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Abstract

Molecularly-targeted agents have improved outcomes for a subset of patients with BRA~mutated
melanoma, but treatment of resistant and BRAF wild-type tumors remains a challenge. The
MERTK receptor tyrosine kinase is aberrantly expressed in melanoma and can contribute

to oncogenic phenotypes. Here we report the effect of treatment with a MERTK-selective
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small molecule inhibitor, UNC2025, in preclinical models of melanoma. In melanoma cell

lines, treatment with UNC2025 potently inhibited phosphorylation of MERTK and downstream
signaling, induced cell death, and decreased colony formation. In patient-derived melanoma
xenograft models, treatment with UNC2025 blocked or significantly reduced tumor growth.
Importantly, UNC2025 had similar biochemical and functional effects in both BRAF~mutated
and BRAF wild-type models and irrespective of NRAS mutational status, implicating MERTK
inhibition as a potential therapeutic strategy in tumors that are not amenable to BRAF-targeting
and for which there are limited treatment options. In BRAFmutated cell lines, combined
treatment with UNC2025 and the BRAF inhibitor vemurafenib provided effective inhibition of
oncogenic signaling through ERK, AKT, and STATS6, increased induction of cell death, and
decreased colony forming potential. Similarly, in NRAS-mutated cell lines, addition of UNC2025
to cobimetinib therapy increased cell death and decreased colony-forming potential. In a BRAF-
mutated patient-derived xenograft, treatment with combined UNC2025 and vemurafenib was
well-tolerated and significantly decreased tumor growth compared to vemurafenib alone. These
data support the use of UNC2025 for treatment of melanoma, irrespective of BRAFor NRAS
mutational status, and suggest a role for MERTK and targeted combination therapy in BRAFand
NRAS-mutated melanoma.
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INTRODUCTION

Metastatic melanoma remains one of the most aggressive forms of cutaneous cancer,
accounting for the majority of deaths from skin cancers. Current treatments for advanced
disease have significant side effects, are effective in only a subset of individuals, and

can lead to resistance. Poor effectiveness of melanoma treatments is likely due to the
complex and heterogeneous etiology of melanoma, which can be attributed to activating
mutations, such as those in BRAFand NRAS (50% and 20% of melanomas, respectively

(1, 2)), or to differential expression of molecules affecting oncogenic intracellular signaling
pathways, such as receptor tyrosine kinases (RTKSs). Molecularly targeted agents, such as
ipilimumab (anti-CTLA-4 antibody) and vemurafenib (mutant BRAF inhibitor) have been
FDA-approved for treatment of metastatic melanoma for several years (3-5). However, these
therapies are not effective in all patients. In the case of vemurafenib, 20% of BRAF-mutated
melanomas do not respond to treatment (6) and even those that initially respond often
develop resistance (7-9). Mutated NRAS is the second most common oncogenic driver in
melanoma and the MEK inhibitor binimetinib has had clinical efficacy in this setting, but
improvements in progression-free survival over standard chemotherapy have been limited

to only 1-2 months (10). Combined treatment with BRAF and MEK inhibitors, such as
vemurafenib and cobimetinib, delayed onset of resistance compared to BRAF inhibition
alone (11), leading to improved clinical responses and prolonged survival (12). Newer
agents include the immune checkpoint inhibitors, nivolumab and pembrolizumab (anti-PD-1
monoclonal antibodies), which are FDA-approved for up-front treatment of unresectable
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or metastatic melanoma. However, despite the superiority of these agents over previous
regimens, median progression-free survival remains 6 months or less and approximately
10% of patients suffer grade 3 or higher immune-related adverse effects (13), underscoring
the need for development of new therapeutic targets.

Expression and activation of TAM (TYRO3, AXL and MERTK) family receptor tyrosine
kinases (RTKSs) has been reported in many human cancers where they contribute

to chemoresistance, cell survival, migration and invasion, and angiogenesis (14, 15),
making them attractive targets for cancer therapies. MERTK is abnormally expressed

in hematopoietic malignancies and numerous solid tumors (16-20) where it regulates
intracellular pro-survival and anti-apoptotic signaling pathways that are aberrantly activated
in cancer cells, including JAK/STAT, ERK, and PI3K/AKT. MERTK also mediates an
anti-inflammatory response in the tumor microenvironment (21) and enhances tumor cell
migration and invasion (14, 15, 19, 22).

