shown in Figure 2, the activation of Gαq and Gα11 subunits induces the activation of other G protein-coupled pathways, including PKC and MAPK, and PI3K.GNAQ and GNA11 activate the heterotrimeric G protein α-subunits that subsequently activate the enzyme, phospholipase C, which increases diacylglycerol (DAG) levels and recruits and activates conventional (α, β) and novel PKC (nPKC, δ, ϵ, η, θ) proteins (Seedor et al., 2021). As shown in Figure 3, GNAQ/11 mutations are expressed at a higher level when the PKC pathway is activated. The activation of the PKC pathway activates the Rat sarcoma virus (RAS)-dependent Rapidly Accelerated Fibrosarcoma (RAF)-1 protein kinase (Lietman and McKean, 2022). This induces the formation of RAS-GTP–Raf-1 complexes, which activates the ERK/MAPK signaling cascade, the key pathway in uveal melanoma and other solid tumors (Solus and Kraft, 2013). GNAQ and GNA11 mutations activate downstream signaling by upregulating the expression of the PKCβ isoform, activating the PKC pathway (Silva-Rodríguez et al., 2022). Thus, novel PKC inhibitors, such as sotrastaurin and enzastaurin, are being developed to target GNAQ and GNA11.
[image: Figure 1]FIGURE 1 | Prevalence of GNAQ/11 mutations in solid tumors (Shoushtari and Carvajal, 2014). At least 95% of uveal melanoma tumors have mutations in the genes coding for the proteins, GNAQ and/or GNA11. This mutation is also expressed in other solid tumors but at a lower frequency (<10%), including cutaneous melanoma, colorectal cancer, and pancreatic cancer.
[image: Figure 2]FIGURE 2 | GNAQ or GNA11 mutations cause the constitutive activation of Gα, which activates signaling by activating phospholipase C (PLCβ) and protein kinase C (PKC). The activation of the RAS-dependent RAF pathway leads to the formation of the RAS-GTP–Raf-1 complex, inducing the activation of the downstream ERK1/2 pathway and the mitogen-activated protein kinase (MAPK) pathway. PKC inhibitors, such as sotrastuarin and darovasertib, inhibit the conventional PKC isoform, PKCβ, PKC, and the novel PKC isoforms, PKC δ and PKCε, thus suppressing the downstream signaling cascade, which decreases tumor cell proliferation and survival (Wei et al., 2022). Reproduced with permission from ref. (Wei et al., 2022). Copyright 2022, Springer Nature.
[image: Figure 3]FIGURE 3 | (Lietman and McKean, 2022). GNAQ/11 mutations are expressed at a higher level when the PKC pathway is activated. GNAQ and GNA11 mutations activate downstream signaling by upregulating the expression of the PKCβ isoform, activating the PKC pathway. The protein, RAS guanyl-releasing protein 3 (RasGRP3), is phosphorylated in vitro by PKC-θ and PKC-β2. In the RAS/RAF pathway, the activation of the PKC pathway activates the RAS-dependent Raf-1 protein kinase. This induces the formation of RAS-GTP–Raf-1 complexes, the complex that activates the ERK/MAPK signaling cascade, the key pathway in uveal melanoma and other solid tumors. The proteins, PKC, MEK and focal adhesion kinase (FAK), have been hypothesized to be key targets for novel medications in patients with metastatic uveal melanoma (Park et al., 2022). Reproduced with permission from ref. 75. Copyright 2022, Springer Nature.
The Interaction of the PKC and MAPK pathways
The PKC and MAPK pathways can significantly interact with one another to regulate certain cellular functions (Chen et al., 2017). For example, the MAPK pathway is activated by PKC and phospholipase β (PLCβ) (Cameron et al., 2009). Although PLCβ is ubiquitously expressed and plays a critical role in inflammation and cell signaling, research has led to the subsequent development of PKC inhibitors (Carracedo et al., 2014).
The inhibition of PKC subtypes inhibits uveal melanoma proliferation
PKC is a widely expressed family of serine/threonine kinases, with multiple isoforms, and is categorized into three functionally unique subgroups: conventional, novel and atypical (Baffi et al., 2019), and these categories are characterized by molecules that produce signal transduction28. The conventional PKCs, PKCα, PKCβ and PKCγ (Lin and Takemoto, 2005; Breitkreutz et al., 2007), are activated by certain phospholipids, diacylglycerol, and calcium. The novel PKCs, which require calcium for activation, are PKCδ, PKCε, PKCθ, and PKCη (Lin and Takemoto, 2005; Breitkreutz et al., 2007). The remaining PKCs are activated independent of calcium and diacylglycerol, and the remaining PKCs are not targets for the current PKC inhibitors (Pfeifhofer et al., 2006). As shown in Figure 4, the D427 and R471/474 mutations in the kinase domains of PKCα and PKCβ facilitate tumor growth (Pears et al., 1990; Silva-Rodríguez et al., 2022). The inhibition of PKCδ and PLCβ significantly inhibits uveal melanoma cell proliferation and decreases the size of melanoma cells (Thuille et al., 2019). Following the activation of PKC, the RAS-dependent extracellular signal-regulated kinase (ERK1/2) pathway activates rapidly accelerated fibrosarcoma (RAF)/MAPK, a pathogenic pathway that allows GNAQ-mutated uveal melanoma to progress and eventually become metastatic (He et al., 2014).
[image: Figure 4]FIGURE 4 | (Parker et al., 2021). The common PKC isoforms involved in mediating metastatic uveal melanoma (Cole et al., 2020). Sites of penetrant mutations (D463, D427, and R471/474) in the kinase domains of PKCα and PKCβ are highlighted as purple balls surrounded by the solved kinase domain structures (blue), alongside the hotspot and infrequent kinase domain mutations in the PKCι. The D463H mutation is a deactivating mutation, which can allow conformational change and priming for phosphorylation, producing the loss of catalytic activity and a decrease in the half-life of PKCα. D427N is an activating mutation in PKCβ and this decreases the probability of the binding of autoinhibitory pseudosubstrate short sequence at the N- terminus of PKCβ, which normally inhibits the conformational changes and activation of PKCβ. D427N increases the catalytic activity of mutated PKCβ and this facilitates tumor growth. PKCβ is the major PKC isoform expressed by colon cancer, breast cancer, uveal melanoma, and neuroblastoma. Specific mutations in PKCβ can lead to an increased growth rate and cell viability of solid cancer tumor cells. Reproduced with permission from ref. (Parker et al., 2021). Copyright 2020, Springer Nature.
