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Abstract

Melanocortin 1 receptor (MC1R) is under investigation as a target for drug delivery for metastatic
melanoma therapy and imaging. The purpose of this study was to determine the potential of using
BRAF inhibitors (BRAF;) and histone deacetylase inhibitors (HDAC;) to enhance the delivery of
MC1R-targeted radiolabeled peptide ([212Pb]DOTA-MC1L) by pharmacologically upregulating
the MC1R expression in metastatic melanoma cells and tumors. MC1R expression was analyzed
in de-identified melanoma biopsies by immunohistochemical staining. Upregulation of MC1R
expression was determined in BRAFV600E cells (A2058) and BRAF wild-type melanoma cells
(MEWO) by quantitative real-time polymerase chain reaction, flow cytometry, and receptor-ligand
binding assays. The role of microphthalmia-associated transcription factor (MITF) in the
upregulation of MC1R was also examined in A2058 and MEWO cells. The effectiveness of
[212Ph]DOTA-MCIL a-particle radiotherapy in combination with BRAF; and/or HDAC; was
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determined in athymic nu/nu mice bearing A2058 and MEWO human melanoma xenografts. High
expression of MC1R was observed in situ in clinical melanoma biopsies. BRAF; and HDAC;
significantly increased the MC1R expression (up to 10-fold in mRNA and 4-fold in protein levels)
via MITF-dependent pathways, and this increase led to enhanced ligand binding on the cell
surface. Inhibition of MITF expression antagonized the upregulation of MC1R in both
BRAFV600E gnd BRAFWT cells. Combining [212Pb]DOTA-MC1L with BRAF; and/or HDAC;
improved the tumor response by increasing the delivery of 212Pb a-particle emissions to
melanoma tumors via augmented MC1R expression. These data suggest that FDA-approved
HDAC; and BRAF; could improve the effectiveness of MC1R-targeted therapies by enhancing
drug delivery via upregulated MC1R.
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INTRODUCTION

Metastatic melanoma is a lethal form of skin cancer and is one of the fastest growing
incidences in the world.? Recent breakthrough checkpoint-inhibitor immunotherapies and
inhibitors of mitogen-activated protein kinase (MAPK) pathway (including BRAF and MEK
inhibitors) have significantly improved the outcomes,2~* but low response rates,>8 acquired
drug resistance,%17 and serious side effects!8-21 remain serious challenges to further
improvements in the outcomes for patients with late-stage metastatic melanoma (5 year
survival < 25%).1 Melanocortin subtype 1 receptor (MC1R) is a seven-transmembrane G-
protein coupled receptor that has been investigated as a potential target for drug delivery for
melanoma therapy because of its high expression in malignant melanoma versus normal
organs and tissues.22-26 One particularly promising avenue for introduction of MC1R-
targeted therapy is the use of radiolabeled analogues of the native-cognate peptide ligand of
MCI1R (i.e., a-melanocyte-stimulating hormone; a-MSH). Numerous radiolabeled a-MSH
analogues have been developed that bind to MC1R with high specificity and affinity.27-34
However, reports of the utility of these ligands have been largely restricted to the use of B16
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murine melanoma models that has an extraordinarily high MC1R expression (8000-9000
MCAR receptors/cell).2535 In contrast, the MC1R expression in human melanoma cell lines
and tumors appears to be more heterogeneous.23-25

In this study, we investigated an approach to improving the MC1R-mediated delivery of
drug payload by pharmacological upregulation of the receptor expression in human
melanoma. Natively, MC1R expression is responsive to external stimuli, including
ultraviolet-induced DNA damage and exogenous molecular factors in the microenvironment
proximal to cells via a-MSH, ACTH, bFGF, and ET-1 signaling.22:36-39 |n this study, we
have focused on two types of Food and Drug Administration (FDA)-approved
pharmacological agents to upregulate MC1R in human melanoma cells (i.e., BRAF
inhibitors and HDAC inhibitors). Previous studies have shown that MAPK inhibition can
induce robust upregulation of melanosomal antigens,*C some of which have been studied as
potential targets for drug delivery to melanoma. For example, MAPK inhibition upregulated
glycoprotein Nmb and endothelin subtype B receptors in melanoma cells and improved the
delivery of antibody drug conjugates via these targets.*142 Similarly, epigenetic modulators,
such as histone deacetylase inhibitors (HDAC;) vorinostat (Zolinza) increased the expression
of cell-surface norepinephrine transporters in neuroblastoma, leading to enhanced efficacy of
tumor-antigen-targeted therapies.#345 In light of these findings, we aimed to explore the
potential of improving the delivery of radiolabeled a-MSH analogues to melanoma by
upregulating the MC1R expression in human melanoma cells. MC1R gene expression is
controlled in part by microphthalmia-associated transcription factor (MITF),22:37:4647 3
master-regulator transcription factor of pigmentation and melanoma cell proliferation,48-50
Thus, as part of the investigation, we sought to further explore the role of MITF in MC1R
upregulation arising from pharmacological treatments.

In this study, we present pharmacological approaches to upregulating MC1R expression in
human melanoma cell lines and tumors by BRAF; and HDAC; via MITF-dependent
mechanisms. The combination of BRAF;, HDAC;, and MC1R-targeted a-particle
radiotherapy using radiolabeled peptide [212Pb]DOTA-MCLL significantly improved
survival outcomes in mice bearing human melanoma tumors (BRAFV600E A2058 BRAFWT
MEWO), despite relatively lower MC1R baseline expression compared to B16 mouse
melanoma models.

MATERIALS AND METHODS

Cell Culture and Reagents.

