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A B S T R A C T   

The aim of our study is to investigate in vitro and in vivo MC4R as a novel target in melanoma using the selective 
antagonist ML00253764 (ML) alone and in combination with vemurafenib, a B-rafV600E inhibitor. 

The human melanoma B-raf mutated A-2058 and WM 266-4 cell lines were used. An MC4R null A-2058 cell 
line was generated using a CRISPR/Cas9 system. MC4R protein expression was analysed by western blotting, 
immunohistochemistry, and immunofluorescence. Proliferation and apoptotic assays were performed with 
ML00253764, whereas the synergism with vemurafenib was evaluated by the combination index (CI) and Loewe 
methods. ERK1/2 phosphorylation and BCL-XL expression were quantified by western blot. In vivo experiments 
were performed in Athymic Nude-Foxn1nu male mice, injecting subcutaneously melanoma cells, and treating 
animals with ML, vemurafenib and their concomitant combination. Comet and cytome assays were performed. 

Our results show that human melanoma cell lines A-2058 and WM 266-4, and melanoma human tissue, ex-
press functional MC4R receptors on their surface. MC4R receptors on melanoma cells can be inhibited by the 
selective antagonist ML, causing antiproliferative and proapoptotic activity through the inhibition of phos-
phorylation of ERK1/2 and a reduction of BCL-XL. The concomitant combination of vemurafenib and ML caused 

Abbreviations: α-MSH, α-melanocyte stimulating hormone; ACTH, adrenocorticotropic hormone; AgRP, Agouti-Related Peptide; Akt, protein kinase B; ANOVA, 
analysis of variance; BCL-2, B-cell lymphoma 2; BCL-XL, B-cell lymphoma-extra large; B-raf, v-raf murine sarcoma viral oncogene homolog B1; cAMP, cyclic 
adenosine monophosphate; CDS, coding sequence; CI, combination index; CRISPR/Cas9, clustered regularly interspaced short palindromic repeats/CRISPR- 
associated protein 9; DMEM, Dulbecco’s Modified Eagle’s Medium; DMSO, dimethyl sulfoxide; EDTA, ethylenediaminetetraacetic acid; EMEM, Eagle’s Minimum 
Essential Medium; ERK1/2, Extracellular signal-regulated kinase 1/2; Fa, Fraction affected; FBS, fetal bovine serum; GB, glioblastoma; HCl, hydrogen chloride; HO-1, 
heme oxygenase-1; HRP, horseradish peroxidase; IgG, immunoglobulin G; IHC, immunohistochemistry; MANOVA, multifactor analysis of variance; MAPK, mitogen- 
activated protein kinase; MC1R, melanocortin receptor 1; MC4R, melanocortin receptor 4; MI, mitotic index; ML, ML00253764; MMC, Mitomycin C; MRT, multiple 
range test; NaCl, sodium chloride; NPB, nucleoplasmic bridges; p.o., per os; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate buffered saline; PCR, poly-
merase chain reaction; pSTAT SER, phospho signal transducer and activator of transcription serine; PVDF, polyvinylidene fluoride; RIPA, radioimmunoprecipitation 
assay; RNP, Ribonucleoproteins; rpm, revolutions per minute; s.c., subcutaneous; SD, standard deviation; SDS, sodium dodecyl sulfate; SEM, standard error of the 
mean; SphK1, sphingosine kinase 1; TO-PRO3, trimethyl-[3-[4-[(E,3Z)-3-(3-methyl-1,3-benzothiazol-2-ylidene)prop-1-enyl]quinolin-1-ium-1-yl]propyl]azanium. 

* Correspondence author. 
E-mail address: guido.bocci@unipi.it (G. Bocci).   

1 Present address: Dipartimento Salute Mentale e Dipendenze Patologiche Forlì -Cesena, Ausl Romagna, Italy.  
2 Present address: Istituto Italiano di Tecnologia, Pontedera, Italy. 

Contents lists available at ScienceDirect 

Biochemical Pharmacology 

journal homepage: www.elsevier.com/locate/biochempharm 

https://doi.org/10.1016/j.bcp.2023.115952 
Received 9 September 2023; Accepted 27 November 2023   

mailto:guido.bocci@unipi.it
www.sciencedirect.com/science/journal/00062952
https://www.elsevier.com/locate/biochempharm
https://doi.org/10.1016/j.bcp.2023.115952
https://doi.org/10.1016/j.bcp.2023.115952
https://doi.org/10.1016/j.bcp.2023.115952
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bcp.2023.115952&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Biochemical Pharmacology 219 (2024) 115952

2

a synergistic effect on melanoma cells in vitro and inhibited in vivo tumor growth in a preclinical model, without 
causing mouse weight loss or genotoxicity. 

Our original research contributes to the landscape of pharmacological treatments for melanoma, providing 
MC4R antagonists as drugs that can be added to established therapies.   

1. Introduction 

Melanocortin peptides are derived from the polypeptide pro- 
opiomelanocortin, α-melanocyte stimulating hormone (α-MSH) and 
adrenocorticotropic hormone (ACTH). They have been implicated in 
pigment regulation, secretion of adrenocortical hormones, energy ho-
meostasis, and neuroprotective activity, and they act via the interaction 
with five different melanocortin receptors [1,2]. The melanocortin re-
ceptor 4 (MC4R) is expressed in various human cells such as skin me-
lanocytes, astrocytes, and neural progenitor cells [3]. MC4R expression 
in the hypothalamic arcuate nucleus is highly involved in food intake 
regulation, and reports suggest it also has a role in inflammation, neu-
roprotection, and astrocyte functions [4,5]. 