TAM Kkinases are overexpressed in melanoma (23-28). In a phosphoproteomic screen, TAM
family members were the most consistently activated RTKs in early passage melanoma
cultures, and shRNA-mediated knockdown of AXL led to decreased proliferation and
migration (23). Similarly, TYRO3 was identified as a regulator of the critical melanocyte
transcription factor MITF and TYRO3 knock-down inhibited tumor formation in murine
melanoma models (26). Our laboratory and others have previously demonstrated an
oncogenic role for MERTK in melanoma. MERTK was overexpressed in 58% of primary
melanoma cell cultures (28) and approximately 50% of melanoma cell lines (25). Moreover,
its expression correlated with disease progression, implicating MERTK in development

of metastatic disease (25, 28). While the mechanisms underlying MERTK activation in
melanoma have not been fully elucidated, melanoma cell lines express and secrete the
MERTK ligand GAS6 (24), suggesting autocrine stimulation of MERTK. In both BRAF-
mutated and wild-type melanoma cell lines, MERTK inhibition by shRNA decreased
signaling through pro-survival pathways STAT6, AKT, and ERK, and decreased colony
forming potential greater than two-fold (25). Similarly, expression of MERTK was
associated with increased cell expansion in early passage patient-derived melanoma cell
cultures and shRNA-mediated MERTK inhibition reduced signaling through AKT, mTOR,
and P70S6 kinase, decreased cell expansion, induced apoptosis and decreased clonogenic
colony-formation (28). In these studies, expression of constitutively active AKT was
sufficient to reverse the apoptotic and proliferative phenotypes associated with MERTK
inhibition, implicating AKT as a critical downstream mediator of MERTK signaling in this
context. Additionally, in a BRAF wild-type melanoma xenograft model, sShRNA-mediated
MERTK inhibition delayed tumor progression (25). Importantly, MERTK expression did not
correlate with oncogenic mutations in BRAFand NRAS (25, 28) indicating its potential

as a target across biologic subsets. Furthermore, MERTK inhibition could be an effective
therapeutic option for patients whose tumors have no known oncogenic driver and who
currently have limited treatment options.

Since two of the signaling pathways downstream of MERTK, MAPK/ERK and PI3K/AKT,
are frequently dysregulated in melanoma (2) and are involved in primary and secondary
resistance to BRAF inhibitors (7-9), we hypothesize that targeting MERTK could provide
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a novel therapeutic advantage since it would disrupt multiple downstream effectors that
mark a site of RTK pathway convergence and are involved in tumorigenesis (29, 30).
Indeed, recent data demonstrated upregulation of both MERTK and its ligand, PROSL1, in
melanoma cells after treatment with an early generation BRAF inhibitor (31). In addition,
tumor progression was more effectively inhibited in response to treatment with vemurafenib
in melanoma xenografts with sShRNA-mediated MERTK knockdown compared to controls,
implicating MERTK as an attractive target for combination therapy. We previously reported
UNC2025, a novel tyrosine kinase inhibitor (TKI) that is highly potent against MERTK,
with an ICsq of 2.7 nmol/L in cell based assays, and has >15-fold selectivity for MERTK
over the other TAM family members (32). UNC2025 is orally-bioavailable and has efficacy
in murine models of non-small cell lung cancer (16), acute lymphoblastic leukemia and
acute myeloid leukemia (33), making it an ideal candidate for translational studies.

Here, we report that inhibition of MERTK activity via UNC2025 downregulates survivin
and other oncogenic signaling pathways, induces cell death, and suppresses colony
formation in wild-type and BRAF or NRAS mutant melanoma cell lines models, and delays
tumor progression in melanoma patient-derived xenografts (PDX). In addition, MERTK
inhibition enhanced the efficacy of vemurafenib and cobimetinib therapy in BRAF and
NRAS mutant models, respectively. Together these data validate MERTK as a versatile

and important target in melanomas with and without activating BRAF or NRAS mutations,
particularly in combination with other therapies currently in clinical use.

MATERIALS AND METHODS

Cell culture and reagents

HMCB, MB2141, MB2204, and MB2724 were propagated in RPMI medium and G361,
A101D, SK-MEL-2, SK-MEL-5, SK-MEL-119, and MeWo in DMEM. Media were
supplemented with 10% or 20% (SK-MEL-5 and SK-MEL-119) fetal bovine serum,
penicillin (100 U/ml), and streptomycin (100 ug/ml). Cell lines were verified by short
tandem repeat analysis and BRAFand NRAS mutation status was determined using the
COSMIC database (34, 35). MB2141, MB2204, and MB2724 were derived as previously
described (36). Cell lines were tested for Mycoplasma contamination using a PCR-based
kit (ATCC) and confirmed negative within 20 passages or 3 months before use. UNC2025
was synthesized as previously described (32). Vemurafenib was from LC Labs (Woburn,
MA) and cobimetinib from MedChem Express (Monmouth Junction, NJ). For /n vitro
studies, UNC2025 (3 mM), cobimetinib (3 mM) and vemurafenib (10 mM) stock solutions
were prepared in DMSO. Adherent cells were collected using trypsin-EDTA (Invitrogen) or
0.02% EDTA in PBS and/or mechanical dissociation with a cell scraper.

Signaling assay

Sub-confluent cultures were incubated in serum-free medium for two hours and in the
presence of UNC2025, vemurafenib, or DMSO vehicle for an additional 90 minutes

prior to stimulation with 200 nM recombinant human GAS6 (R&D Systems) for 10
minutes. Alternatively, cultures were treated with inhibitors or vehicle control for 72

hours. For detection of phosphorylated MERTK, cultures were treated with freshly prepared
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pervanadate (0.12 mmol/L NazVOy, in 0.002% H,0, in PBS) for 3 minutes as previously
described (16).