Darovasertib: a novel agent targets GNAQ/GNA11 mutations and PKC pathway
Darovasertib (3-Amino-N-[3-(amino-4-methylpiperdin-1-yl)pyridine-2-yl]-6-[3-(trifluoromethyl)pyridine-2-yl]pyrazine-2-carboxamide; also known as LXS196, as shown in Figure 5), a novel PKC inhibitor that targets uveal melanoma with GNAQ and GNA11 mutations, has been evaluated in a Phase I clinical trial and is currently being evaluated in a Phase I/II trial (Wei et al., 2022). Darovasertib potently inhibits the activity of the novel (δ, ϵ, η, θ) and classical (α, β) PKC isoforms, which inhibits the PKC signaling pathway (Wei et al., 2022). It also inhibits the proliferation of uveal melanoma and significantly decreases cell viability in metastatic uveal melanoma (Wei et al., 2022).
[image: Figure 5]FIGURE 5 | The chemical structure of darovasertib. The molecular weight of darovasertib is 472.48.
PRECLINICAL RESULTS
Hepatocyte stimulation factor, HGF, is present in the tumor microenvironment of uveal melanoma (Naldini et al., 1991) and recent studies have reported that a high HGF level is significantly correlated with metastatic uveal melanoma (Tanaka et al., 2021). The expression of HGF is upregulated by the activation of the MAPK and PI3K pathways (Tanaka et al., 2021). HGF is the endogenous cognate ligand for the tyrosine kinase, c-mesenchymal to epithelium transition protein (cMET) (Tanaka et al., 2021). HGF induces uveal melanoma cell proliferation and survival, which produces resistance to MET inhibitors, such as crizotinib and cabozantinib, in metastatic uveal melanoma tumors (Croce et al., 2019). A recent in vitro study indicated that HGF promotes resistance to MEK inhibitors by increasing the expression of the proteins, Bcl-2-like 11 (BIM)—extra-long (EL) and Bcl-2 Modifying Factor (BMF), in uveal melanoma cells (Schoumacher et al., 2016). The selective inhibition of the catalytic activity of the PI3K/AKR mouse strain thymoma (AKT) pathway may decrease the incidence of resistance to MEK inhibitors in metastatic uveal melanoma (Frey et al., 2020). Thus, it has been hypothesized that a combination of PKC and MEK inhibitors may be an effective treatment for uveal melanoma tumors resistant to the MET inhibitor, crizotinib (Croce et al., 2019).
Based on preclinical data indicating that the activation of parallel signaling pathways facilitates cell proliferation, despite the inhibition of MEK1/2, studies were subsequently conducted to determine whether the combination of darovasertib, an inhibitor of the novel (δ, ϵ, η, θ) and classical (α, β) PKC isoforms and crizotinib, a MET inhibitor, would be efficacious in patients with metastatic uveal melanoma tumors resistant to MET inhibitors (Croce et al., 2019). In uveal melanoma tumors, the PI3K/AKT and PKC/MAPK pathways are highly activated, suggesting a rationale for inhibiting these signaling cascades (Croce et al., 2019), and one in vitro study determined the effect of hepatocyte stimulation factor (HGF) in uveal melanoma cell lines (Tanaka et al., 2021). The metastatic uveal melanoma cell lines, MEL-202 (primary) and MM28 (metastatic) were incubated with darovasertib (2, 4, 6, 8, or 10 μM) and HGF (20, 40, 60, 80, or 100 ng/mL or crizotinib). The results indicated that: 1) in the absence of HGF, darovasertib inhibited the PKC proteins, phosphorylated Myristoylated alanine-rich C-kinase substrate (pMARCKS), phosphorylated Extracellular signal-regulated kinase (pERK) and PKCδ; 2) the addition of HGF significantly antagonized the inhibitory effect of darovasertib on pMARCKS, pERK and PKCδ, at a concentration ≥1.23 ng/mL. The decrease in the efficacy of darovasertib in the cell lines could have been due to a low level of c-MET receptors and 3) darovasertib, at 80 nM (a plasma concentration found in humans treated with darovasertib that is safe and tolerable), produced a significant synergistic efficacy, in combination with 80 nM of crizotinib, in the MEL202 and MM28 cell lines (Frey et al., 2020). This effect was likely due to the darovasetib and crizotinib inhibiting the activation of the PKC and MET pathways, respectively. These data suggest that the MAPK and PI3K pathways may be activated by high levels of HGF, which decreases the efficacy of darovasertib, and this can be overcome by incubating the two uveal melanoma cell lines with crizotinib, a MET inhibitor (Camidge et al., 2014).
In the preclinical and clinical studies related to metastatic uveal melanoma, the accurate measurement of the response to therapy is a problem (Kaliki et al., 2015). Furthermore, the prognosis for metastatic uveal melanoma is poor (Kaliki et al., 2015). Given that more than 95% of uveal melanoma tumors contain activating driver mutations that can be identified in the blood, the levels of circulating tumor DNA (ctDNA) levels have been hypothesized to be an indicator of the therapeutic response, as ctDNA levels are positively correlated correlate with the tumor burden, thereby representing an excellent prognostic biomarker (Bidard et al., 2014). In a study by Park et al. (Park et al., 2021), plasma samples were collected from 17 metastatic uveal melanoma patients who had been treated with darovasertib in a Phase I clinical trial, and ctDNA levels were determined using the Next-Generation Sequencing (NGS) method. The results indicated that the baseline level of ctDNA was positively correlated with the baseline tumor burden and the level of the biomarker, lactate dehydrogenase (LDH). There was no significant difference in the baseline ctDNA levels among the patients treated with darovasertib after they were recruited into the clinical trial. The ctDNA levels collected were significantly positively correlated to the patient’s therapeutic response to darovasertib. Patients that benefited from treatment with darovasertib had significantly lower ctDNA levels 14–30 days after the initiation of therapy, compared to patients that did not achieve a clinical benefit. Mutations in p53, a protein that is commonly mutated in many types of cancer (Park et al., 2021), were also detected in ctDNA using NGS (Kapiteijn et al., 2019).
PAST AND CURRENT CLINICAL TRIALS CONDUCTED WITH DAROVASERTIB
As shown in Table 2, darovasertib has been evaluated in a Phase I trial. The first Phase I clinical trial with darovasertib evaluated its safety, efficacy, pharmacodynamic and pharmacokinetic profile (Kapiteijn et al., 2019). The trial enrolled 68 patients, who received LXS196 (Darovasertib) at doses ranging from 100 to 1,000 mg once daily (38 patients) and 200–400 mg twice daily (30 patients). The first 38 patients received treatment once a day but due to toxicity at doses ≥500 mg, treatment was given twice a day (200–400 mg). The recommended dose escalation (RDE) was 300 mg twice daily. All patients who received treatment once a day discontinued the trial because of progressive disease and intolerable adverse effects. Five out of 30 patients that were given treatment twice daily remained in the trial. Of the five remaining patients receiving treatment twice daily, two maintained a partial response (at 200 and 300 mg BID), and 3 had an incomplete response or stable disease (300 mg BID). All five patients remained in the clinical trial for >13 months. The median progression-free survival was 4.14 months (95% CI 3.52–9 months) and the median duration of stable disease was 5.37 months in patients treated twice daily. Unlike AEB071 (Sotrastaurin), which from 450–1,100 mg, either BID or TID, did not significantly decrease the levels of the biomarkers, pMARCKS and pPKCδ (Kovarik and Slade, 2010), darovasertib (200 mg–400 mg twice daily) significantly decreased the levels of pMARCKS and pPKCδ (Wagle et al., 2020).