Human melanoma cell lines used for this study included BRAF-mutant (BRAF V600E)
A2058 and BRAF wild-type (BRAFWT) MEWO cells obtained from American Type Culture
Collection, and they were used within 15 passages for all experiments. A2058 cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum
(FBS), 100 units mL~1 penicillin, and 100 units mL~1 streptomycin. MEWO cells were
cultured in DMEM/F-12 1:1 media supplemented with 10% FBS, 100 units mL1 penicillin,
and 100 units mL™1 streptomycin. All cells were grown at 37 °C in a humidified atmosphere
(5% COy). Drugs used in this study were purchased commercially, including BRAF;
dabrafenib and vemurafenib (Selleckchem) for MAPK inhibition and HDAC; vorinostat
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(Selleckchem) and 4-phenylbutyrate (Sigma-Aldrich). 293Pb chloride was obtained from
Lantheus Medical Imaging (North Billerica, MA). 224Ra/212Ph generator was provided by
Oak Ridge National Laboratory (Oak Ridge, TN). Pb-specific resin was obtained from
Eichrom Technologies (Lisle, IL).

Immunohistochemical Analysis of MC1R in Clinical Melanoma Sections.

Paraffinized clinical melanoma biopsy sections were provided by the Tissue Procurement
Core Facility at the University of lowa. MC1R expression in representative clinical
melanoma samples from early stage T1 to late stage T4 (n =6) was analyzed by
immunohistochemical (IHC) staining. Briefly, samples were deparaffinized by three cycles
of 100% xylene (3 min cycle™1), two cycles of 100% ethanol (3 min cycle™), one cycle of
95% ethanol (1 min), and one cycle of 70% ethanol (1 min). Antigen retrieval was
performed in 10 mM citrate buffer (pH = 6) at 95 °C for 15 min. The sections were blocked
in 5% horse serum (Sigma, H1046) for 1 h, followed by incubation with rabbit monoclonal
anti-MC1R (1:100 dilution, ab125031, Abcam) at 4 °C overnight. Secondary antibody
incubation used HRP goat anti-rabbit IgG antibody-peroxidase (PI-1000-1, Vector Labs).
The samples were finally stained with ImnmPACT NovaRED Peroxidase (HRP) Substrate
(SK-4805, Vector Labs). Bright-field microscopy was performed using an Olympus BX-61
instrument in the Central Microscopy Research Facility at the University of lowa.

Quantitative Real-Time PCR for MC1R Gene Expression.

A2058 (BRAFV600E) cells were treated with BRAF; dabrafenib (2-10 zM) and HDAC; 4-
phenylbutyrate (2-10 mM) for 24 h. MEWO (BRAFWT) cells were exposed to HDAC; 4-
phenylbutyrate (2-10 mM) and vorinostat (2-10 £M) for 24 h. BRAFWT cells were not
treated with BRAF; because BRAF; is not indicated for melanoma patients who are not
positive for BRAFVY600E mytation. Total RNA was isolated using an RNeasy Mini Kit
(74104, Qiagen) according to the manufacturer’s protocol. cDNA samples were collected
from 1 1g of total RNA using a High Capacity cDNA Reverse Transcription Kit (4368814,
Applied Biosystem). Upon assay, 20 ng of cDNA template was used for quantitative real-
time polymerase chain reaction (qQRT-PCR) using the Tagman Gene Expression Assay for
human MC1R (assay ID: Hs00267167_s1, Thermo Fisher Scientific). Human 18S (assay ID:
Hs99999901 s1) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (assay ID:
Hs03929097 g1, Thermo Fisher Scientific) were applied as internal housekeeping gene
controls. The qRT-PCR reaction was performed using the Tagman Fast Universal Master
Mix (435 2042, Applied Biosystem) in 96-well reaction plates on an Applied Biosystem
7900HT at the Genomic Division at the University of lowa. Relative MC1R mRNA level
versus control was calculated by the comparative AAG method.

Flow Cytometry Analysis of Cell Surface MC1R Protein Density.

A2058 cells were incubated with BRAF; (2 4M dabrafenib or 5 M vemurafenib) and
HDAC; (2 mM 4-phenylbutyrate or 2 4M vorinostat) for 24 h. BRAFWT cells (MEWO) were
exposed to HDAC; (4-phenylbutyrate and vorinostat) for 24 h. Cell surface MC1R
expression was then determined in melanoma cells by flow cytometry. Upon assay, the cells
were resuspended in 100 s of ice-cold phosphate buffered saline (PBS) with 1% bovine
serum albumin (BSA), containing 0.3 pg of R-phycoerythrin (R-PE)-conjugated anti-MC1R
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rabbit polyclonal IgG antibody (sc-6875, Santa Cruz Biotech). R-PE-anti-MC1R antibody
was prepared using a Lightning-Link HRP Conjugation Kit (703—0000, Innova Biosciences)
according to the manufacturer’s protocol. The isotype background was determined using R-
PE-conjugated isotype-control (ab172730, Abcam). Cells were incubated with R-PE-
conjugated antibodies for 20—-30 min on ice and washed with ice-cold PBS with 1% BSA.
The samples were analyzed using a Becton Dickinson LSR flow cytometer (BD
Biosciences) in the Flow Cytometry Facility at the University of lowa. Data were analyzed
using FlowJo software (\V9; Tree Star, Inc.).

MC1R Receptor Binding with [1251]-Nle*-D-Phe’-a-MSH.