Immunoblotting Analysis

Lysates were prepared in 50 nM HEPES pH 7.5, 150 mM NaCl, 10 mM EDTA, 10%
glycerol, and 1% Triton X-100, supplemented with phosphatase inhibitors (1 mM NagVOy,,
0.1 mM NayMoOy,) and protease inhibitors (Roche Complete Mini). Immunoblotting was
performed as previously described (19) using the following primary antibodies: pAKT
(S473, Cat# 9271), AKT (Cat# 9272), pERK1/2 (T202/Y 204, Cat# 9106), ERK1/2

(Cat# 9102), SURVIVIN (Cat# 2808), and TYRO3 (Cat# 5585) from Cell Signaling;
PMERTK (Y749, Y753, Y754, PhosphoSolutions), MERTK (Abcam ab52968), AXL (R&D
Systems, AF154), and ACTIN (Santa Cruz sc-1616). Proteins were detected by enhanced
chemiluminescence using horseradish peroxidase (HRP)-conjugated goat anti-rabbit (Bio-
Rad 170-6515), goat anti-mouse (Bio-Rad 170-6516), and donkey anti-goat (Santa Cruz
sc-2020) secondary antibodies and enhanced chemiluminescence.

Apoptosis assay

Cell lines were treated with UNC2025, vemurafenib, cobimetinib and/or DMSO vehicle
control for 48 hours and then stained with PO-PRO™-1 iodide (Invitrogen) and 7-AAD
(7-amino-actinomycin D, eBioscience) dyes per manufacturer’s instructions. Uptake of dyes
was assessed by flow cytometry using a CyAn or Cytoflex analyzer (Beckman Coulter, Brea,
CA) and FlowJo software (FlowJo, LLC, Ashland, OR).

Clonogenic colony formation assay

MTT assay

Cells (500-700 per well) were cultured in medium with inhibitors or DMSO vehicle control
for 10 days. Media and inhibitors were replaced on day 5. Cells were stained with 0.5%
crystal violet in 25% methanol (Fisher) and colonies were enumerated with a GelCount
colony counter (Oxford Optronix, Abington, UK).

Cells (1x10%/well) were cultured in triplicate in medium with UNC2025 or DMSO vehicle
for 44 hours, then stained with 1/10 volume thiazolyl blue tetrazolium bromide (MTT) for
an additional 4 hours before addition of an equal volume of 10% sodium dodecyl sulfate
in 0.01 M hydrochloric acid. Absorbance at 590nM was detected the next day using a
Synergy 2 plate reader (BioTek, Winooski, VT) and normalized to the mean intensity in
vehicle-treated samples.

Patient-derived xenograft models

PDX models were generated as previously described (37, 38). Mice with established tumors
were randomized to groups and treated with UNC2025 twice daily, vemurafenib once daily,
UNC2025 and vemurafinib combined, or 10 mL/kg vehicle. UNC2025 was administered

in saline and vemurafenib and combination therapy were administered in 0.04% DMSO

in saline. All treatments were administered by oral gavage. Experiments involving animals
were approved by the University of Colorado Institutional Animal Care and Use Committee.
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Statistical analysis

Statistical analyses were performed using Prism 5 software (GraphPad Software, Inc.).
One-way ANOVA with Bonferroni’s correction was used to assess differences in cell culture
models and two-way ANOVA with Bonferroni’s correction was used to compare tumor
volumes in xenograft studies. Mean values and standard errors are shown.

RESULTS
UNC2025 inhibits activation of MERTK in BRAF and NRAS mutated melanoma cell lines

Phosphorylated MERTK levels were determined in melanoma cell lines as a marker of
MERTK activation. Treatment with UNC2025 resulted in a dose-dependent decrease in
phosphorylated MERTK in both BRAF wild-type, NRAS-mutated (HMCB - BRAF™,
NRAS™) and BRAFmutated, NRAS wild-type (G361 - BRAF™, NRASWY) cell lines (Fig.
1A). In the HMCB cell line, near-complete inhibition of MERTK activation was observed in
response to treatment with 300 nM UNC2025. The G361 cell line expressed higher levels
of both total and phosphorylated MERTK, but inhibition of MERTK activation was still
nearly complete in cultures treated with 1000 nM UNC2025. These data demonstrate potent
inhibition of MERTK activity mediated by UNC2025 in both BRAF™ and NRAS™! cell
lines.