TABLE 2 | The results of clinical trials of darovasertib.
[image: Table 2]The most frequent adverse effects (all grades, involving ≥20% of patients) reported in patients treated with darovasertib were hypotension (22.1%) nausea (66.2%), diarrhea (45.6%), vomiting (30.9%), increased levels of alanine transaminase (ALT, 22.1%) and fatigue (20.6%). The majority of grade 3 and 4 adverse effects occurred in 17 patients (25.0%) and hypotension was the most frequent. The twice-daily dosing schedule was safer than the QD dosing schedule, as patients treated twice daily reported fewer grade 3 or 4 adverse effects (20% for twice-daily treatment vs 28.9% with QD dosing) and fewer drug-related adverse effects (6.7% for twice-daily treatment vs 15.8% with QD). The most common adverse effects due to darovasertib (any grade involving >15% of patients), at the real dose escalation (n = 18), were nausea (77.8%), diarrhea (61.1%), vomiting (38.9%), liver impairment and increased ALT levels (27.8%), asthenia, dry skin, and rash (22.2%), hypotension, fatigue, increased aspartate aminotransferase (AST), dermatitis acneiform and peripheral edema (16.7%).
Pharmacokinetic data indicated that darovasertib was rapidly absorbed, with a Tmax of ∼1 h post-dose, and a terminal half-life of 11 h for all doses. Doses of 300 mg once a day or 200 mg twice a day are assumed to be efficacious, based on the preclinical results, while the actual efficacious range will be determined based on an ongoing Phase I/II trial.
Based on the efficacy and safety data, a multi-center, open-label phase I/II trial will be conducted to determine the efficacy and safety of darovasertib in patients with solid tumors that contain either PRKC (Wagle et al., 2020) (a gene that codes for a transmembrane Ser/Thr kinase) fusions (i.e., a gene fuses with other unrelated genes) or GNAQ/GNA11 mutations. The trial plans to enroll 254 patients and the majority of these patients will most likely have metastatic uveal melanoma. Patients will be randomly divided into seven different cohorts that will receive either: 1) darovasertib monotherapy or 2) darovasertib in combination with binimetinib or darovasertib in combination with crizotinib (ClinicalTrials.gov Identifier: NCT03947385) (IDEAYA, 2021).
The preliminary results in patients treated with darovasertib monotherapy indicated that:
1) The one-year-overall survival (OS) rate was 57% (95% CI of 44%, 69%) in the second line, third line, and heavily pre-treated metastatic uveal melanoma patients. Compared to the 1-year overall survival rate in similar patients treated with AEB071 (37%), these data indicated that darovasertib monotherapy significantly increases the overall survival. Among these metastatic uveal melanoma patients, the median overall survival was 13.2 months, and the median overall survival was significantly greater than the historical median overall survival in similar populations, which was approximately 7 months.
2) There was a decrease in tumor size in 46 of the 75 metastatic uveal melanoma patients (61%) and 15 patients (20%) had an ideal therapeutic outcome, i.e., >30% decrease in the target lesion. One patient had a confirmed complete response. In the skin melanoma cohort, 80% (n = 4) of the evaluated patients (n = 5) had a decrease in tumor size and one patient had a confirmed partial response.
Preliminary results for patients treated with darovasertib and binimetinib (IDEAYA Biosciences, 2021) indicated that:
1) Two partial responses occurred out of nine metastatic uveal melanoma patients, based on the results of last two post-baseline scans (22%). One patient had a confirmed partial response and another patient had an unconfirmed partial response (−40.5%).
2) Among the evaluated metastatic uveal melanoma patients, 79% had a decrease in tumor size, based on at least one post-baseline scan and there were two partial responses (1 confirmed, one pending confirmatory scans) out of 9 patients that had at least two post-baseline scans.
Finally, the phase II trial results indicated that the combination of darovasertib (200 mg twice a day) with crizotinib (250 mg orally twice daily) produced a synergistic decrease in tumor size in patients with metastatic uveal melanoma. (ClinicalTrials.gov Identifier: NCT03947385) (Wagle et al., 2021). The results of this clinical trial indicated that:
1) Among the 16 patients evaluated, 100% of the patients had >1 post-baseline scan that showed a decrease in tumor size and a delay in tumor progression.
2) 4 of 13 (31%) patients had a confirmed partial response (PR), based on > 2 post-baseline scans, and no patients discontinued treatment before the second scan.
3) 46% of patients (6 of 13) had a >30% decrease in tumor size, based on > 2 post-baseline scans and one patient had an unconfirmed partial response.
4) No grade 4 or 5 adverse events occurred.
DISCUSSION
Although darovasertib has been reported to be efficacious in Phase I and II clinical in patients with uveal melanoma, Phase III trials must be conducted to provide additional data regarding its efficacy.
A recent study reported that PKC inhibitor monotherapy cannot suppress multiple active pathways in uveal melanoma tumors. The incubation of 11 different uveal melanoma cell lines (92.1, MP46, Mel270, MP38, OMM1.3, OMM1.5, MP41, Mel285, Mel290, Mel202) with darovasertib, 1 or 5 μM, produced cell cycle inhibition but not cell death in the majority of the GNAQ/GNA11-mutant cell lines (Park et al., 2022). Furthermore, darovasertib only significantly decreased the viability in the uveal melanoma cell lines, Mel270 and OMM1. Thus, although the inhibition of PKC activity by darovasertib significantly inhibits MAPK activity, it did not induce cell death in the majority of uveal melanoma, as PKC inhibition does not inhibit multiple activated Gα pathways downstream of PKC (Robertson et al., 2017). This may be due to the positive correlation of MAPK activity with uveal melanoma cell proliferation but not cell survival (Park et al., 2022). Consequently, the PKC inhibitors decrease cell proliferation but not cell death. It has been reported that c-MET is expressed on uveal melanoma cells (Barisione et al., 2015) and the combination of c-MET inhibitors like crizotinib with PKC inhibitors may be useful in treating patients with uveal melanoma (Hitchman et al., 2021).
Currently, other drugs are being developed and evaluated for the treatment of metastatic uveal melanoma. AEB071 (i.e., sotrastaurin), an inhibitor of the PKC isoforms, PKC-α, PKC-β and PKC-δ.