MAPK and HDAC activity were inhibited by BRAF; (1-10 ¢M dabrafenib) and HDAC;
(0.5-10 mM 4-phenylbutyrate), respectively, in A2058 cells. For MEWO cells, HDAC
activity was inhibited by incubation with 4-phenylbutyrate (0.5-10 mM) and vorinostat
(0.5-10 pM). Treatments were carried out for 12-24 h in flat-bottom polystryene 24-well
plates. MC1R-radioligand binding assays were conducted using synthetic-radiolabeled a-
MSH analogue [1251]-Nle-D-Phe’-a-MSH ([12°1]-NDP-a-MSH, NEX352010UC,
PerkinElmer). Briefly, cell culture media containing the drugs were aspirated, followed by a
gentle wash with 0.5 mL of binding media (modified Eagle’s medium with 25 mM N-(2-
hydroxyethyl)piperazine- V' -ethanesulfonic acid, 0.2% BSA, and 0.3 mM 1,10-
phenanthroline). Binding media (0.3 mL) containing ~20 000 cpm [1251]-NDP-a-MSH were
added to cells and incubated for 2 h at 25 °C. Following the radioligand binding, the cells
were rinsed gently twice with0.5 mL of ice-cold 10 mM PBS buffer with 0.2% BSA and
lysed in 0.5 mL of 0.5 M NaOH for 5 min. Cell lyses were harvested, and radioactivity was
measured using standard gamma counting (Packard Cobra 5002, PerkinElmer).

Immunoblotting of MC1R and MITF.

Total protein was extracted with RIPA buffer (R0278, Sigma-Aldrich) containing protease
inhibitor (04693159001 Roche, Sigma-Aldrich). Each protein sample (10 g) was loaded
onto 4-15PCT Mini-Protean TGX Precast Gel (4561094, BioRad) and developed in Tris
buffered-saline Tween 20 (1706435, Bio Rad). The protein samples were then transferred to
0.2 ym polyvinylidene fluoride (PVDF) membranes (1620176, Bio Rad) in 1x Nu-PAGE
transfer buffer (NP0O0061, Life Technologies). After blocking in 5% BSA for 2 h, the PVDF
membranes were incubated with rabbit monoclonal anti-MC1R (1:1000 dilution, ab125031,
Abcam), rabbit monoclonal anti-MITF (1:1000 dilution, ab140606, Abcam), rabbit
monoclonal anti-p-ERK (1:1000 dilution, #8544, Cell Signaling Technology), and rabbit
monoclonal anti-vinculin antibody (1:10000 dilution, ab129002, Abcam) at 4 °C overnight.
Secondary antibody incubation employed goat anti-rabbit 1gG H&L (1:10000, ab97051,
Abcam) at room temperature for 1 h. Membranes were soaked in West Pico Supersignal
Chemiluminescent Substrate (37070, ThermoFisher Scientific) for 5 min before imaging. All
assays were conducted in at least duplicate to confirm the results.

MITF expression was attenuated in A2058 and MEWO cells using a predesigned MI/TF
dicer-substrate siRNA kit (TriFECTa DsiRNA Kit) (hs.Ri.MITF.13, Integrated DNA
Technologies). Briefly, M/TF Dsi-RNA was diluted with Opti-MEM in six-well tissue
culture plates. Lipofectamine RNAIMAX was also diluted with Opti-MEM and added to the
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MITF Dsi-RNA solution. The complex solution was mixed gently at room temperature for
20 min. The cells were suspended in complete growth media without antibiotics and added
to the complex solution to make the final M/TF Dsi-RNA concentration 20 nM. The cells
were then cultured under normal conditions for 2 days. After attenuation of MITF
expression, the cells were treated with BRAF; and HDAC; to determine the effect of reduced
MITF level on MC1R.

Radiosynthesis of [203/212ph]|DOTA-MCIL.

MC1R-targeted peptide DOTA-MCLL, a previously-reported ee-cyclized a-MSH analogue
conjugated to the DOTA chelator3%-32 (Figure 1), was radiolabeled with 293Pb (£, = 279
keV; 4, = 52 h) for single-photon emission computed tomography (SPECT) imaging and
212pp (£, = 10.6 h) for a-particle radiotherapy, as previously described.5! Briefly, 293PbCl,
was dissolved in 0.5 M HCI and 212PhCl, eluted from 224Ra/212Pb generator (US
Department of Energy, Oak Ridge, TN USA) using 2 M HCI. 293pbCl, and 212PhCl,
solutions were further purified by column chromatography as we described previously®!
using 50 mg of Pb-specific resin to remove metallic contaminants and decay products.
Purified 203Pb or 212Ph was obtained by elution from the Pb-specific resin using 2 mL of 0.5
M NaOAC buffer (pH = 6). Following purification, 203Pb2* or 212ph2+ solutions (~370
MBq) were buffered to pH = 5.4 and reacted with 20 nmol of DOTA-MCLL at 80 °C for 30
min. The resulting [203/212pPh]DOTA-MCLL radiolabeled conjugates were further purified
from excess unlabeled DOTA-MCLL to single species on an Agilent 1100 RP-HPLC system
using a linear gradient of 16—26% acetonitrile over 20 min in 20 mM HCI on the Vydac
218TP C18 column (4.6 x 150 mm, 5 zm) with 1 mL min~1 flow rate. Acetonitrile and HCI
were removed by Strata-X reverse-phase extraction (Phenomenex, Torrance, CA).

Upregulation of MC1R and in Vivo a-Particle Radiotherapy.