Treatment with UNC2025 inhibits oncogenic signaling downstream of MERTK

MERTK signals through many pathways known to play roles in oncogenesis, including

the PIBK/AKT, MAPK, and STAT pathways (39). To assess the effects of UNC2025 on
signaling pathways downstream of MERTK in melanoma cells, levels of phosphorylated and
total STAT6, AKT, and ERK were determined. Serum starved cells were stimulated with
GAS6, a TAM Kkinase ligand, to allow assessment of protein phosphorylation downstream of
MERTK (Fig. 1B). Alternatively, cells cultured in normal growth media were treated with
UNC2025 in the absence of GAS6 stimulation (Supplemental Fig. 1). Phosphorylation of
STAT6 and AKT was induced in response to GAS6 stimulation in both the HMCB and G361
cells and phosphorylated ERK levels were also increased in the HMCB cell line. Conversely,
treatment with UNC2025 decreased both basal and GAS6-depedendent phosphorylation of
STAT6, AKT and ERK at doses consistent with those required for MERTK inhibition.

As expected, total protein levels were not affected by treatment with UNC2025. Of note,
MERTK inhibition did not change ERK phosphorylation in the G361 cell line, likely due

to constitutive activation downstream of activated BRAF. Previous studies also implicated
the anti-apoptotic protein survivin downstream of MERTK (16, 19). Consistent with these
data, survivin expression was decreased in all melanoma cell lines evaluated and was almost
completely inhibited in response to higher doses of 500 nM (Fig. 1C). Taken together, these
data demonstrate effective inhibition of MERTK and downstream oncogenic signaling in
melanoma cells irrespective of oncogenic mutation status.
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UNC2025 decreases colony formation and cell density in BRAF™ and NRAS™! melanoma

cell lines

To determine the functional effects of UNC2025-mediated MERTK inhibition, colony-
forming potential was assessed in a panel of melanoma cell lines with different oncogenic
mutations, including BRAF™ NRASW! (G361, A101D, SK-MELS5) and BRAFWt NRAS™!
(HMCB, SK-MEL-2, SK-MEL-119). In all cell lines there was a statistically significant
decrease in colony formation in response to treatment with 100 nM UNC2025 (Fig 2. and
Supplemental Fig. 2), consistent with the doses that mediated robust biochemical changes
(Fig. 1). Inhibition of colony-formation was dose-dependent, with higher doses of 300-500
nM mediating near complete inhibition in most cell lines. The A101D (BRAF™, NRASWY
cell line was particularly sensitive, and exhibited a significant decrease in colony number in
response to treatment with UNC2025 at concentrations as low as 50 nM (Fig. 2B). When
cultured at higher density, expansion of BRAF™ (G361) and NRAS™ (HMCB) cell lines
was significantly inhibited by treatment with 100-200nM UNC2025; however, melanoma
cells persisted even after treatment with very high doses of UNC2025 (Supplemental

Fig. 3). All of the cell lines in the panel expressed MERTK protein to varying degrees
(Supplemental Fig. 4). The level of MERTK expression did not predict sensitivity to
MERTK inhibition.

UNC2025 induces melanoma cell death

To determine whether treatment with UNC2025 led to changes in melanoma cell survival,
melanoma cell lines were treated with UNC2025 then stained with PO-PRO®-1-iodide (PO-
PRO) and 7-AAD and early apoptotic (PO-PRO+, 7-AAD negative) and dead (7-AAD+)
cells were detected by flow cytometry. In the BRAFM G361 cell line treatment with
UNC2025 resulted in a dose-dependent and statistically significant increase in the fraction
of apoptotic and dead cells (Supplemental Fig. 5). In the BRAFWt HMCB cell line treatment
with UNC2025 also induced cell death, however this effect was not statistically significant.
In both cell lines, induction of cell death was observed in response to treatment with
UNC2025 at doses of 300 nM or greater, consistent with the doses required to impact
survivin levels (Fig. 1C).

UNC2025 inhibits oncogenic signaling and colony formation in BRAF/NRAS wild-type
melanoma cell lines

To determine whether pharmacologic MERTK inhibition would decrease activation of
oncogenic signaling pathways in melanomas without BRAF or NRAS mutations, the
BRAFWYNRASWYt MeWo cell line was treated with UNC2025 and levels of phosphorylated
and total STAT6, AKT, and ERK were assessed. Activation of both STAT6 and AKT

was inhibited in cells treated with 100-300nM UNC2025, with near complete abrogation
of phosphorylation by 1000nM (Fig. 3A). Interestingly, treatment with UNC2025 had no
effect on ERK phosphorylation, similar to findings in the BRAF™ cell line G361 (Fig.
1B). Survivin levels were also reduced in MeWo cells after 72 hours of treatment with

100 nM UNC2025 (Fig. 3B), consistent with our findings in BRAF or NRAS mutated
cells. The impact of treatment with UNC2025 on colony-formation was assessed in a panel
of wild-type cell lines, including MeWo and three patient-derived cell lines, MB2141,
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MB2204, and MB2724. Colony-forming potential was significantly reduced in three of the
four cell lines in response to treatment with 50-300nM UNC2025 (Fig. 3C), similar to

the doses that inhibited colony-formation in BRAF or NRAS mutated cell lines (Fig. 2).
Although there was significant inhibition of colony-forming potential in the MB2141 cell
line, a higher dose of 500nM was required indicating relatively less sensitivity to MERTK
inhibition. Melanoma cell expansion was also inhibited in higher density cultures of three
BRAF/NRAS wild-type cell lines evaluated, although again the impact of treatment with
UNC2025 was less substantial than observed in lower density cultures (Supplemental Fig.
3).