The inhibition of PKC-β and PKC-δ (Wu et al., 2012a) by sotrastaurin was evaluated in a Phase I, single-arm, open-label trial for the treatment of metastatic uveal melanoma (Piperno-Neumann et al., 2020). The trial recruited 153 patients and the patients were given sotrastaurin either twice or three times daily, at doses ranging from 450 to 1,400 mg/day. Seventy-four percent of the patients discontinue treatment due to disease progression and 13% of patients discontinued treatment due to adverse effects. Ninety-seven percent of the patients treated with sotrastaurin experienced adverse effects, which was significantly greater than that for patients treated with darovasertib. The most common adverse effects were nausea (81%), dysgeusia (60%), constipation (58%), vomiting (58%), diarrhea (44%), chromaturia (39%), fatigue (32%), decreased appetite (31%) and asthenia (30%). Therapeutically, 4 out of 156 patients (3%) had a partial response, 76 out of 156 patients (50%) had stable disease and 34 (22%) patients had a ≥10% decrease in tumor size. The median progression-free survival was 3.5 months (95% CI, 2.5–3.6 months) (Musi et al., 2014).
The combination of sotrastaurin with the MEK inhibitor, binimetinib, has been reported to produce a synergistic effect in a xenograft mouse model (Sagoo et al., 2014). Nude mice were implanted with the GNAQ/GNA11 mutated human uveal melanoma cell line, 92-1, and the tumors were allowed to grow for 12 days. The combination treatment was given 21 days (Chen et al., 2014). The intravenous administration of 40 mg/kg, three times daily of sotrastaurin and 3.5 mg/kg, twice daily of binimetinib, produced a 12% decrease in tumor size, compared to mice treated with placebo. The intravenous administration of 80 mg/kg orally of sotrastaurin, three times daily and 3.5 mg/kg orally of binimetinib, twice daily, produce a 52% decrease in tumor size and volume. Based on these results, a Phase Ib/IIa clinical trial (NCT01801358) was conducted to determine the efficacy and safety of sotrastuarin and binimetinib in patients with metastatic uveal melanoma. However, the FDA website indicated that the trial was terminated early because of poor tolerability and limited efficacy, as half of the patients (19/38) reported severe drug-related adverse events and the median PFS was only 3.1–4 weeks (Steeb et al., 2018).
Another PKC inhibitor, LY317615 (enzastaurin), is a potent and competitive inhibitor of PKCβ at low concentrations (0.006 μmol/l) and other isoforms at higher concentrations (PKCα = 0.039 μmol/L, PKCγ = 0.083 μmol/L and PKCε = 0.110 μmol/L) and it targets, PI3K/AKT, Glycogen Synthase Kinase 3 Beta (GSK3 β) and ribosomal protein S663. Enzastaurin significantly decreased the phosphorylation of glycogen synthase kinase 3β and the phosphorylation of ribosomal protein S6 and AKT, which decreased the activation of the PKCβ and AKT pathways (Ma and Rosen, 2007). In vitro data indicated that enzastaurin produced a significant antiproliferative and pro-apoptotic effect, as indicated by a decrease in the survival and viability of cell lines with GNAQ/GNA11 mutations (Wu et al., 2012c).
Overall, compared to other PKC inhibitors, darovasertib produced a greater inhibition of the PKC proteins, novel (δ, ϵ, η, θ) and classical (α, β) isoforms, and downstream signaling pathways, and a lower rate of grade III and IV adverse events. A phase III clinical trial, evaluating the efficacy of darovasertib in patients with metastatic uveal melanoma, will be initiated upon the completion of an ongoing Phase I/II trial.
FUTURE DIRECTIONS
As a result of the efficacy of darovasertib in patients with metastatic uveal melanoma, a Phase II clinical trial will be conducted to determine if darovasertib is safe, tolerable, and efficacious as neoadjuvant/adjuvant therapy in patients with ocular melanoma (ClinicalTrials.gov Identifier: NCT05187884). The estimated enrollment is 12 patients and eligible patients will receive up to 4 weeks of treatment with darovasertib (300 mg, BID) (Clinicaltrials, 2023). Patients that have an initial response will undergo adjuvant therapy with darovasertib (300 mg, BID) for 6 months. The primary outcome will be the evaluation of the safety of a 4 week treatment course, using the Common Terminology Criteria for Adverse Events (CTCAE) v5.0 guidelines and the percentage of participants that complete the 4 week treatment period. The secondary outcomes to be determined are the 1) therapeutic effect of neo-adjuvant darovasertib on the decrease in uveal melanoma tumor size and 2) time to recurrence/disease-specific survival in patients treated with adjuvant darovasertib, using the Response Evaluation Criteria In Solid Tumors (RECIST) 1.1, the standard for determining the effect of a treatment on tumor size using imaging techniques (Schwartz et al., 2016). The trial was first updated on the FDA website clinicaltrial.gov. on 12 January 2022 and it is still in the recruiting phase (Ideayabio, 2022b).
There are in vitro and in vivo studies being conducted with darovasertib to determine if it can be used in combination with the KRAS inhibitors, sotorasib and adagrasib, to treat non-small cell lung cancer and hepatocellular carcinoma (Reck et al., 2021). The results of these ongoing studies remain to be published.
Data suggests that darovasertib may be used to treat diseases other than melanoma and solid tumors. A recent in vitro study was conducted to determine if darovasertib would have efficacy in treating cerebral ischemia (Wang et al., 2022). Numerous studies have shown that the excessive accumulation of glutamate plays a role in producing brain damage that occurs during the early stages of cerebral ischemia (Zhang et al., 2019). Glutamate transporter-1 (GLT-1), a sodium-dependent transporter, expressed mainly by astrocytes and axonal nerve terminals in the brain, mediates glutamate homeostasis by removing excess glutamate (Wang et al., 2022). An in vivo study in mice reported the intravenous administration of 6 mg/kg of darovasertib significantly decreased the expression of GLT-1 in the hippocampus, which decreased glutamate levels by 33% (Wang et al., 2022). Thus, darovasertib could be a potential treatment for cerebral stroke and cerebral ischemia, although this remains to be determined.
Clinical trials have indicated limitations for the use of darovasertib. Since darovasertib decreases uveal melanoma cell proliferation but does not directly produce cell death, it is more efficacious when used in combination with other drug regimens, and the efficacy of the combination also depends on what other medication is used in the combination. Thus, to optimize the uveal melanoma therapy and obtain greater efficacy in the future, studies could be conducted with darovasertib, in combination with other drugs that inhibit other tyrosine kinases, such as VEGF-B and PD-1/CTLA-4 inhibitors.