All animal studies were performed in accordance with the Guide for the Care and Use of
Laboratory Animals, according to protocols approved by the University of lowa Animal
Care and Use Committee. A2058 melanoma xenografts were developed in female athymic
nu/nu mice (Envigo) by subcutaneous inoculation of 5 x 108 A2058 melanoma cells with
50% Matrigel (354234, CORNING) in total growth media near the left shoulder.
Upregulation of MC1R in vivo was initially analyzed by MC1R-IHC staining. When the
tumor size neared 100 mm3, the animals were administrated with BRAF; vemurafenib (10
mg kgL; p.o.; b.i.d.) and HDAC; 4-phenylbutyrate (90 mg kg™1; i.p.; g.d.) for 7 days (7 =2).
A2058 tumors were collected and fixed in 4% paraformaldehyde for 48 h before being
embedded in paraffin. MC1R~-IHC staining was then performed as described above.

SPECT/CT imaging was performed in athymic nu/nu mice bearing A2058 melanoma
xenografts using [2°3Ph]DOTA-MCIL at the University of lowa Small Animal Imaging
Core. When the tumor size reached 200 mm3, the animals were treated with vemurafenib
(10 mg kg2, p.0.) and 4-phenylbutyrate (90 mg kg™, i.p.) 6 h prior to imaging studies.
[293Ph]DOTA-MCIL [13.05 MBq (0.1 MBq)] (molar activity of 70 MBg nmol~1 peptide)
was injected via tail vein in the anesthetized mice. Two hours post injection, SPECT
imaging was performed while the mice were under isoflurane anesthesia (2%) using an
INVEON trimodality SPECT/positron emission tomography/computed tomography (CT)

Mol Pharm. Author manuscript; available in PMC 2020 September 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 7

scanner (Siemens Preclinical, Knoxville, TN) equipped with medium-energy (0.3 mm)
pinhole collimators 40 mm from the center of field of view. SPECT images were generated
by acquiring 60 20 s projections over a total of 1.5 gantry rotations with 60 mm of bed
travel. Data was reconstructed using 3D-OSEM algorithm with eight iterations and six
subsets. A CT image was acquired for anatomical coregistration purposes. Post-
reconstruction images were smoothed with a three-dimensional Gaussian kernel. Animals
were euthanized at the conclusion of the imaging, and a postimaging biodistribution analysis
was performed. Briefly, the tumors and organs of interest were collected and weighed.
Radioactivity was measured by a Packard Cobra Il Gamma Counter (PerkinElmer).

MC1R-targeted a-particle radiotherapy was conducted in female athymic nu/nu mice
bearing A2058 melanoma xenografts (77 = 10) using the 212Pb-labeled therapeutic
counterpart [212Pb]DOTA-MCL1L. All therapies were initiated on day 0, when the A2058
tumor size was 85 + 18 mm3. For [212Pb]DOTA-MCIL as a monotherapy, a single dose of
5.2 MBq [212Pb]DOTA-MC1L was injected (100 zL of saline) via the tail vein. The dose of
[212Ph]DOTA-MCLL was selected based on previously published dose-escalating studies.3!
Combination therapies included a single dose of [212Pb]-DOTA-MCIL injected (i.v.) at 6 h
after administration of vemurafenib (10 mg kg1, p.o.) and 4-phenylbutyrate (90 mg kg1,
i.p.), followed by daily treatments of vemurafenib (10 mg kg™, p.o., b.i.d.) and 4-
phenylbutyrate (90 mg kg2, i.p., g.d.) for 30 days. At the conclusion of the study, dose-
limiting organs (i.e., kidney) were harvested from the surviving animals for hemotoxylin and
eosin (H&E) analysis in the Comparative Pathology Laboratory at The University of lowa.

The combination of [212Ph]DOTA-MC1L and HDAC; 4-phenylbutyrate was also confirmed
in female athymic nu/nu mice bearing BRAFWT MEWO melanoma xenografts (17 =6-7),
developed by subcutaneous injection of 5 x 106 cells with 50% Corning Matrigel near the
left shoulder. All therapies were initiated on day 0 (tumor size was 47 + 5 mm3). A single
dose of 5.2 MBq [?12Pb]DOTA-MC1L was introduced at 6 h after 4-phenylbutyrate (90 mg
kg1, i.p.), followed by daily treatment with 4-phenylbutyrate (90 mg kg2, i.p., q.d.) for 30
days. Body weight and animal wellness were monitored on a daily basis. The tumor size was
measured twice per week in each animal and calculated using the length x width formula: (L
x WA)/2. Animals were removed from the study when the tumor size reached 1500 mm3,
tumor ulcerations appeared, body weight loss was more than 20% compared with starting
weight, or other significant toxicity was observed.

Statistical Analysis.

Tumor growth statistical analysis was performed by the Biostatistics Core in the Holden
Comprehensive Cancer Center at the University of lowa. A two-tailed Student t-test was
employed to analyzed significant differences in observations. Linear mixed-effects
regression models were used to estimate and compare treatment group-specific tumor
growth curves. Pairwise comparisons were performed to identify treatment group differences
in the growth curves. The Kaplan—Meier method was used to estimate survival curves, and
group comparisons were made using log rank tests. In addition to longer-term growth rate
analyses, a single-point comparison analysis of tumor size was conducted on the date that
the first control animals were to be euthanized to allow statistical comparison of group-

Mol Pharm. Author manuscript; available in PMC 2020 September 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal. Page 8

specific tumor growth. All tests were two-sided and carried out at the 5% significance level
using SAS v9.4 software (SAS Institute, Cary, NC).

RESULTS

Mixed Levels of MC1R Expression Are Found in Clinical Melanoma Biopsy Samples.