MC4R is a G protein-coupled receptor and its intracellular signaling 
pathway involves the stimulation of adenylate cyclase with an increased 
synthesis of cyclic adenosine monophosphate (cAMP), involving also 
mitogen-activated protein kinase (MAPK) extracellular signal-regulated 
kinase 1/2 (ERK-1/2) activation [6]. Caruso and colleagues [7] reported 
that α-MSH protects astrocytes from apoptosis through MC4R stimula-
tion by decreasing caspase-3 activity. A recent article reported the in 
vitro preventing effect of cell death and the increasing cell proliferation 
after ACTH binding to MC4R, expressed in oligodendroglia and oligo-
dendroglia precursor cells [8]. Interestingly, it has been also described a 
basal (constitutive) activity in wild type and mutant MC4R in the 
absence of agonists [9], and the presence of an endogenous competitive 
antagonist called Agouti-Related Peptide (AgRP) [10]. Indeed, human 
AgRP operates as an inverse agonist for the human MC4R, suppressing 
the constitutive activity of the receptor both in transfected B16/G4F 
mouse melanoma cells and in membrane preparations [10]. 

Currently, there are no data available on functional MC4R expression 
or activity in human melanoma cells. Nonetheless, Vaglini and col-
leagues recently showed that human glioblastoma (GB) cell lines and 
tissues express MC4R receptors [11] and that their inhibition with the 
non-peptide, selective MC4R inhibitor ML00253764 (ML) [12] caused 
antiproliferative and pro-apoptotic effects as a result of inhibition of 
ERK1/2 and protein kinase B (Akt) phosphorylation [11]. Additionally, 
an association of temozolomide and the MC4R antagonist caused highly 
synergic activity in vitro and in vivo in a GB murine model, indicating the 
possibility with this combination of a dose reduction in the chemo-
therapeutic drug and, thus, reducing the relative toxicity of this regi-
ment whilst retaining its therapeutic effect [11]. 

These premises and data may indicate a direct effect of the selective 
MC4R selective antagonist ML – a drug originally designed to prevent 
cachexia - on tumors derived from cells that normally express functional 
MC4Rs such as melanomas. Given the inhibition of GB tumor cells in 
vitro and in vivo, we hypothesize that the functional inhibition of MC4R 
by ML could directly arrest proliferation and induce apoptosis of mela-
noma cells, which would greatly enhance the therapeutic effect of 
available target therapies in patients affected by these aggressive tu-
mors, thus representing a completely novel treatment. Therefore, the 
aim of our study is to investigate in vitro and in vivo MC4R as a novel 
target in melanoma using a selective antagonist alone and in combina-
tion with vemurafenib, a v-raf murine sarcoma viral oncogene homolog B1 
(B-raf) V600E inhibitor [13]. 

2. Materials and methods 

2.1. Cell lines and drugs 

The human melanoma B-raf V600E mutated A-2058 (ATCC-CRL- 
11147), B-raf V600D mutated WM 266–4 (ECACC-91061233) cell lines 
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) and 
Eagle’s Minimum Essential Medium (EMEM), respectively. The passage 
number of cell lines were authenticated by the vendors. The media were 
added with heat-inactivated fetal bovine serum (FBS) at 10 %, 1 % So-
dium Pyruvate, 1 % L-glutamine, and 100 U/mL penicillin, 100 mg/mL 
streptomycin. Cells were maintained at 37 ◦C in 5 % CO2 with a hu-
midity at 95 %. Reagents for cell line cultures were purchased from 
Sigma Chemical Co. (St Louis, MO, USA). Sterile cell culture plastics 
were obtained from Sarstedt (Nümbrecht, Germany). Vemurafenib was 
from Selleckchem (Houston, TX, USA), and it was solubilized in 
dimethyl sulfoxide (DMSO). The small molecule ML (chemical name: 2- 
[2-[2-(5-Bromo-2-methoxyphenyl)ethyl]-3-fluorophenyl]-4,5-dihydro- 
2-1H-imidazole hydrochloride) was obtained from Tocris Bioscience 
(Bristol, UK), and it was prepared in sterile water. 

To perform in vitro experiments, a 10 mM stock solution was pre-
pared for both drugs. Dimethyl sulfoxide (DMSO) concentration in the 
control’s media was the one utilized to dilute the highest concentration 
of vemurafenib in the medium of treated samples for the same 
experiment. 