CONCLUSION AND PERSPECTIVES
Uveal melanoma has a high risk of progressing to metastatic uveal melanoma, despite patients receiving current standard treatments, such as brachytherapy, enucleation, and external beam radiotherapy (Weis et al., 2016). The high frequency of GNAQ/GNA11 mutations in metastatic uveal melanoma makes them an ideal target for novel therapies. Recent studies have shown that inhibiting the PKC pathway can downregulate the activation of the MAPK pathway mediated by GNAQ/GNA11 mutations. The novel drug, darovasertib, is a first-in-class drug that inhibits novel (δ, ϵ, η, θ) and classical (α, β) isoforms of PKC. The use of darvoasertib, in combination with binimetinib (a MEK inhibitor), significantly decreased the size of metastatic uveal melanoma tumors. Furthermore, darovasertib is also more tolerable than AEB071 (Wu et al., 2012b), a compound that inhibits PKC α, β, and δ, in metastatic uveal melanoma tumors. Future clinical trials (NCT05187884) will be conducted to determine if darovasertib can be used as adjuvant/neoadjuvant therapy in ocular melanoma (Clinicaltrials, 2023). Finally, recent in vitro and in vivo data suggest darovasertib may represent a novel treatment for cerebral ischemia (Wang et al., 2021), although this remains to be determined in clinical trials.
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ERK1/2, Ras-dependent extracellular signal-regulated kinase; GNAQ, G protein subunit alpha q HGNC ID: HGNC:4390; GNA11, G protein subunit alpha 11 HGNC ID: HGNC:4379; HGF, Hepatocyte stimulation factor; IGF-1, insulin-like growth factor-1; IGF-1R, insulin-like growth factor type 1 receptor; MEK inhibitors, Mitogen-activated protein kinase/Extracellular inhibitors; MAPK, Mitogen-activated protein kinases; PI3K, phosphoinositide-3-kinase; PKC inhibitors, Protein kinase C inhibitors; UV, uveal melanoma; YAP, Hippo-Yes-associated protein 1.
REFERENCES
 Algazi, A. P., Tsai, K. K., Shoushtari, A. N., Munhoz, R. R., Eroglu, Z., Piulats, J. M., et al. (2016). Clinical outcomes in metastatic uveal melanoma treated with PD-1 and PD-L1 antibodies. Cancer 122, 3344–3353. doi:10.1002/cncr.30258
 Baffi, T. R., Van, A. N., Zhao, W., Mills, G. B., and Newton, A. C. (2019). Protein kinase C quality control by phosphatase PHLPP1 unveils loss-of-function mechanism in cancer. Mol. Cell. 74, 378–392.e5. doi:10.1016/j.molcel.2019.02.018
 Barisione, G., Fabbi, M., Gino, A., Queirolo, P., Orgiano, L., Spano, L., et al. (2015). Potential role of soluble c-met as a new candidate biomarker of metastatic uveal melanoma. JAMA Ophthalmol. 133 (9), 1013–1021. doi:10.1001/jamaophthalmol.2015.1766
 Barker, C. A., and Salama, A. K. (2018). New NCCN guidelines for uveal melanoma and treatment of recurrent or progressive distant metastatic melanoma. J. Natl. Compr. Cancer Netw. JNCCN 16 (5), 646–650. doi:10.6004/jnccn.2018.0042
 Bidard, F.-C., Madic, J., Mariani, P., Piperno-Neumann, S., Rampanou, A., Servois, V., et al. (2014). Detection rate and prognostic value of circulating tumor cells and circulating tumor DNA in metastatic uveal melanoma: Circulating Tumor DNA in Uveal Melanoma. Int. J. Cancer J. Int. Du Cancer 134 (5), 1207–1213. doi:10.1002/ijc.28436
 Breitkreutz, D., Braiman-Wiksman, L., Daum, N., Denning, M. F., and Tennenbaum, T. (2007). Protein kinase C family: On the crossroads of cell signaling in skin and tumor epithelium. J. Cancer Res. Clin. Oncol. 133, 793–808. doi:10.1007/s00432-007-0280-3
 Cameron, A. J., Escribano, C., Saurin, A. T., Kostelecky, B., and Parker, P. J. (2009). PKC maturation is promoted by nucleotide pocket occupation independently of intrinsic kinase activity. Nat. Struct. Mol. Biol. 16, 624–630. doi:10.1038/nsmb.1606
 Camidge, D. R., Ou, S.-H. I., Shapiro, G., Gregory, A. O., Liza, C. V., Miguel, A. V.-C., et al. (2014). Efficacy and safety of crizotinib in patients with advanced c-MET-amplified non-small cell lung cancer (NSCLC). J. Clin. Oncol. Official J. Am. Soc. Clin. Oncol. 32 (15), 8001. doi:10.1200/jco.2014.32.15_suppl.8001
 Carracedo, S., Sacher, F., Brandes, G., Braun, U., and Leitges, M. (2014). Redundant role of protein kinase Cδ and epsilon during mouse embryonic development. PLoS ONE 9, e103686. doi:10.1371/journal.pone.0103686
 Center for Drug Evaluation, and Research (2022). FDA approves tebentafusp-tebn for unresectable or metastatic uveal melanoma. Maryland: U.S. Food and Drug Administration; FDA. 
 Chen, X., Wu, Q., Tan, L., Porter, D., Jager, M. J., Emery, C., et al. (2014). Combined PKC and MEK inhibition in uveal melanoma with GNAQ and GNA11 mutations. Oncogene 33, 4724–4734. doi:10.1038/onc.2013.418
 Chen, X., Wu, Q., Depeille, P., Chen, P., Thornton, S., Kalirai, H., et al. (2017). RasGRP3 mediates MAPK pathway activation in GNAQ mutant uveal melanoma. Cancer Cell. 31 (5), 685–696.e6. doi:10.1016/j.ccell.2017.04.002
 Chokhachi Baradaran, P., Kozovska, Z., Furdova, A., and Smolkova, B. (2020). Targeting epigenetic modifications in uveal melanoma. Int. J. Mol. Sci. 21, 5314. doi:10.3390/ijms21155314
 Clinicaltrials (2023). Neoadjuvant/adjuvant trial of darovasertib in ocular melanoma - full text view - clinicaltrials.gov. Available at: https://classic.clinicaltrials.gov/ct2/show/NCT05907954 (Accessed June 18, 2023). 