To investigate the expression of MC1R in situ in melanoma tumors, a pilot study was
performed using de-identified melanoma biopsy samples from stage 1b to 4b (7 =6). The
specimens were analyzed using MC1R IHC staining. In these clinical samples, mixed levels
of MC1R expression were observed (Figure 2). All melanoma samples demonstrated
positive immunoreactivity against MC1R, but clearly higher MC1R staining was observed in
tumor cells from later stage melanoma tumors (patient 3 and patient 4) as compared to
earlier stage tumors (patient 1 and 2). The MC1R expression was found to be highly
localized in melanoma lesion (arrows) but largely absent in the adjacent normal tissue.
Interestingly, considerable MC1R protein appeared to be cytosolic in localization compared
to the cell surface expression.

MC1R Expression Can Be Upregulated by BRAF and HDAC Inhibitors.

The efficacy of this MC1R-targeted therapy is largely dependent on the density of MC1R on
the surface of melanoma cells. Initial experiments showed that MCZR mRNA was
significantly upregulated (8- to 10-fold) in BRAFY800E melanoma A2058 cells upon
inhibition of MAPK by dabrafenib and HDAC inhibition by 4-phenylbutyrate (Figure 3A).
Similarly, after treatment with HDAC;, MCIR mRNA levels were found to be significantly
enhanced (6- to 8-fold) in BRAFWT MEWO cells (Figure 3A). To determine if increased
levels of mMRNA expression conveyed an increase in the cell surface receptor density, flow
cytometry assays were performed in these melanoma cell lines with an expanded set of
drugs. In BRAFV600E A2058 cells, 24 h treatment with BRAF; (dabrafenib and
vemurafenib) and HDAC; (4-phenylbutyrate and vorinostat) robustly induced MC1R
expression up to 2- to 3-fold (Figure 3B). Because BRAF; is not indicated for patients whose
melanoma has not acquired the BRAFV600E mutation, BRAF; was not applied to BRAFWT
MEWO cells. Instead, HDAC inhibition using 4-phenylbutyrate and vorinostat augmented
the expression of MC1R up to 2-fold in cells (Figure 3B), indicating that HDAC inhibition
has the potential of bypassing MAPK signaling alterations and triggering the upregulation of
MC1R expression epigenetically.

Enhanced [1251]-NDP-a-MSH binding with MC1R was observed following a dose- and
time-dependent manner in both BRAFV600E and BRAFWT cells. In A0258 cells, BRAF;
dabrafenib increased [12°1]-NDP-a-MSH binding by 2- to 3-fold at 12-24 h after treatments
were initiated. Similarly, the highest [12°]-NDP-a-MSH binding (5-fold increase) was
observed after treatment with 10 mM HDAC; 4-phenylbutyrate for 24 h (Figure 3C). In
MEWO cells, a similar dose- and time-dependent upregulation of MC1R was observed after
exposure to HDAC; vorinostat and 4-phenylbutyrate, with about a 3-fold increase in [1251]-
NDP-a-MSH binding after 24 h treatment. These data support the hypothesis that MAPK
and HDAC inhibition can increase the density of functional MC1R binding sites on the cell-
surface membrane of melanoma cells that are available for the a-MSH analogue to bind.
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MC1R Upregulation Is Mediated by MITF.

MITF has been extensively investigated in melanoma for regulation of melanosomal antigen
expression, melanoma cell proliferation, and as part of melanoma cell-survival mechanisms
that arise in response to therapies.49:°0:52.53 Here, using M/TF gene-silencing methods, we
sought to determine if the observed MC1R upregulation in response to BRAF and HDAC
inhibitors depended on the MITF signaling pathway. We found that the MITF expression
was upregulated in parallel with MC1R upon treatments in A2058 and MEWO cells (Figure
4A,B). In A2058 cells, BRAF; dabrafenib and HDAC; vorinostat significantly induced MITF
and MCL1R protein expression (Figure 4A, first two lanes). Concordantly, in MEWO cells,
similar responses were observed upon HDAC inhibition using vorinostat and 4-
phenylbutyrate (Figure 4B, first two lanes). In BRAFY600E A2058 cells, treatment of BRAF;
dabrafenib largely reduced the p-ERK expression. Interestingly, exposure to HDAC;
vorinostat also compromised the expression of phospho-ERK1/2 in A2058 cells, as indicated
by the immunoblotting (Figure 4A, lane 3), whereas in BRAFWT MEWO cells, 4-
phenylbutyrate did not affect the MAPK activity, but vorinostat slightly decreased the p-
ERK expression.

To determine if MITF was required for enhanced MC1R expression, melanoma cells were
incubated with a predesigned M/TF DsiRNA. Compared with the scrambled Dsi-RNA
negative control gene, MITF DsiRNA efficiently inhibited the expression of MITF in both
A2058 and MEWO cells (Figure 4C,D). In these cases, we also found that, as MITF was
attenuated, MC1R protein levels also were significantly reduced (Figure 4C,D, first lane).
Following the attenuation of MITF expression, melanoma cells were further treated with
MC1R-upregulating drugs (1 £M dabrafenib or 1 £M vorinostat). We found that the ability
of BRAF and HDAC inhibitors to promote the upregulation of MC1R was significantly
diminished (Figure 4C,D), indicating that the transcription factor MITF plays an essential
role in regulating the MC1R expression in response to MAPK and HDAC inhibition in both
BRAFV600E and BRAFWT melanoma cells.

Upregulation of MC1R Enhances 212Pb a-Particle Radiotherapy for Melanoma.