2.2. Clustered regularly interspaced short palindromic repeats/CRISPR- 
associated protein 9 (CRISPR/Cas9) design, transfection, and 
transduction 

The CRISPR/Cas9 system was used to eliminate the MC4R gene in the 
A-2058 cell line. CRISPR/Cas9 editing of MC4R gene was designed using 
the human MC4R coding sequence (NG_016441). The chosen gRNAs 
were selected to minimize the off-target activity, according to the 
Benchling algorithm: 

gRNA1: 5′-GCCUUUUCCAAGGGACUCACGUUUUAGAGCUAUGCU- 
3′; 

gRNA2: 5′-UGGUGAACUCCACCCACCGUGUUUUAGAGCUAUGCU- 
3′. 

gRNAs were synthetised by IDT (Integrated DNA Technology, Iowa, 
USA). Ribonucleoproteins (RNP) were assembled following manufac-
turer’s protocol (Integrated DNA Technology, Iowa, USA). RNP trans-
fection of A-2058 cells was performed using NEON Nucleofector system 
(Thermo Scientific, Massachusetts, USA) using 10 µl transfection kit 
with the following specifications: 1600 V, 10 ms, 3 pulses. 48 h later, 
5x103 cells were serially diluted in 96-well plates. Single cell-derived 
clones were then analysed by polymerase chain reaction (PCR), fol-
lowed by sequencing analysis. PCR screening were performed on total 
genomic DNA extraction using the following primer pairs: FWD: 
GTGAAACTCTGTGCATCCGT REV: AACTCCATGTCAAGCTCTGG. To 
fully characterize the mutation induced by gene-editing and separate the 
two alleles during sequencing, we sub-cloned the PCR products into pJet 
1.2 vector, following manufacturer’s instruction (CloneJet, Thermo 
Scientific, Massachusetts, USA). Off-target activity was measured in A- 
2058 cells using Surveyor Nuclease Assay (IDT, Coralville, Iowa, USA) 
following the manufacturer’s protocol. No off-target activity was found 
for both A-2058 C1 and A-2058 C7 clones (data not shown). A schematic 
representation of CRISPR/Cas9 gene ablation strategy used to inactivate 
the MC4R gene in A-2058 Clones 1 and 7 is shown in Fig. 1. The 
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sequencing analysis of Clones 1 and 7 revealed large deletions in both 
alleles and the introduction of early stop codons by gene-editing of 
MCR4. 

2.3. Immunohistochemistry, immunofluorescence and western blotting of 
MC4R in melanoma cells 

To evaluate the levels of MC4R protein expression in melanoma cells, 
we studied A-2058, A-2058 Clone 1 (MC4R null) and WM 266–4 cells. 
This experimental procedure has previously been described by us [11]. 
Thus, in brief, cells (2 × 104) were seeded on glass coverslips that had 
been placed in 12-well plates. Cultured cells were fixed 72 h later in a 
solution of 4 % paraformaldehyde (made up in phosphate buffered sa-
line, PBS), and then blocked with 15 % normal goat serum and 0.2 % 
Triton X-100. The cells were incubated with 20 μg/ml of a rabbit anti- 
MC4R antibody overnight (GTX31382; Gene Tex International Corpo-
ration; Irvine, CA, USA). Slides were washed three times with PBS. Next, 
the slides were incubated with biotinylated anti-rabbit immunoglobulin 
G (IgG) (Vector Laboratories; Burlingame, CA, USA), and thereafter with 
avidin–biotin conjugated to peroxidase (Vector Laboratories). We 
omitted the primary antibody in some slides as a negative control to 
assess background staining. The stained cells were imaged using a Nikon 
inverted microscope at × 20 magnification. Next, micrographs were 
generated using a Nikon D40x digital camera. For the immunofluores-
cent studies, cells were fixed onto slides and then incubated with a 1:250 
dilution (in PBS) of secondary goat anti-rabbit fluorescent antibody 
(Alexa Fluor 488; Abcam; Cambridge, MA, USA). Cells were stained with 
trimethyl-[3-[4-[(E,3Z)-3-(3-methyl-1,3-benzothiazol-2-ylidene)prop- 
1-enyl]quinolin-1-ium-1-yl]propyl]azanium;diiodide (TO-PRO3; Mo-
lecular Probes; Eugene, OR, USA) diluted 1:1000 (in PBS) for nuclear 
staining, and coverslips were visualized using a confocal Leica TCS SP5 
laser-scanning microscope. We used both × 40 and × 60 magnification. 
We used cells with no primary antibody treatment as a negative control. 

Western blotting analysis was performed as previously described 
[11]. Briefly, radioimmunoprecipitation assay (RIPA) buffer was added 

to cell pellets. Cells were first sonicated, and then centrifuged (14,000 x 
g for 15 min in a cold centrifuge), and protein concentration in the ly-
sates was evaluated by using Bradford’s reagent. Forty μg of total pro-
teins lysate for each sample were first denatured by boiling in reducing 
buffer, and then isolated by electrophoresis. Lysates were then trans-
ferred onto polyvinylidene fluoride (PVDF) membranes. The membranes 
were exposed to MC4R primary antibody (dilution 1:500, ab75506; 
Abcam) for 12 h at 4 ◦C. The membranes were then exposed to a sec-
ondary antibody peroxidase-conjugated (Cell Signaling Technology; 
Danvers, MA, USA) followed by conjugate detection. For loading con-
trols, the blots were also probed for β-tubulin expression (antibody from 
Cell Signaling Technology). 