 Cole, D., Robinson, R., Srikannathasan, V., Karuppiah, V., Harper, S., Coles, C., et al. (2020). Abstract 2271: Tebentafusp recognition of melanoma cells is restricted by HLA-A0201 presentation of a gp100 peptide. Immunology 80, 2271. doi:10.1158/1538-7445.am2020-2271
 Croce, M., Ferrini, S., Pfeffer, U., and Gangemi, R. (2019). Targeted therapy of Uveal Melanoma: Recent failures and new perspectives. Cancers 11 (6), 846. doi:10.3390/cancers11060846
 Frey, C. R., Wagle, M-C., Vaidya, K., Hambleton, J., Lackner, M., and Mounir, Z. (2020). Abstract 5337: Analysis of drug combinations with the PKC inhibitor IDE196 support dual MEK and PKC inhibition as a rational combination in metastatic uveal melanoma. Cancer Res. 80 (16), 5337. doi:10.1158/1538-7445.am2020-5337
 Harbour, J. W., Roberson, E. D., Anbunathan, H., Onken, M. D., Worley, L. A., and Bowcock, A. M. (2013). Recurrent mutations at codon 625 of the splicing factor SF3B1 in uveal melanoma. Nat. Genet. 45, 133–135. doi:10.1038/ng.2523
 He, X., Koenen, H. J. P. M., Smeets, R. L., Keijsers, R., van Rijssen, E., Koerber, A., et al. (2014). Targeting PKC in human T cells using sotrastaurin (AEB071) preserves regulatory T cells and prevents IL-17 production. J. Investig. Dermatol. 134, 975–983. doi:10.1038/jid.2013.459
 Hitchman, T. D., Bayshtok, G., Ceraudo, E., Moore, A. R., Lee, C., Jia, R., et al. (2021). Combined inhibition of Gαq and MEK enhances therapeutic efficacy in uveal melanoma. Clin. Cancer Res. 27, 1476–1490. doi:10.1158/1078-0432.CCR-20-2860
 IDEAYA Biosciences (2021). Darovasertib (IDE196) investor day. Available at: https://ir.ideayabio.com/image/20210416_IDE196+Investor+Day_vFF.pdf (Accessed April 16, 2021). 
 IDEAYA (2021). IDEAYA reports darovasertib (IDE196) monotherapy overall survival data and observes early partial responses in binimetinib combination in metastatic uveal melanoma. Available at:https://ir.ideayabio.com/2021-04-16-IDEAYA-Reports-Darovasertib-IDE196-Monotherapy-Overall-Survival-Data-and-Observes-Early-Partial-Responses-in-Binimetinib-Combination-in-Metastatic-Uveal-Melanoma (Accessed April 16, 2021). 
 Ideayabio (2022b). Pipeline. Available at:https://www.ideayabio.com/ (Accessed August 7, 2022). 
 IdeayabioPipeline. Ideayabio.com. Available at: https://www.ideayabio.com/pipeline/ (Accessed June 15, 2022). 
 Joshua, A. M., Monzon, J. G., Mihalcioiu, C., Hogg, D., Smylie, M., and Cheng, T. (2015). A phase 2 study of tremelimumab in patients with advanced uveal melanoma. Melanoma Res. 25, 342–347. doi:10.1097/CMR.0000000000000175
 Kaliki, S., Shields, C. L., and Shields, J. A. (2015). Uveal melanoma: Estimating prognosis. Indian J. Ophthalmol. 63 (2), 93–102. doi:10.4103/0301-4738.154367
 Kaliki, S., and Shields, C. L. (2017). Uveal melanoma: Relatively rare but deadly cancer. Eye 31 (2), 241–257. doi:10.1038/eye.2016.275
 Kapiteijn, E., Carlino, M., Boni, V., Loirat, D., Speetjens, F., Park, J., et al. (2019). Abstract CT068: a phase I trial of LXS196, a novel PKC inhibitor for metastatic uveal melanoma. Cancer Res. 79 (13), CT068. doi:10.1158/1538-7445.am2019-ct068
 Kovarik, J. M., and Slade, A. (2010). Overview of sotrastaurin clinical pharmacokinetics. Ther. Drug Monit. 32 (5), 540–543. doi:10.1097/FTD.0b013e3181ee9e26
 Kuznetsoff, J. N., Owens, D. A., Lopez, A., Rodriguez, D. A., Chee, N. T., Kurtenbach, S., et al. (2021). Dual screen for efficacy and toxicity identifies HDAC inhibitor with distinctive activity spectrum for BAP1-mutant uveal melanoma. Mol. Cancer Res. 19, 215–222. doi:10.1158/1541-7786.MCR-20-0434
 Landreville, S., Agapova, O. A., Matatall, K. A., Kneass, Z. T., Onken, M. D., Lee, R. S., et al. (2012). Histone deacetylase inhibitors induce growth arrest and differentiation in uveal melanoma. Clin. Cancer Res. 18, 408–416. doi:10.1158/1078-0432.CCR-11-0946
 Leiter, U., Meier, F., Schittek, B., and Garbe, C. (2004). The natural course of cutaneous melanoma. J. Surg. Oncol. 86 (4), 172–178. doi:10.1002/jso.20079
 Lietman, C. D., and McKean, M. (2022). Targeting GNAQ/11 through PKC inhibition in uveal melanoma. Cancer Gene Ther. 29 (12), 1809–1813. doi:10.1038/s41417-022-00437-6
 Lin, D., and Takemoto, D. J. (2005). Oxidative activation of protein kinase Cγ through the C1 domain: Effects on gap junctions. J. Biol. Chem. 280 (14), 13682–13693. doi:10.1074/jbc.M407762200
 Ma, S., and Rosen, S. T. (2007). Enzastaurin. Curr. Opin. Oncol. 19 (6), 590–595. doi:10.1097/CCO.0b013e3282f10a00
 Martin, M., Maßhöfer, L., Temming, P., Rahmann, S., Metz, C., Bornfeld, N., et al. (2013). Exome sequencing identifies recurrent somatic mutations in EIF1AX and SF3B1 in uveal melanoma with disomy 3. Nat. Genet. 45, 933–936. doi:10.1038/ng.2674
 Middleton, M. R., McAlpine, C., Woodcock, V., Corrie, P., Infante, J. R., Steven, N. M., et al. (2020). Tebentafusp, A TCR/anti-CD3 bispecific fusion protein targeting gp100, potently activated antitumor immune responses in patients with metastatic melanoma. Clin. Cancer Res. Official J. Am. Assoc. Cancer Res. 26 (22), 5869–5878. doi:10.1158/1078-0432.CCR-20-1247
 Musi, E., Ambrosini, G., de Stanchina, E., and Schwartz, G. K. (2014). The phosphoinositide 3-kinase α selective inhibitor BYL719 enhances the effect of the protein kinase C inhibitor AEB071 in GNAQ/GNA11-mutant uveal melanoma cells. Mol. Cancer Ther. 13, 1044–1053. doi:10.1158/1535-7163.MCT-13-0550
 Naldini, L., Vigna, E., Narsimhan, R. P., Gaudino, G., Zarnegar, R., Michalopoulos, G. K., et al. (1991). Hepatocyte growth factor (HGF) stimulates the tyrosine kinase activity of the receptor encoded by the proto-oncogene c-MET. Oncogene 6 (4), 501–504.