The potential of employing HDAC; and BRAF; as a means to enhance the delivery of
radiation dose to melanoma was initially examined in BRAFVY600E A2058 melanoma
xenografts. Vemurafenib and 4-phenylbutyrate were selected as BRAF; and HDAC; in in
vivo studies based on in vitro findings (Figure 3B). IHC staining of MC1R in A2058
xenografts demonstrated increased MC1R immunoreactivity in melanoma cells upon
treatments as compared to control (Figure 5A). SPECT/CT imaging of A2058 melanoma
(identified as “T™; Figure 5B) demonstrated a significantly enhanced MC1R expression and
accumulation of [293Pb]DOTA-MC1L imaging tracer in the xenograft tumor when the
animal was treated with vemurafenib and 4-phenylbutyrate. Residual [2°3Pb]DOTA-MC1L
imaging tracer was excreted rapidly, primarily via kidney and bladder (identified as “K” and
“B”). Follow-up biodistribution analysis indicated that the accumulation of [293Pb]DOTA-
MCLL in the A2058 tumor (radioactivity/g of tissue) was enhanced 2.2-fold in
vemurafenib/4-phenylbutyrate-treated mice versus control. [293Pb]DOTA-MCLL in the
tumor/organ ratio (i.e. tumor/blood, skin, kidney, muscle) was enhanced 1.3- to 2.4-fold,
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indicating that MC1R upregulation was primarily localized within the melanoma but not in
normal tissues.

In athymic nu/nu mice bearing A2058 xenografts, control vehicle-treated animals reached
the tumor volume near or greater than 1500 mm? as early as day 10 after tumor cell implants
(Figure 5C). Meanwhile, limited control of tumor growth was observed in animals treated
with vemurafenib and 4-phenylbutyrate (Figure 5C). On the other hand, a single dose of 5.2
MBq [212Pb]DOTA-MCIL induced a significant delay in the tumor growth (**p <0.01
212pp ys control; **p <0.01 212Pp vs Vem; Figure 5C), with the mean tumor volume 247
mm3 on day 10. More robust arrest of tumor growth was observed when [212Pb]DOTA-
MC1L was combined with vemurafenib and 4-phenylbutyrate compared to [212Pb]-DOTA-
MC1L monotherapy (*p <0.05 212Pb/Vem vs 212Pb; *p <0.05 212Pb/Vem/PBA vs 212Pb).
When the control animals approached the tumor volume of 1500 mm3, the mean tumor size
was 166 and 86 mm?3 in 212Pb/Vem and 212Ph/Vem/PBA, respectively (*p <0.05
212pp/\em/PBA vs 212Pb/Vem:; Figure 5C). Individual tumor growth was then monitored in
each animal cohort for about 100 days. [212Ph]DOTA-MC1L monotherapy significantly
suppressed tumor progression compared with controls and nonradiotherapy treatment
groups; further, tumor growth suppression was observed when [212Ph]DOTA-MC1L was
combined with vemurafenib and 4-phenylbutyrate (Figure 5D). As demonstrated in
fractional survival curves, because of the aggressiveness of A2058 melanoma cells, the
median overall survival (MOS) was only 11 days in vehicle-treated animals (Figure 5D).
Improvement in survival was observed in animals treated with a single dose of
[212Ph]DOTA-MCIL (MOS 26 days; ****p <0.0001 212Pb vs control; ****p <0.0001
212pp ys \em). A combination of vemurafenib and [222Pb]DOTA-MCIL enhanced the
delivery of a-particle radiation to the tumor microenvironment via upregulated MC1R and
significantly improved the MOS to 34 days (**p <0.01 212Pb/Vem vs 212Pb; Figure 5D).
Adding both vemurafenib and 4-phenylbutyrate to [212Pb]DOTA-MCAL further extended the
MOS to 48 days (**p <0.01 212Pb/Vem/PBA vs 212Pb/Vem; Figure 5D)—representing a
nearly 5-fold improvement relative to untreated control animals.

We further tested the combination of [212Pb]DOTA-MC1L and HDAC; 4-phenylbutyrate in
BRAFWT MEWO melanoma xenografts. On the basis of the tumor growth data presented
here, MEWO melanoma tumors appeared to be less aggressive than A2058 tumors. Control
vehicle-treated animals approached the study endpoint (tumor volume 1500 mm3) as early as
day 41 following initiation of therapies, with the mean tumor volume of 1191 + 119 mm3 on
day 41 (Figure 6A). In comparison, the combination of [212Pb]DOTA-MCIL and 4-
phenylbutyrate arrested tumor growth within the same time frame, and the tumor volume
was 225 + 85 mm?3 (**p <0.01 212Pb/PBA vs control; Figure 6A). A 52 day MOS was
observed in control vehicle-treated animals (Figure 6B). Treatment with 5.2 MBq
[212Ph]DOTA-MCIL in combination with 4-phenylbutyrate significantly improved tumor
growth control in MEWO melanoma tumors, resulting in improved 92 day MOS (***p <
0.001 212ph/PBA vs control; Figure 6B). Three out of seven animals survived to the
conclusion of the study. Together, these data indicate that [212Pb]DOTA-MCIL a-particle
radiation can significantly control tumor growth in both human BRAFV600E and BRAFWT
melanoma, despite the relative lower MC1R baseline level compared to B16 murine
melanoma. Acute toxicity was not observed in animals that received therapies. H&E staining
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of kidney samples demonstrated mild-to-mixed effects on morphology, from no significant
findings to mild observable kidney injury (Figure 7). Pathology analysis of mild kidney
injury was based on observations of clusters of renal tubules, which appeared mildly dilated
and lined by flattened epithelial cells (black arrows), scattered tubules that contain sloughed
epithelial cells (blue arrows), and glomerular sclerosis (circled) marked by multifocal
scattered glomerular capillary loops.