2.4. Immunofluorescence of MC4R and MC1R in human tissue 

A Melanoma specimen was from the archival samples of the Uni-
versity of Pisa collection. The human specimen was obtained by quali-
fied pathologists within routine diagnostic aims, and this was following 
a protocol that was approved by the Ethic Committee of the University of 
Pisa. As previously described [11], the tissue block was first fixed in 
buffered formalin. It was subsequently washed in PBS, and then pro-
cessed for paraffin embedding. Sections were cut with a microtome (at 
10 μm thickness). The slides were then deparaffinized, rehydrated, and 
then processed for hematoxylin/eosin staining, and for immunofluo-
rescence studies. To evaluate the expression of MC4R and melanocortin 
receptor 1 (MC1R) proteins, the tissue slides were first washed in PBS. 
They were then incubated for 30 min in blocking solution (which con-
sisted of 15 % normal goat serum and 0.2 % Triton X-100 in PBS). The 
tissue samples were incubated overnight at 4 ◦C with a mouse anti- 
MC1R antibody (ab230675, Abcam) used at a working concentration 
of 10 μl/ml in PBS and a rabbit anti-MC4R antibody (GTX31382) at 2.5 
μl/ml in PBS. Tissue slides were then incubated for 90 min with a sec-
ondary goat anti-mouse red fluorescent antibody (Alexa Fluor 647) as 
well as an anti-rabbit green, fluorescent antibody (Alexa Fluor 488); and 
both these secondary antibodies were diluted 1:250 in PBS. The slides 

Fig. 1. a) Schematic representation of CRISPR/Cas9 gene ablation strategy used to inactivate the MC4R gene. Green letters indicate conserved coding sequence 
(CDS). Sequencing analysis of Clones 1 and 7 revealed large deletions in both alleles. b) Protein sequence prediction based on the sequencing analysis shown in a. The 
analysis revealed the introduction of early stop codons by gene-editing of MCR4. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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were then washed three times, and nuclear staining was performed by 
using 10 µl of Dapi/Antifade solution (Sigma-Aldrich, St Louis, MO, 
USA). The tissue slides were mounted and visualized under a Leica TCS 
SP5 confocal laser-scanning microscope used at × 60 magnification 
(Leica Microsystems, Mannheim, Germany). 

2.5. Antiproliferative and apoptosis assays 

In vitro antiproliferative activity was tested in WM 266–4, A-2058 
and A-2058 Clone 1 melanoma cell lines. The experimental procedures 
have been previously described [11] with some modifications. Briefly, 
cancer cells were seeded in 24-well sterile plastic plates and treated with 
ML (0.001–50 μM) and vemurafenib (0.001–100 μM) continuously for 
72 h, adding fresh solutions with new medium every 24 h. Controls were 
exposed to their respective vehicles. Viable cells (evaluated by trypan 
blue dye exclusion) were counted with a hemocytometer. The data are 
reported as the percentage of the vehicle-treated cells. All experimen-
tations were reiterated, separately, three times with at least three sam-
ples for each drug concentration. The drug concentration that caused a 
50% reduction of cell proliferation (IC50) vs. vehicle-treated samples 
was estimated by non-linear regression fit of the mean values of nine 
samples for each drug concentration. 

The activity of the combined treatment of ML and vemurafenib were 
evaluated on both WM 266–4 and A-2058 melanoma cells with the 
concomitant program of an established molar concentration ratio of 1:1, 
including ML (0.01–50 μM) plus vemurafenib (0.01–50 μM) for 72 h. To 
estimate the possible synergistic activity between ML and vemurafenib, 
the combination index (CI) method [14] and the Loewe additivity model 
[15] were followed. In brief, synergism, or antagonism for ML and 
vemurafenib was assessed based on a multiple drug-effect equation, and 
quantified by the CI, where CI < 1, CI = 1, and CI > 1 mean synergism, 
additive effect, and antagonism, respectively. The CI indexes were 
calculated with the CalcuSyn v.2.0 software (Biosoft, Cambridge, UK). 
The synergistic, additive, and antagonistic effects of the combined drugs 
were measured and graphically summarized using the Loewe additivity 
model, with the Combenefit software (v.2.021). 

To quantify apoptosis induced by ML treatments, WM 266–4 and A- 
2058 3 × 105 cells were seeded in 100-mm sterile dishes and tested for 
72 h with ML, vemurafenib and their concomitant combination, at their 
respective IC50s, and with vehicle alone. At the completion of the 
treatment period, cells were collected, and the samples were analyzed 
with the Cell Death Detection enzyme-linked immunosorbent assay 
(ELISA) Plus kit (Roche, Switzerland) [16]. The data were expressed as 
percentages versus the mean value of vehicle-treated absorbance (ob-
tained from at least nine samples) that was set at 100 %. All experi-
mentations were reiterated, separately, three times with at least three 
samples for drug concentration. Moreover, to obtain images of the 
apoptotic cells, 2 × 104 melanoma cells were seeded on coverslips in a 
12-well plate and tested with ML for 72 h at their IC50s. At the 
completion of the treatment time, the coverslips were washed with PBS, 
and the cells were fixed, and stained with TO-PRO3. The cells were 
finally observed under a Leica TCS SP5 confocal laser-scanning 
microscope. 

To identify the proteins involved in the proliferative and apoptotic 
process the western blotting on heme oxygenase-1 (HO-1), phospho 
signal transducer and activator of transcription serine (pSTAT SER) and 
B-cell lymphoma-extra large (BCL-XL) protein was performed on WM 
266–4 and A-2058 cells treated with ML at their experimental IC50s with 
the same protocol procedure described above. The primary antibodies 
for HO-1, pSTAT SER and BCL-XL were obtained from Cell Signaling 
Technology and the membranes were also tested for β-tubulin protein 
adopting an anti-β-tubulin antibody. 