 Nathan, P., Hassel, J. C., Rutkowski, P., Baurain, J. F., Butler, M. O., Schlaak, M., et al. IMCgp100-202 Investigators (2021). Overall survival benefit with tebentafusp in metastatic uveal melanoma. N. Engl. J. Med. 385 (13), 1196–1206. doi:10.1056/NEJMoa2103485
 Park, J. J., Diefenbach, R. J., Byrne, N., Long, G. V., Scolyer, R. A., Gray, E. S., et al. (2021). Circulating tumor DNA reflects uveal melanoma responses to protein kinase C inhibition. Cancers 13 (7), 1740. doi:10.3390/cancers13071740
 Park, J. J., Stewart, A., Irvine, M., Pedersen, B., Ming, Z., Carlino, M. S., et al. (2022). Protein kinase inhibitor responses in uveal melanoma reflects a diminished dependency on PKC-MAPK signaling. Cancer Gene Ther. 29, 1384–1393. doi:10.1038/s41417-022-00457-2
 Parker, P. J., Brown, S. J., Calleja, V., Chakravarty, P., Cobbaut, M., Linch, M., et al. (2021). Equivocal, explicit and emergent actions of PKC isoforms in cancer. Nat. Rev. Cancer 21 (1), 51–63. doi:10.1038/s41568-020-00310-4
 Pears, C. J., Kour, G., House, C., Kemp, B. E., and Parker, P. J. (1990). Mutagenesis of the pseudosubstrate site of protein kinase C leads to activation. Eur. J. Biochem. 194 (1), 89–94. doi:10.1111/j.1432-1033.1990.tb19431.x
 Pelster, M. S., Gruschkus, S. K., Bassett, R., Gombos, D. S., Shephard, M., Posada, L., et al. (2021). Nivolumab and ipilimumab in metastatic uveal melanoma: Results from a single-arm phase II study. J. Clin. Oncol. Official J. Am. Soc. Clin. Oncol. 39 (6), 599–607. doi:10.1200/JCO.20.00605
 Pfeifhofer, C., Gruber, T., Letschka, T., Thuille, N., Lutz-Nicoladoni, C., Hermann-Kleiter, N., et al. (2006). Defective IgG2a/2b class switching in PKC alpha-/- mice. J. Immunol. 176, 6004–6011. doi:10.4049/jimmunol.176.10.6004
 Pharmabiz (2022). US FDA grants Orphan Drug Designation to Ideaya Biosciences’ darovasertib to treat uveal melanoma. Available at: http://www.pharmabiz.com/. 
 Piperno-Neumann, S., Larkin, J., Carvajal, R. D., Luke, J. J., Schwartz, G. K., Hodi, F. S., et al. (2020). Genomic profiling of metastatic uveal melanoma and clinical results of a phase I study of the protein kinase C inhibitor AEB071. Mol. Cancer Ther. 19, 1031–1039. doi:10.1158/1535-7163.MCT-19-0098
 Piperno-Neumann, S., Kapiteijn, E., Larkin, J. M. G., Carvajal, R. D., Luke, J. J., Roozen, H. S., et al. (2014). Landscape of genetic alterations in patients with metastatic uveal melanoma. J. Clin. Oncol. Official J. Am. Soc. Clin. Oncol. 32 (15), 9043. doi:10.1200/jco.2014.32.15_suppl.9043
 Reck, M., Carbone, D. P., Garassino, M., and Barlesi, F. (2021). Targeting KRAS in non-small-cell lung cancer: Recent progress and new approaches. Ann. Oncol. 32 (9), 1101–1110. doi:10.1016/j.annonc.2021.06.001
 Robertson, A. G., Shih, J., Yau, C., Gibb, E. A., Oba, J., Mungall, K. L., et al. (2017). Integrative analysis identifies four molecular and clinical subsets in uveal melanoma. Cancer Cell. 32, 204–220.e15. doi:10.1016/j.ccell.2017.07.003
 Sagoo, M. S., Harbour, J. W., Stebbing, J., and Bowcock, A. M. (2014). Combined PKC and MEK inhibition for treating metastatic uveal melanoma. Oncogene 33, 4722–4723. doi:10.1038/onc.2013.555
 Schoumacher, M., Le Corre, S., Houy, A., Mulugeta, E., Stern, M-H., Roman-Roman, S., et al. (2016). Uveal melanoma cells are resistant to EZH2 inhibition regardless of BAP1 status. Nat. Med. 7 (6), 577–578. doi:10.1038/nm.4098
 Schwartz, L. H., Seymour, L., Litière, S., Ford, R., Gwyther, S., Mandrekar, S., et al. (2016). Recist 1.1 – standardisation and disease-specific adaptations: Perspectives from the RECIST working group. Eur. J. Cancer 62, 138–145. doi:10.1016/j.ejca.2016.03.082
 Seedor, R. S., Orloff, M., and Sato, T. (2021). Genetic landscape and emerging therapies in uveal melanoma. Cancers (Basel). 13 (21), 5503. doi:10.3390/cancers13215503
 Shoushtari, A. N., and Carvajal, R. D. (2014). GNAQ and GNA11 mutations in uveal melanoma. Melanoma Res. Dec. 24 (6), 525–534. doi:10.1097/cmr.0000000000000121
 Silva-Rodríguez, P., Fernández-Díaz, D., Bande, M., Pardo, M., Loidi, L., and Blanco-Teijeiro, M. J. (2022). GNAQ and GNA11 genes: A comprehensive review on oncogenesis, prognosis and therapeutic opportunities in uveal melanoma. Cancers (Basel). 14 (13), 3066. doi:10.3390/cancers14133066
 Solus, J. F., and Kraft, S. (2013). Ras, Raf, and MAP kinase in melanoma. Adv. Anatomic Pathology 20 (4), 217–226. doi:10.1097/PAP.0b013e3182976c94
 Steeb, T., Wessely, A., Ruzicka, T., Heppt, M. V., and Berking, C. (2018). How to MEK the best of uveal melanoma: A systematic review on the efficacy and safety of MEK inhibitors in metastatic or unresectable uveal melanoma. Eur. J. Cancer 103, 41–51. doi:10.1016/j.ejca.2018.08.005
 Tanaka, R., Terai, M., Londin, E., and Sato, T. (2021). The role of HGF/MET signaling in metastatic uveal melanoma. Cancers 13 (21), 5457. doi:10.3390/cancers13215457
 Tang, J., Yu, J. X., Hubbard-Lucey, V. M., Neftelinov, S. T., Hodge, J. P., and Lin, Y. (2018). Trial watch: The clinical trial landscape for PD1/PDL1 immune checkpoint inhibitors. Nat. Rev. Drug Discov. 17 (12), 854–855. doi:10.1038/nrd.2018.210
 Thuille, N., Siegmund, K., Klepsch, V., Schörgenhuber, J., Danklmaier, S., Leitges, M., et al. (2019). Loss-of-function phenotype of a PKCθT219A knockin mouse strain. Cell. Commun. Signal. 17, 141. doi:10.1186/s12964-019-0466-8