Combined treatment of BRAF™ or NRAS™! melanoma cells with UNC2025 and BRAF or
MEK inhibitors enhances inhibition of pro-survival signaling, cell survival, and colony
formation compared to single agents

As combined BRAF and MEK inhibition is the current standard of care for patients

with BRAF™M melanoma, additional studies were conducted to determine the impact

of treatment with UNC2025 in combination with the BRAF inhibitor vemurafenib in
BRAFM cell lines. In the G361 cell line, treatment with UNC2025 alone inhibited
GAS6-depedendent phosphorylation of STAT6 and AKT, but ERK was constitutively
phosphorylated and was not impacted by treatment with the MERTK inhibitor (Fig. 4A).
Conversely, treatment with vemurafenib monotherapy inhibited only ERK activation, but
did not affect GAS6-dependent activation of STAT6 or AKT. However, in cells treated
with a combination of UNC2025 and vemurafenib, all three oncogenic signaling pathways
were effectively blocked. Furthermore, treatment with a combination of UNC2025 and
vemurafenib mediated more effective inhibition of colony formation than treatment with
vemurafenib alone in the BRAF™ G361 and A101D cell lines (Fig. 4B) and cell death
was induced in a greater fraction of cells in response to treatment with the combination
therapy compared to vemurafenib alone (Fig. 4C). Similarly, combined treatment with
UNC2025 and the MEK inhibitor cobimetinib significantly increased induction of apoptosis
and decreased colony-forming potential in cultures of the NRAS-mutant HMCB cell line
compared to either drug alone (Fig. 4D and E).

Treatment with UNC2025 reduces tumor growth in patient-derived melanoma xenograft
models alone and in combination with vemurafenib

To determine whether UNC2025 has therapeutic activity against melanoma, patient-derived
xenograft models were generated by transplanting biologically stable tumor samples into
immune-compromised athymic nude mice (37) and the impact of treatment with UNC2025
on tumor growth was monitored. Mice bearing tumors with a BRAF mutation were treated
with 50 mg/kg UNC2025 or vehicle control twice daily by oral gavage. The mean trough
plasma concentration in mice treated with UNC2025 using this dosing strategy is of 161
nM (16), which corresponds with the doses that mediate effective anti-tumor activity in

cell culture assays (Fig. 2). Tumor growth was significantly decreased in mice treated

with UNC2025 compared to vehicle-treated control mice (Fig. 5A). In addition, mean
tumor volume remained stable in mice treated with UNC2025 and was not significantly
different after 50 days of treatment (489.9+157.3 mm?3) compared to mean tumor volume at
initiation of treatment (522.9+97.1 mm3, p = 0.4307). Tumor volume was also significantly
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decreased in response to treatment with UNC2025 in a PDX model of BRAF"t melanoma
(Supplemental Fig. 6).

To determine whether the enhanced anti-tumor activity mediated by combined treatment
with UNC2025 and vemurafenib in cell culture assays could be translated to an /in vivo
model, mice bearing patient-derived BRAF™! tumors were generated and then treated with
vehicle control, 40 mg/kg UNC2025 twice daily, 40 mg/kg vemurafenib once daily, or
equivalent doses of UNC2025 and vemurafenib. Sub-optimal doses of both UNC2025

and vemurafenib were used to allow assessment of combinatorial therapeutic effects. The
combination therapy was well-tolerated and significant weight loss or other overt evidence
of toxicity was not observed in mice treated with the combination therapy (Supplemental
Fig. 7). Although there was a trend toward decreased tumor volume in mice treated with
UNC2025 or vemurafenib alone, tumor volumes were not significantly different than in
mice treated with vehicle (Fig. 5B). In contrast, tumor growth was significantly inhibited
in mice treated with UNC2025 and vemurafenib compared to mice treated with vehicle.
Differences were evident after 15 days of treatment and continued through the end of the
study. Additionally, at the end of the study, tumors were significantly smaller in mice treated
with the combination therapy compared to mice treated with vemurafenib monotherapy.

DISCUSSION

The complex and heterogeneous etiology of melanoma presents a challenge for development
of effective therapies. Furthermore, the roles for active RTKSs in this disease have not been
completely characterized and this has limited the use of RTK-directed therapies. We and
others have shown that members of the TAM family of RTKs are aberrantly expressed in
melanoma (23, 25, 31). Of these, MERTK has been validated as a potential therapeutic
target, conferring a survival advantage for melanoma cells and possibly contributing