2.6. Extracellular signal-regulated kinase (ERK) 1/2 and phospho (P)- 
ERK1/2 western blotting 

A-2058 and A-2058 Clone 1 melanoma cells were starved overnight 
and treated with ML (0.1–10,000 nM), or vehicle alone in serum free 
medium for 30 min or at 1,000 nM at different time points (from 1 to 60 
min). After treatment, cells were lysed with a lysis buffer including Tris- 
hydrogen chloride (HCl) pH 8.0, sodium chloride (NaCl), ethyl-
enediaminetetraacetic acid (EDTA), Triton, sodium dodecyl sulfate 
(SDS) and protease inhibitor mix. Whole-cells lysates were centrifuged 
at 12000 rpm for 15 min at 4 ◦C to obtain supernatants. Protein con-
centration in the samples was measured using Bradford procedure. 
Proteins were separated by SDS-polyacrylamide gel electrophoresis 
(PAGE) and transferred to a PVDF membrane. Membranes were blocked 
in 5 % nonfat milk for 1 h at a temperature of 25 ◦C, washed and 
incubated overnight at 4◦ C with anti-ERK-P M9692 (pERK-1/2 44 kDa 
and 42 kDa, Thr183 and Tyr185; 1:1,000; Sigma-Aldrich). Bound pri-
mary antibodies were detected with secondary antibody horseradish 
peroxidase (HRP) conjugated A4416 (1:20,000; Sigma-Aldrich) for ERK- 
P incubated for 1 h at room temperature. The detection of bands was 
performed with Luminata Forte Western HRP Substrate (Millipore, 
Darmstadt, Germany) on a Kodak Image Station 440 CF. The same 
PVDFs were stripped in acidic solution (pH 2.0) and re-blocked in 5 % 
nonfat milk for 1 h. After stripping, membranes were incubated over-
night with anti-ERK-Total M5670 (1:40,000; Sigma-Aldrich) at 4 ◦C and 
1 h with anti-rabbit HRP conjugated SAB3700852 (1:2,000; Sigma- 
Aldrich) at room temperature and bands were detected as described 
above. The bands quantification was performed with Kodak 1D image 
analysis software. 

2.7. In vivo experiments 

Athymic Nude-Foxn1nu male mice (20–25 g) were obtained by 
Envigo (Milan, Italy) and they had access to sterile food and water. All 
animal procedures and housing were done in agreement with the 
approval of the Academic Organization Responsible for Animal Welfare 
(OPBA, Organismo Preposto per il Benessere Animale) of the University 
of Pisa and of the Italian Ministry of Health (authorization number 191/ 
2019-PR). 

The previously published in vivo experimental procedure [17] was 
followed with minor modifications. Briefly, 3 × 106 ± 5 % viable A- 
2058 and WM 266–4 in 0.2 ml serum-free medium were injected sub-
cutaneously (s.c.) in each mouse between the scapulae. Mouse weights 
were checked, and tumor extents were assessed every 2–3 days in two 
crosswise lines using a caliper. The tumor volume (mm3) was measured 
as [(w1 x w2 x w2) x (π/6)], where w1 and w2 were the largest and the 
smallest mass widths (mm), respectively [18]. The mice were assigned 
randomly to different groups of treatments, including six animals per 
group. After the onset of an established tumor (about 50 mm3), the mice 
were treated with ML 30 mg/kg s.c. daily [11], vemurafenib 75 or 100 
mg/kg per os (p.o.) every other day [19] and their concomitant 
combination. 

At the completion of the experimental time, mice were euthanized by 
an anesthetic overdose and tumor tissues were fixed in formalin and 
then embedded in paraffin for MC4R and MC1R immunofluorescence, as 
described above, and for immunohistochemistry as previously reported 
[17]. Tumor slices (5 μm thick) were stained with haematoxylin and 
eosin and were evaluated for the necrosis index (% of necrotic area), the 
mitotic index (MI). Immunohistochemistry (IHC) for CD31 (clone JC70, 
Ventana Medical System) and active caspase-3 (ab2302, Abcam, Cam-
bridge, UK) was assessed in an independent way by two different pa-
thologists. Negative controls were carried out by excluding the primary 
antibodies. 
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2.8. Comet and Cytome assays 

A-2058, A-2058 Clone-1 and WM 266-4 cells lines were exposed ML 
(0–1,000 nM) for 48 h. As a positive control for the Comet assay, we used 
Hydrogen peroxide (100 µM for 10 min treatment). Similarly, as positive 
control for the Cytome assay, we used Mitomycin C (MMC) at a con-
centration of 0.1 μg/ml. 

2.8.1. Comet assay 
DNA damage evaluation in melanoma cells was essentially carried 

out as previously reported [20,21]. Briefly, melanoma cell suspensions 
were embedded in low melting agarose (0,5%). Next the cells were 
spread onto microscope slides that had been pretreated with regular 
melting agarose (1 %). These slides were subsequently dipped into a 
lysis solution, in which they were incubated at 4 ◦C for 1 h to completely 
lyse the cells membranes. The slides were then placed by immersion into 
an alkali solution for approximately 20 min. The slides were then elec-
trophoresed for 20 min. At this stage, the slides were adjusted to neural 
pH with Tris–HCl. They were then stained with ethidium bromide, and 
were then observed under a microscope (at 400 × magnification). For 
each of the experiments conducted, we assessed the percentage of DNA 
that migrated in the direction of the anode (noted as % tail DNA), and 
these results were quantified with an image analyzer (Kinetic Imaging 
Ltd, Komet, Version 5). We measured at least 25 random nuclei for each 
slide, and we also scored two slides for each of the different treatments. 
Next the mean values were calculated. These experiments were con-
ducted in dimmed light to prevent artificial DNA damage. 