 Wagle, M., Ravindran, N., O’Brien, C., Frey, C., Hambleton, J., Lackner, M. R., et al. (2020). Abstract 4152: Preclinical evaluation of PRKC fusions and GNA11/GNAQ mutations as genetic drivers of PKC activation in non-MUM indications to support a phase 1/2 basket trial of IDE196. Cancer Res. 80 (16), 4152. doi:10.1158/1538-7445.am2020-4152
 Wagle, M. C., Ravindran, N., Pankajakshan, D., Lackner, M., and Mounir, Z. (2021). Abstract 1343: Preclinical evaluation of a PKC and MET inhibitor combination in metastatic uveal melanoma. Exp. Mol. Ther. 81, 1343. doi:10.1158/1538-7445.AM2021-1343
 Wang, Y., Du, J., Lu, S., Li, X., Chen, Y., Yuan, C., et al. (2022). PKCα phosphorylation of GLT-1 at Ser562/563 induces glutamate excitotoxicity in ischemia in mice. Signal Transduct. Target. Ther. 7 (1), 82. doi:10.1038/s41392-022-00897-0
 Wang, Y., Lu, S., Chen, Y., Li, L., Li, X., Qu, Z., et al. (2021). Smoothened is a therapeutic target for reducing glutamate toxicity in ischemic stroke. Sci. Transl. Med. 13, eaba3444. doi:10.1126/scitranslmed.aba3444
 Wei, A. Z., Maniar, A. B., and Carvajal, R. D. (2022). New targeted and epigenetic therapeutic strategies for the treatment of uveal melanoma. Cancer Gene Ther. 29 (12), 1819–1826. doi:10.1038/s41417-022-00443-8
 Weis, E., Salopek, T. G., McKinnon, J. G., Larocque, M. P., Temple-Oberle, C., Cheng, T., et al. (2016). Management of uveal melanoma: A consensus-based provincial clinical practice guideline. Curr. Oncol. 23 (1), e57–e64. doi:10.3747/co.23.2859
 Wu, X., Li, J., Zhu, M., Fletcher, J. A., and Hodi, F. S. (2012b). Protein kinase C inhibitor AEB071 targets ocular melanoma harboring GNAQ mutations via effects on the PKC/Erk1/2 and PKC/NF-κB pathways. Mol. Cancer Ther. 11, 1905–1914. doi:10.1158/1535-7163.MCT-12-0121
 Wu, X., Zhu, M., Fletcher, J. A., Giobbie-Hurder, A., and Hodi, F. S. (2012c). The protein kinase C inhibitor enzastaurin exhibits antitumor activity against uveal melanoma. PLoS One 7, e29622. doi:10.1371/journal.pone.0029622
 Wu, X., Li, J., Zhu, M., Fletcher, J. A., and Hodi, F. S. (2012a). Protein kinase C inhibitor AEB071 targets ocular melanoma harboring GNAQ mutations via effects on the PKC/Erk1/2 and PKC/NF-κB pathways. Mol. Cancer Ther. 11 (9), 1905–1914. doi:10.1158/1535-7163.MCT-12-0121
 Zhang, L.-N., Hao, L., Guo, Y.-S., Wang, H.-Y., Li, L.-L., Liu, L.-Z., et al. (2019). Are glutamate transporters neuroprotective or neurodegenerative during cerebral ischemia?J. Mol. Med. 97 (3), 281–289. doi:10.1007/s00109-019-01745-5
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 © 2023 Cao, Chen, Sun, Ashby, Wei, Huang and Chen. 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/fphar-14-1232787-g005.gif





OPS/images/fphar-14-1232787-t001.jpg
Drug categol

Therapeutic targets

Generic name

Indication

Current status

1| CTLA-4 inhibitor T-cell receptors ipilimumab metastatic uveal Phase II Clinical
melanoma trial
2 PD-1 inhibitor T-cell receptors nivolumab metastatic uveal Phase II Clinical
melanoma Trial
3 PD-1 inhibitor T-cell receptors Pembrolizumab metastatic uveal Phase II Clinical
melanoma trial
4 gp100- inhbitor TCR/Anti-CD3 bispecific fusion protein Tebentafusp metastatic uveal Phase II Clinical
melanoma “Trial
5 MEK inhibitors G protein coupled downstream signaling cascade | Selumetinib + dacarbazine metastatic uveal Phase 111
pathway melanoma
6 Trametinib metastatic uveal Phase IT
melanoma
7 Binimetinib + darovasertib metastatic uveal Phase 1b/11
melanoma
8 Cabozantinib metastatic uveal Phase IT
melanoma
9 PI3K/AKUmTOR inhibitors  Inhibit the PI3K/Akt pathway Everolimus combined with metastatic uveal Phase II
pasireotide melanoma
10 | VEGF inhibitor+ Inhibits vascular endothelial growth factor- | Bevacizumab+ temozolomide metastatic uveal Phase IT
chemotherapy related pathway melanoma
11| VEGF inhibitor Cabozantinib metastatic uveal Phase II
melanoma
12 HDAC inhibitors block the activity of histone deacetylase enzymes | Vorinostat metastatic uveal Phase 1T
melanoma
13| C-Met inhibitor inhibit c-MET and HGER (a hepatocyte growth | Crizotinib metastatic uveal Phase IT

factor receptor)

melanoma
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Intervention Indication Trial  Number Adverse effects Trial

type number
1| Group 1: darovasertib as a | metastatic uveal Phase [ 107 | 2117 (12%) had hypotension (22.1%) | NCT02601378/ | Finished
single agent Group 2: melanoma (MUM) confirmed PRand 12/17 | nausea (66.2%), CLXS196X2101
darovasertib and HDM201 (719%) had stable disease | diarrhea (45.6%),
as their best response | vomiting (30.9%),
PKPD: Rapidly elevated ALT (22.1%),

absorbed, with a Tmax | fatigue (20.6%). Grade
of ~1 hpost-dose,anda | 3 and 4 adverse effects

terminal half-life of occurred in
11 h for all doses 17 patients (25.0%)
2| Group 1: darovasertib solid tumors Phase 254 Preliminary data: No results NCT03947385  Ongoing
monotherapy Group 2: | harboring GNAQ | Ib/II Group 1: 1-year (OS)
Dose Escalation and GNAQ/ rate: 57% median OS:
binimetinib+ darovasertib 11 mutations or 13.2 months decrease in
Group 3: Dose Escalation | PRKC fusions tumor size in 46/
Crizotinib Combination  (including MUM) 75 MUM (61%) Group
2:79% reported

decrease in tumor size
Group 3: 4/13 (31%):
confirmed (PR); 46%
(6/13) had tumor size
decrease

3 | Darovasertib monotherapy | primary uveal Phase | NA No results No results NCT05907954 | recruiting
melanoma. 11
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