DISCUSSION

FDA-approved MAPK-pathway-inhibiting drugs, including BRAF; and MEK;, are targeted
therapies indicated for melanoma patients whose malignancy has acquired BRAFY600X
point mutations (primarily BRAFY600E) Two available BRAF;, dabrafenib and vemurafenib,
were tested in this study for MAPK inhibition. HDAC inhibitors used in this study were
vorinostat and 4-phenylbutyrate, both of which were class | and 11 HDAC inhibitors.>*
\orinostat is a hydroxamate and has been approved by FDA for treatment of advanced
cutaneous T-cell lymphoma.®® 4-phenylbutyrate is an aliphatic-acidic HDAC; and has been
FDA-approved to treat urea cycle disorders and is currently under investigation for cancer
therapy, hemoglobinopathies, motor neuron diseases, and cystic fibrosis.56 Despite the
difference in chemical structures, both vorinostat and 4-phenylbutyrate inhibit HDAC I and
I1 via direct interaction with the zinc ion at the base of the catalytic pocket.>’ Of note,
HDAC inhibitors have been reported to enhance the sensitivity to ionizing radiation in
cancer cells by altering the gene expression both preradiation and postradiation.58-62 |t is
possible that HDAC inhibition treatments carried out in this study may have increased the
sensitivity of melanoma tumors to 212Pb a-particle radio-therapy—in addition to directing
increased radiation dose to the tumor microenvironment via upregulation of MC1R
expression in tumors.

MCA1R upregulation was analyzed in both BRAFV00E and BRAFWT cell lines using qRT-
PCR, flow cytometry, and radioligand binding assays. The [122IJNDP-a-MSH radioligand
binding assay has long been used to measure the expression of MC1R on cell membranes.
24,2563 |mportantly, this assay is relevant to MC1R-targeted therapy because DOTA-MC1L
was developed based on the MC1R native ligand (i.e., a-MSH), which shares the same
binding sequence domain with [12°IJNDP-a-MSH. Our data also suggest that the
transcription factor MITF plays a key role in regulating the pharmacological induction of
MCI1R expression by both BRAF; and HDAC;. These results are consistent with previous
investigations, which identified regulation of MC1R as linked with transcription factors
CREB and MITF.3746:47 These studies indicate that phosphorylated CREB binds to CRE (a
CAMP responsive element of the MITF promoter) and initiates MITF expression that
activates the downstream synthesis of MC1R, tyrosinase, tyrosinase-related proteins 1/2, and
other proteins. On the other hand, MITF transcriptional activity and stability are tightly
regulated by MAPK pathway signaling. BRAFY800E mutation results in highly activated
ERK1/2 and concomitant phosphorylation of MITF that promotes protease-mediated
degradation of the MITF protein.48:50.52.64-67 These observations provide a basis for
employing MAPK inhibition as an approach to concomitantly enhance MC1R protein levels.
We also found that HDAC inhibitors upregulated both MITF and MC1R expression
simultaneously, ostensibly by inducing hyperacetylation of histones that drive the expression
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of both M/TFand MCI1R genes. HDAC; are known to directly induce transcription factors
such as LEF and CREB that potentially drive the expression of M/7Fand MC1R 374654

For the studies presented here, all therapies were started on the same day (day 0).
Interestingly, despite the relatively lower expression of MC1R in A2058 and MEWO cells
compared with B16 melanoma cells, [212Ph]DOTA-MCIL a-particle radiotherapy
significantly slowed tumor growth rates in these preclinical models, potentially due to the
highly cytotoxic 212Pb a-particle emission and energy deposition in the tumor
microenvironment. All [212Pb]DOTA-MCLL radiotherapies in the present study were single
dose, whereas ongoing studies in our laboratories are investigating multiple-dosing
strategies, sustainability of pharmacologically-enhanced cell-surface MC1R expression, and
tolerability of the treatments at higher doses. Interestingly, a large portion of MC1R was
observed in the cytosolic area. Localization of the receptor could potentially impact the
therapeutic effectiveness. A recent study demonstrated that pharmacological manipulation of
the localization and distribution of the HER2 receptor improved trastuzumab binding and
therapeutic efficacy.58

Mild nephrotoxicity was observed by the pathology analysis of select animals in this study.
Kidney toxicity is a major concern for the targeted-radionuclide therapy and is managed in
the clinical setting by the coinfusion of positively charged amino acids to facilitate faster
renal clearance of radio-peptides.5% The mechanism of radiopeptide retention in kidney is
not fully understood, but multifunctional endocytic receptors megalin/cubilin are reported to
play an important role in the process of reabsorption in the proximal tubules.”%71 Therefore,
ongoing efforts include optimizing the peptide structure and disrupting these receptors to
facilitate excretion of excessive radiopeptide and reducing nephrotoxicity.

CONCLUSIONS

In this study, we report for the first time on the use of pharmacological approaches to
enhance the expression of drug delivery to target protein MC1R as a means to improve
therapeutic efficacy in human malignant melanoma in mice. Initial study of clinical biopsies
confirms positive but heterogeneous expression of MC1R in human melanoma and suggests
that the MC1R expression may increase with disease progression. MC1R expression was
upregulated using BRAF and HDAC inhibitors via MITF-dependent mechanisms. The
combination of MC1R-targeted radionuclide therapy and BRAF;/HDAC; leads to significant
tumor growth arrest and improved overall survival in both BRAFY600E and BRAFWT
melanoma. Together, these findings demonstrate that the combination of MC1R-targeted
therapies with FDA-approved MAPK; and HDAC; can be an effective regimen for
BRAFV600E and BRAFWT melanoma.
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Figurel.
MC1R-targeted ligands DOTA-MC1L. [293/212ph] DOTA-MCLL shares the His-D-Phe-Arg-

Trp sequence (blue) moiety for receptor binding and is labeled with 203/212pp radionuclides
(red). y emitter 293Ph was used for SPECT/CT imaging, and a-particle emitter 212Ph was
applied for a-radiation therapy.
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Figure 2.