to metastasis (25). The data presented here demonstrate decreased oncogenic signaling
mediated by UNC2025, a MERTK-selective small molecule inhibitor, resulting in functional
anti-tumor activity, both /n vitroand in vivo. Our finding that treatment with UNC2025
halted or dramatically suppressed tumor growth in mice with patient-derived xenografts is
of particular significance as these models more closely represent the biology of de novo
melanomas in patients and may more accurately predict therapeutic effects that will translate
to clinical application (37). Importantly, the therapeutic effects mediated by UNC2025 in
both cell culture and animal models were independent of oncogenic driver status (BRAF
and NRAS), implicating MERTK as a promising therapeutic target for patients whose
tumors have acquired resistance to other targeted therapies and for patients whose tumors

do not have known mutations (BRAFW!, NRASWY). This finding is notable as, while BRAF-
targeted agents provide therapeutic benefit for patients whose tumors have activating BRAF
mutations, these mutations are only present in approximately half of the patient population
and therapeutic options for treatment of BRAFW! melanoma are much more limited. In our
studies, treatment with UNC2025 inhibited oncogenic signaling pathways, decreased colony
formation, and reduced viable cell numbers in BRAF and NRAS wild-type melanoma

cell line cultures, implicating MERTK inhibition as an attractive strategy for treatment of
melanomas without BRAF or NRAS mutations using a molecularly-targeted approach. In
addition, previous data demonstrating enhanced chemosensitivity upon MERTK inhibition
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(17, 19) suggest that MERTK therapy could also be used in combination with standard
chemotherapeutic agents in wild-type melanoma, permitting dose reduction and reduced
toxicity.

Treatment with UNC2025 inhibited MERTK activation and activation of downstream
signaling pathways known to be important in oncogenesis, including STAT6 and AKT (40),
suggesting a biochemical mechanism for UNC2025-mediated therapeutic activity. Although
in other tumor models pharmacologic inhibition of MERTK inhibits activation of ERK (16,
33), there was not a significant decrease in ERK phosphorylation in response to UNC2025,
consistent with previous data demonstrating minimal regulation of ERK signaling in
response to ShRNA-mediated MERTK inhibition in melanoma cell lines (25, 28). In

these studies, expression of constitutively active AKT overcame the ShMERTK-mediated
decreases in cell survival and tumor cell expansion in culture, implicating inhibition of AKT
as a critical mechanism underlying the anti-tumor effects of UNC2025 (28).

Survivin protein levels were also decreased in response to treatment with UNC2025,
consistent with previously published data demonstrating inhibition of survivin expression
in response to shRNA-mediated MERTK inactivation (19). Survivin is expressed in most
human cancers, where it plays roles in apoptosis, cell cycle control and immune evasion
(41). Inhibition of survivin is of particular interest in melanoma, where it functions both as
an anti-apoptotic protein and an enhancer of cell migration and invasion (42). In melanoma
survivin expression has been associated with more aggressive disease and poor prognosis
(43, 44) and is not normally expressed in terminally differentiated adult tissues (41). Thus,
survivin protein levels could be particularly useful as a pharmacodynamic biomarker of
MERTK inhibition in tumor cells and may also predict therapeutic response. All melanoma
cell lines in the current study demonstrated sensitivity to UNC2025 treatment in a dose
range consistent with that required to inhibit survivin protein levels, but further studies are
needed to identify and validate potential biomarker candidates.

In BRAF™M melanoma cell lines, treatment with a combination of UNC2025 and
vemurafenib mediated more effective induction of cell death and inhibition of colony
formation than either single agent. Furthermore, while treatment with vemurafinib alone was
sufficient to inhibit ERK activity in BRAF™M cells and UNC2025 inhibited AKT and STATS,
only the combination therapy effectively inhibited all three pathways. These data suggest a
biochemical mechanism by which MERTK inhibitors can cooperate with BRAF or MEK
inhibitors. Importantly, combined treatment with UNC2025 and vemurafenib demonstrated
superior therapeutic activity /n vivo compared to either drug alone, consistent with published
data using SAMERTK and vemurafenib (31). This strategy of combining BRAF inhibitors
with other molecularly-targeted agents in order to inhibit common pathways has already
shown promise in clinical studies. Specifically, given the survival benefit seen in patients
treated with concurrent BRAF and MEK inhibitors (12), BRAF/MEK inhibitor combination
therapy has become the current standard of care for patients with BRAF™ tumors. However,
median overall survival remains approximately 2 years with up to one-third of patients
experiencing grade I11/1V adverse events. The efficacy and tolerability of combined MERTK
and BRAF inhibition in our preclinical models suggest MERTK as an alternative target

for BRAF inhibitor combination therapy. Furthermore, in an NRAS™ cell line, treatment
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with a combination of UNC2025 and the MEK inhibitor cobimetinib mediated enhanced
anti-tumor effects compared to either agent alone, implicating combined MERTK and MEK
inhibition as a potential therapeutic option for this class of tumors. Targeted treatment
options for this large subset of melanoma have been lacking to date and single-agent

MEK inhibitors have had limited clinical activity (10), making these findings particularly
intriguing. Further studies to elucidate the effectiveness of MERTK inhibition /n vivoin
combination with BRAF or MEK inhibitors and other targeted therapies are warranted.