2.8.2. Cytome assay 
Melanoma cells were treated for 48 h. Cytochalasin B (6 mg/ml) 

(Sigma Aldrich) was added at 44 h after seeding. The treated cells were 
washed, detached, and then collected by centrifugation (1,800 rpm for 
10 min) 72 h after seeding. Next, the cell pellets were incubated with 1 
ml of hypotonic solution at 37 ◦C and thereafter with 80 μl of freshly 
prepared pre-fixative solution (methanol and acetic acid at 3:5). The 
cells were then centrifuged at 1,800 rpm for 10 min. Cell pellets were 
resuspended in a freshly made ice-cold fixative solution (composed of 
methanol and acetic acid at 7:1) and kept at + 4 ◦C for at least half an 
hour. After a second fixative step, the cells were placed onto microscope 
slides and subsequently stained with 4 % Giemsa. We used two slides for 
each treatment and 2,000 binucleated cells with observably well- 
preserved cytoplasm were scored under a light microscope to deter-
mine and count the frequency of nucleoplasmic bridges (NPB) as 
described [22]. 

2.9. Statistical analysis 

For the data analysis, investigators were blinded to which samples/ 
animals represented treatments and controls. The data (mean ± SD or 
SEM) underwent to analysis of variance (ANOVA), followed by the 
Student–Newman–Keuls test. The level of significance was established at 
P < 0.05. Analyses were carried out with the GraphPad Prism software 
package version 7.0 (GraphPad Software, Inc., San Diego, CA). For the in 
vivo experiments, 6 animals were used per group in order to give 80 % 
power to oneway ANOVA analysis, against a difference in tumor vol-
umes equal or greater than 0.50*sd, with a nominal alpha error rate =
0.05. The power calculation was carried out using G*Power 3 software. 
For the Comet and Cytome assays, we performed Multifactor Analysis of 
Variance (MANOVA) taking into consideration dose, experimental time, 
culture, and the experiment, as factors. The multiple range test (MRT) 
was used to detect statistically significant differences (P < 0.05) among 
the different experimental groups. For the analysis, we used the statis-
tical software SGWIN (Windows 98). 

3. Results 

3.1. MC4R is expressed in human melanoma cell lines and in tissue 
samples 

The immunohistochemistry and the immunofluorescence of mela-
noma A-2058 and WM 266–4 cells showed the existence of MC4R pro-
tein on A-2058 (Fig. 2A and C, respectively) and WM 266–4 (Fig. 2E and 
G, respectively) cells in comparison to negative controls where the pri-
mary antibody anti-MC4R was omitted (Fig. 2B and D and Fig. 2F and 
H). Western blotting validated the expression of the melanocortin re-
ceptor 4 in both A-2058 and WM 266–4 cell lines (Fig. 2I) with the 
presence of two marked bands, as previously described in glioblastoma 
cells [11]. The human patient melanoma tissue sample, shown in Fig. 2J, 
exhibited a robust MC4R immunoreactivity (green color) (Fig. 2K). 
Moreover, the immunofluorescence of melanoma slices incubated with 
both MC4R (green color) and MC1R (red color) antibody (Fig. 2L) 
showed an intense staining for MC4R but only few positive MC1R cells. 

3.2. ML inhibits melanoma cell proliferation alone and in combination 
with vemurafenib 

No statistical differences were noted between the proliferation rate 
(Fig. 3A) and the pERK/ERK ratio (Fig. 3B) of A-2058 and A-2058 Clone 
1 (the MC4R null cell line) melanoma cells. The antiproliferative effects 
of ML on WM 266–4, A-2058 and A-2058 Clone 1 melanoma cells 
treated for 72 h showed a concentration-dependent pharmacological 
activity. The calculated IC50s were found to be 33.7 nM, 11.1 nM, and 
360.1 nM, respectively (Fig. 4A). Vemurafenib showed concentration/ 
response curves with a strong antiproliferative activity on A-2058 cells 
(IC50 = 1.1 nM) and WM 266–4 (IC50 = 7.3 nM) melanoma cells treated 
for 72 h (Fig. 4B). The concomitant treatment of ML and vemurafenib for 
72 h caused a highly synergistic antiproliferative effect on both the 
melanoma cell lines A-2058 (Fig. 4C) and WM 266–4 (Fig. 4D) with the 
CI values far below 1, obtaining an amplified antiproliferative effect 
compared to what expected by the simple sum of the effects if admin-
istered individually. The calculation - with the Loewe additivity model - 
of the drug combination effects, mapped as a three-dimensional synergy 
diagram, demonstrated that the association of ML with vemurafenib in 
A-2058 cells was strongly synergic (Fig. 4E). The Loewe method 
corroborated the findings also for WM 266–4 cells (Fig. 4F) at all the 
percentage of cell proliferation inhibition. 