IHC staining of MC1R in selected de-identified melanoma biopsies collected from human
subjects. Mixed levels of MC1R expression was observed. Significantly higher expression
was found in stage 4 tumors. Arrows indicate melanoma lesions observed within the

adjacent normal tissue.
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Figure 3.

MCI1R expression is upregulated in human melanoma cells upon treatment with BRAF; and
HDAC;. (A) qRT-PCR analysis of MC1R mRNA expression in BRAFY600E A2058 cells
after 24 h of incubation with BRAF; dabrafenib (Dabr) and HDAC; 4-phenylbutyrate (PBA)
and in BRAFWT MEWO cells after 24 h treatment with HDAC; PBA and vorinostat (Vor) (7
=3). Data are presented as normalized mean MCIR mRNA + SEM; *p <0.05, **p <0.01,
***p <0.001, and ****p <0.0001 vs controls; (B) flow cytometry histograms and protein
expression of MC1R in A2058 cells after 24 h treatment with BRAF;: Vem (5 M) and Dabr
(2 uM); HDAC;: PBA (2 mM) and Vor (2 4M); and in MEWO cells after incubation with
PBA (2 mM) and Vor (2 xM). Experiments were conducted in triplicate. Data are expressed
as relative expression of MC1R vs isotype control (mean + SEM; *p <0.05, **p <0.01,
**%p <0.001 vs controls); (C) MC1R binding with [125]]NDP-a-MSH in A2058 and
MEWO cells following incubation with Dabr (1-10 M), Vor (0.5-10 £M), and PBA
(0.5-10 mM) for 12-24 h (n =4). Data are expressed as MC1R-ligand binding vs dimethyl
sulfoxide (DMSO)-treated cells (mean £ SEM; *p <0.05, **p <0.01, ***p <0.001, ****p
<0.0001 vs controls); all experiments were performed in duplicate (7 =2).
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Figure 4.

Upregulation of MC1R in melanoma cells is mediated by the transcription factor MITF.
Immunoblotting analysis of MC1R and MITF expressions in (A) BRAFV600E ce||s (A2058)
following 24 h incubation with dabrafenib (Dabr) (1-10 M) and vorinostat (Vor) (1-10
M) and in (B) BRAFWT cells (MEWO) following 24 h exposure to HDACI vorinostat (Vor)
(1-10 M) and 4-phenylbutyrate (PBA) (1-10 mM); immunoblotting analysis of MC1R in
(C) A2058 and (D) MEWO cells in response to 24 h incubation with Dabr (1 M), Vor (1
LM), or PBA (1 mM), with normal MITF expression (negative scrambled Dsi-RNA) and
attenuated MITF expression (MITF Dsi-RNA). All experiments were conducted in duplicate
(n=2).
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Figure5.
Combination of BRAF, HDAC inhibitors, and MC1R-targeted 212Pb a-particle therapy

significantly impairs BRAFVY600E melanoma A2058 tumor growth and improves survival.
(A) Representative IHC staining of MC1R in A2058 melanoma-bearing animals that were
treated with HDAC; PBA (90 mg kg1, i.p., q.d.), BRAF; vemubrafenib (10 mg kg2, p.o.,
b.i.d.) (7 =2); (B) 2 h postinjection SPECT/CT imaging of A2058 melanoma in athymic
nu/nu mice treated with vemurafenib (Vem 10 mg kg1, p.o.) and 4-phenylbutyrate (PBA 90
mg kg1, i.p.) using [2%3Pb]DOTA-MCIL as the imaging tracer. Organs of interest are
indicated as T (tumor), K (kidney), and B (bladder); (C) average tumor volume for each
group of animals after treatments were initiated; data are expressed as mean + SD; statistical
analysis: *p <0.05, **p <0.01; (D) overall fractional survival in each treatment cohort over
100 days (77 =9-10 per group): vemurafenib (Vem) (10 mg kg~2, p.o., b.i.d.), 4-
phenylbutyrate (PBA) (90 mg kg2, i.p. g.d.), and 212Pb a-particle therapy (212Pb) (single
dose of 5.2 MBq [?12Pb]DOTA-MCIL). Statistical analysis: ****p <0.0001 212Pb versus
control; ****p <0.0001 212Pb versus Vem; **p <0.01 212Ph/Vem vs 212pb; **p <0.01
212pp/\em/PBA vs 212Pb/Vem.
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Figure 6.
Combination of HDAC inhibitor and 212Pb a-particle therapy significantly slows the

progression of BRAF wild-type MEWOQO melanoma and improves survival. (A) Average
tumor volume for each group of animals after treatments were initiated; data are expressed
as mean + SD; statistical analysis: **p <0.01 212Pb/PBA vs control and (B) overall
fractional survival in MEWO tumor xenograft models that received 212Pb a-particle therapy
(single dose of 5.2 MBq [212Ph]DOTA-MC1L) and phenylbutyrate (212Pb/PBA) (90 mg kg
~1 i.p. q.d.) (7 =6-7 per group; ***p <0.001 212Pb/PBA vs control).
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Figure7.
Mixed level of nephrotoxicity after MC1R-targeted a-radiation therapy. No acute toxicity

related to treatments was observed. Kidney samples were collected from survived animals at
the conclusion of the study and stained with H&E to analyze kidney cell morphology.
Nonsignificant (N.S.) to moderate nephritis was observed; black arrows: mildly dilated renal
tubules lined by flattened epithelial cells; blue arrows: scattered tubules contain sloughed
epithelial cells; circled: glomerular sclerosis with multifocal scattered glomerular capillary
loops.
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