While the studies described here clearly demonstrate induction of cell death as a mechanism
of anti-tumor activity mediated by UNC2025 in melanoma cell cultures, it is likely that other
mechanisms contribute. Studies using genetic knockdown models implicated MERTK in cell
cycle regulation, autophagy and induction of cellular senescence (17, 31, 45). However, it is
not known whether MERTK Kkinase activity is involved and additional studies are needed to
determine what affect, if any, pharmacologic MERTK inhibition has on these processes.

Additional studies to assess the effect of MERTK inhibition in combination with
immunotherapy would also be of interest, given the known roles for MERTK in the
immune system. Genetic deletion of MERTK reprograms macrophages to express a pro-
inflammatory phenotype, leading to increased infiltration and activation of CD8 T cells in
the tumor microenvironment and enhanced anti-tumor immunity in both breast carcinoma
and melanoma models (21). In this context, MERTK inhibition was sufficient to reduce
primary tumor incidence and volume as well as tumor metastasis. More recent studies have
implicated MERTK in the regulation of PD-L1 and PD-L2 immune checkpoint ligands
(46). Ectopic expression of MERTK induced expression of PD-L1 and PD-L2 in 293TN
cells and shRNA-mediated MERTK inhibition suppressed PD-L1 expression in a breast
cancer cell line. Immune-mediated tumor rejection and inhibition of PD-1 signaling may be
particularly important therapeutic mechanisms in melanoma, which is an immunotherapy-
responsive disease. Monoclonal antibodies against the immune regulatory molecules PD-1
and CTLA-4 are the current mainstay of treatment for advanced melanoma in the absence
of targetable driver mutations and in the recent KEYNOTE-002 trial treatment with the anti-
PD-1 antibody pembrolizumab resulted in greater than 2-fold increase in progression-free
survival compared to cytotoxic chemotherapies (47). These data underscore the importance
of immuno-therapeutic approaches for treatment of melanoma and suggest that MERTK-
targeted therapies such as UNC2025, which are expected to mediate both direct anti-tumor
effects and immunomodulatory effects through PD-1 and other mechanisms, may be
particularly effective in this context.

Although UNC2025 is a MERTK-selective TKI, it is possible that some of the effects

of treatment with UNC2025 described here are mediated by off-target inhibition of other
kinases; however, several lines of evidence argue against this possibility. The kinome
inhibitory profile of UNC2025 against 305 kinases revealed FLT3 as the only other
kinase that is targeted by UNC2025 with similar potency to MERTK (ICgg = 0.35 nM
and 0.46 nM in enzymatic assays, respectively) (32). Although FLT3 expression has
been well-characterized in hematologic malignancies, it is not expressed in melanoma
(48) and therefore the effects of UNC2025 in melanoma cells are likely independent of
FLT3. The next most potently inhibited kinases are AXL and TRK-A (32). In cell-based

Mol Cancer Ther. Author manuscript; available in PMC 2022 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sinik et al.

Page 12

assays, treatment with 300 nM UNC2025 had minimal or no effects on phosphorylation

of endogenous AXL in non-small cell lung cancer models (16). While the concentrations
used for the cell culture assays described here may target AXL and TRK-A to some extent,
the degree of MERTK inhibition correlated with the changes in downstream signaling

and functional anti-tumor activity. In addition, the biochemical and functional effects of
treatment with UNC2025, both as a monotherapy and in combination with vemurafenib,
recapitulated the phenotypic effects of ShRNA mediated MERTK inhibition (25, 31). In
aggregate, these findings suggest that the anti-tumor effects of treatment with UNC2025
described here are mediated by MERTK inhibition. However, AXL and TRK-A can also
contribute to oncogenic phenotypes in melanoma. AXL promotes melanoma cell migration
and invasion, and is commonly expressed in NRAS™ melanomas (23, 24, 28). The TRKA
locus is amplified in 50% of primary melanomas and 7RKA amplification and activation
have both been associated with poorer prognosis (49, 50). Given that both AXL and TRK-A
play roles in melanoma, off-target inhibition of these proteins may be a desirable approach
with potential to improve therapeutic benefits.

In conclusion, the data presented here demonstrate therapeutic activity mediated by
UNC2025 in all subsets of melanoma, regardless of the presence or absence of BRAF

or NRAS mutations, and reveal an added benefit in BRAF™ or NRAS™ melanoma when
UNC2025 is combined with vemurafenib or cobimetinib, respectively. While many strides
have been made in recent years to improve treatment of melanoma, including combined
BRAF/MEK inhibition and advancement of immunotherapies such as the PD-1 inhibitors,
further improvements are still needed and identification of novel targets to improve
outcomes for patients with advanced melanoma is a critical goal. The promising effects
mediated by UNC2025 in preclinical studies and the versatile role that MERTK plays

in tumors and the tumor microenvironment support further investigation toward clinical
development of MERTK-targeted TKIs for treatment of melanoma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IFigure 1: UNC2025 inhibits MERTK activation and downstream signaling in melanoma cell
Ines.