3.3. Decrease of ERK1/2 phosphorylation by ML in melanoma cells 

Western blot analysis demonstrated that a 30-min exposure of ML 
inhibited in a concentration-dependent manner the quantity of the 
active pERK1/2 in A-2058 cells (Fig. 5A), and the ratio of pERK/ERK 
protein bands of ML-exposed cells emerged significantly declined 
already at low nanomolar concentrations (P < 0.05; Fig. 5B). The 
absence of MC4R in A-2058 Clone 1 cells abolished the concentration- 
dependent effects of ML (Fig. 5A), with a significant difference (P <
0.05; Fig. 5B) compared to the A-2058 cells harboring MC4R on their 
plasma membrane. Moreover, the inhibition of the phosphorylated form 
of ERK1/2 was also time-dependent with a marked effect (more than 50 
%) after 30-, 45- and 60-min ML exposure in A-2058 but not in the A- 
2058 Clone 1 cells (Fig. 5C). The image analysis of the blots confirmed 
the statistical inhibition of the phosphorylation of ERK1/2 by ML in A- 
2058 cells (P < 0.05; Fig. 5D) and the absence of this activity on Clone 1 
cells (Fig. 5D). 

3.4. Induction of apoptosis in melanoma cells by ML 

This apoptotic process was quantified using an ELISA test. Fig. 6A 
shows a significant increase in the extent of DNA fragmentation at 10 nM 
of ML (the antiproliferative IC50) after 72 h of treatment in A-2058 cells 
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compared to vehicle-treated cells, and also the 35 nM concentration (the 
antiproliferative IC50) significantly enhanced the apoptosis in WM 
266–4 cells after 72 h (Fig. 6A). Moreover, the combination treatment of 
ML and vemurafenib (at their respective IC50s) markedly intensified the 
apoptotic process in both the cell lines if compared to the single 

treatments (Fig. 6A). TO-PRO3 iodide incubation revealed at confocal 
microscope a weak fluorescence of normal nuclei (Fig. 6B) of A-2058 
vehicle-treated cells (i.e., non-apoptotic cells); instead, the 10 nM of ML- 
treated sample showed an enhanced fluorescence of shrunken nuclei 
(Fig. 6C) that are characteristic of apoptotic cells. After exposure to 10 

Fig. 2. Immunohistochemistry (A and B) and immunofluorescence (C and D) of A-2058 cells (upper microscopic pictures) stained with melanocortin receptor-4 
(MC4R) antibody (left microscopic pictures) and negative control (right microscopic pictures), performed by omission of the primary antibody. Immunohisto-
chemistry (E and F) and immunofluorescence (G and H) of WM 266–4 cells (lower microscopic pictures) stained with MC4R antibody (left microscopic pictures) and 
negative control (right microscopic pictures). Scale bar, 25 μm. Immunoblotting (I) of MC4R protein and of housekeeping gene product β-tubulin from a triplicate of 
cellular lysates of melanoma A-2058 and WM 266–4 cell lines. MC4R and melanocortin receptor-1 (MC1R) immunoreactivity in a human tissue sample of cutaneous 
melanoma. Hematoxylin and eosin (J) stained section of melanoma sample and immunofluorescence of MC4R (K; color green) alone, and MC4R with MC1R (L; color 
red). Magnification of the images: J x 20; K and L x 40. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 3. Proliferation rate (A) and pERK/ERK ratio (B) of A-2058 (MC4R WT) and A-2058 Clone 1 (MC4R null) were reported. No statistical differences were found 
between the two cell lines for both the studied characteristics. The data are presented as mean (±SEM) values of cell numbers; columns and bars represent mean values 
± SD of image analysis quantification of pERK/ERK ratio of A-2058 and A-2058 clone 1cell lines. 
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nM of ML concentration, the quantity of BCL-XL, a critical antiapoptotic 
protein, was significantly declined after 72 h (Fig. 6D) in A-2058 cells, 
whereas other anti-apoptotic proteins such as HO-1 and pSTAT-Ser were 
found slightly reduced but not at a significant level (Fig. 6D) compared 
to vehicle-treated cells. 

3.5. ML and vemurafenib concomitant combination inhibited melanoma 
in vivo 

A-2058 and WM 266–4 cells injected s.c. in Athymic Nude-Foxn1nu 

mice expanded fast, and tumor volumes became measurable usually 
within 5 days after cell injections. The xenografts in vehicle-treated 
animals displayed a continuing augmentation in their dimensions and 
an exponential growth. In a first experiment, ML was able to statistically 
inhibit the A-2058 tumor growth (Fig. 7A), if compared to vehicle- 
treated mice, already after 5 days of treatment without any sign of 
weight loss suffered by mice (Fig. 7B). The concomitant combination of 
ML and vemurafenib was able to significantly slow down the A-2058 
tumor growth if compared to controls (Fig. 7C), maintaining a good 
tolerability (Fig. 7D). The same antineoplastic activity was replicated in 
the WM 266–4 tumor masses (Fig. 7E) with significant differences in 
mean tumor volumes between the combination group and the control 
one. The therapeutic schedules were very beneficial and tolerable with 
low deficit of weight all over the time of treatment (Fig. 7F). Table 1 
reports the assessment of necrosis, mitotic, apoptotic indexes and 
microvascular density of vehicle-treated and drug-treated A-2058 and 
WM 266–4 tumors. A significant decline in mitotic index was reported at 
both the active concomitant treatments, as well as a statistical increase 

in activated caspase 3 staining in all treated samples. The microvascular 
count was significantly decreased in subcutaneous WM 266–4 tumors 
treated with ML plus vemurafenib, whereas in A-2058 this decrease did 
not reach the statistical threshold. In tissue samples of A-2058 mela-
noma from mice, a strong MC4R immunoreactivity (green color; Fig. 7G) 
and a faint MC1R immunostaining (red color; Fig. 7H) was demon-
strated in vehicle-treated mice. The immunofluorescence of melanoma 
tissues incubated with both MC4R and MC1R antibody reported only 
few cells positive for the MC4R after the two-week treatment with ML 
(Fig. 7I) and an almost complete disappearance for MC4R signal in the 
combination group of tumors (Fig. 7J). 