A) Cultures of the indicated cell lines were treated with UNC2025 for 90 minutes, and then
with pervanadate phosphatase inhibitor for 3 minutes. MERTK was immunoprecipitated
from cell lysates, and phosphorylated and total MERTK proteins were detected by
immunoblot. B) Serum starved cultures of the indicated cell lines were treated with
UNC2025 for 90 min and then stimulated with 200 nM GAS6 ligand or an equivalent
volume of vehicle for an additional 10 min. Cell lysates were prepared and the indicated
phosphorylated (denoted by p-) and total proteins were detected by immunoblot. ACTIN
is shown as a loading control. C) The indicated cell lines were treated with UNC2025 for
72 h. Cell lysates were prepared and SURVIVIN was detected by immunoblot. Data are
representative of at least 3 independent experiments.
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IFigure 2: UNC2025 reduces colony-forming potential in BRAF™M! and NRAS™ melanoma cell
Ines.

Melanoma cell lines were cultured at low density and treated with UNC2025 for 10

days, then colonies were stained with crystal violet and enumerated. A) Images from a
representative experiment. B) Colony number in BRAF™ G361, A101D, and SK-MEL-5
cell lines relative to cultures treated with vehicle (0 = DMSO), n = 4-7 independent
experiments. C) Relative colony number in NRAS™ cell lines HMCB, SK-MEL-2, and
SK-MEL-119, n = 3-5 independent experiments. Mean values and standard errors are
shown. * p <0.05, ** p < 0.01, *** p < 0.001, one-way ANOVA.
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Figure 3: UNC2025 inhibits oncogenic signaling and reduces colony-for ming potential in

BRAFWYNRASYt melanoma cell lines.

0 25 50 100300500
UNC2025 (nM)

A-B) MeWo BRAFYY/NRASW! cell cultures were treated with the indicated concentrations
of UNC2025 for 90 minutes (A) or 72 hours (B). Cell lysates were prepared and the
indicated phosphorylated (denoted by p-) and total proteins were detected by immunoblot.

C) BRAFWY/NRASM cell lines MeWo, MB2141, MB2204, and MB2724 were cultured in
triplicate at low density and treated with the indicated concentrations of UNC2025 for 10
days. Colonies were stained with crystal violet and enumerated. Colony numbers relative
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to vehicle-treated (DMSQ) cultures are shown. n=3-4 independent experiments, *p<0.05,
**p<0.01, ***p<0.001, one-way ANOVA.
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Figure 4: Combined treatment with UNC2025 and a BRAF or MEK inhibitor enhances
functional anti-tumor effectsin BRAF™ and NRAS™ melanoma cells.

A) Serum starved BRAF™ G361 cell cultures were treated with 300 nM UNC2025 and/or
675 nM vemurafenib or DMSO vehicle for 90 min and then stimulated with 200 nM GAS6
ligand or an equivalent volume of vehicle for an additional 10 min. Cell lysates were
prepared and the indicated phosphorylated (denoted by p-) and total proteins were detected
by immunoblot. B) G361 and A101D cell lines were cultured at low density and treated with
1uM vemurafenib alone or in combination with the indicated concentrations of UNC2025,
or with vehicle (DMSO) only for 10 days. Colonies were stained with crystal violet and
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enumerated. Colony numbers relative to vehicle treated cultures are shown. C) G361 and
A101D cell cultures were treated with 1uM vemurafenib alone or in combination with the
indicated concentrations of UNC2025 or with vehicle (DMSO) only for 48 h and then
stained with PO-PRO™ -1 iodide (PO-PRO) and 7-AAD. Apoptotic (PO-PRO+, 7-AAD
negative) and dead (7-AAD+) cells were detected by flow cytometry. Dead and dying cells
were enumerated via flow cytometric analysis based on PO-PRO™-1 and 7-AAD uptake.
D&E) HMCB cell cultures were treated with the indicated concentrations of cobimetinib
(cobi), UNC2025, the combination, or vehicle and colony formation (D) and induction of
cell death (E) were assessed as above. n=3-4 independent experiments, *p < 0.05, **p <
0.01, ***p<0.001, one-way ANOVA.
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Figure5: Treatment with UNC2025 inhibitstumor growth in a BRAF™! patient-derived
melanoma xenogr aft model alone and in combination with vemurafenib.

A xenograft-passaged BRAF™ melanoma patient sample (MB2117) was transplanted into
nude mice, and mice with established tumors were treated with 40 or 50 mg/kg UNC2025
twice daily (BID), 40 mg/kg vemurafenib once daily, or equivalent doses of UNC2025 and
vemurafenib in combination, or vehicle. Tumor volumes were measures at intervals. A) n=6,
*p<0.05, ** p<0.01, *** p <0.001, two-way ANOVA B) n=10-13, ** p <0.01 versus
vehicle, *** p < 0.001 versus vehicle, # p <0.05 versus vemurafenib monotherapy, two-way
ANOVA. Asterisks denote comparison between vehicle and combination treatment. Data
shown are representative of two independent experiments.
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