3.6. ML did not cause primary DNA damage and structural mutations in 
vitro and in vivo 

ML exposure did not cause genotoxicity in terms of primary DNA 
damage at all concentrations used in WM 266–4, A-2058, and A-2058 
Clone 1, unlike exposure to the positive control, which caused a sig-
nificant induction of genotoxicity (Fig. 8A). With regard to structural 
mutations (chromosomal aberrations), such as NPBs, no significant in-
crease was observed in any of the cell lines studied (Fig. 8B), except for 
mitomycin C-treated cells. The degree of DNA damage was evaluated by 
Comet assay at three different pH of electrophoretic run, in blood and 
tumor tissues of vehicle-treated and ML-treated groups of mice after 21 
days of exposure. The results showed no genotoxicity with respect to 
single (pH 12.1) and double-strand breaks (pH 8) and alkali-labile sites 
(pH > 13), in peripheral blood cells and in cells obtained from explanted 
tumor tissue (Fig. 8C). 

±
±

±

±

±

Fig. 4. Antiproliferative effect of ML00253764 (ML) in vitro on human A-2058, WM 266–4 and A-2058 Clone 1 melanoma cell lines (A). Antiproliferative effect of 
vemurafenib in vitro on human A-2058 and WM 266–4 (B). The antiproliferative effects of the drug were studied after 72 h of exposure. The data are presented as 
mean (±SD) percentage values of vehicle-treated cell proliferation. *P < 0.05 vs. controls. Combination Index (CI)/Fraction affected (Fa) curves of A-2058 (C), and 
WM 266–4 (D) cell proliferation inhibition by concomitant combination of ML and vemurafenib for 72 h. The symbols represent the combination index values 
(synergism CI < 1) per the fraction of cells affected by the combination. The 3-dimensional landscape of the dose matrix of combination responses for ML and 
vemurafenib based on the Loewe model in A-2058 (E) and WM 266–4 (F) cells, where blue reflects evidence of synergy and red represents evidence of antagonism. 
Cell viability was plotted as % control. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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4. Discussion 

Currently, there are no published data on the expression and activity 
of MC4R in human cancers other than GB [11], and therefore there are 
no data on its modulation by selective antagonists in melanoma. This 
lack of information opens entirely new and unexplored fields of research 
on tumors that arise from cells that normally express functional MC4Rs, 
such as human skin melanocytes [23]. 

There are no comparable data about antiproliferative and pro- 
apoptotic effects of MC4R antagonists in melanoma. Nonetheless, the 
use of ML to inhibit MC4R blocks cell proliferation and enhances 
apoptotic process in glioblastoma cells at micromolar concentrations 
[11]. The activity of MC4R antagonist on both cell processes was ach-
ieved in melanoma cells at nanomolar concentrations. Moreover, our 
use of the MC4R null cell line (A-2058 Clone 1), whose proliferation rate 
and pERK/ERK 1/2 ratio was not statistically different from A-2058, 
confirmed the preferential activity of the antagonist ML on MC4R, as the 
antiproliferative IC50 of the drug was markedly increased when MC4R 
was expressed (10 nM compared to 360 nM, respectively). This prefer-
ential antitumor activity was conceivably due, in part, to the inhibition 
of ERK1/2 phosphorylation, as shown by the time- and concentration- 
dependent effect of ML in MC4R wild-type cell line A-2058, whereas in 
the MC4R null A-2058 cells, the inhibition of phosphorylation 
completely disappeared at all time points and at the different 

concentrations tested, indicating that pharmacological antitumor ac-
tivity is related, in part, to ERK1/2 phosphorylation, as previously 
observed in GB cells [11]. Indeed, like other G protein-coupled re-
ceptors, MC4R activates MAPK signaling pathways, particularly ERK1/2 
pathway, in addition to activating classical G protein-mediated signaling 
pathways to alter secondary messenger levels [3,24]. ERK1/2 is acti-
vated by α-melanocyte-stimulating hormone (α-MSH) in mouse GT1-7 
hypothalamic cells, and Chai and coworkers have shown that the 
MC4R antagonist SHU9119 abolished the phosphorylation of ERK1/2 in 
GT1-1 mouse hypothalamic cells in a concentration-dependent way 
[25]. However, ML could have additional and important antitumor 
mechanisms of action that should be investigated other than pERK in-
hibition, as suggested by its activity also on MC4R null A-2058 cell line at 
much higher concentrations. Future studies will help to unveil these 
further inhibitory patterns. 

To our knowledge, there are no preclinical data of any combinations 
of vemurafenib and a G protein-coupled receptor antagonist with which 
to make an appropriate comparison. The low experimental values of 
vemurafenib IC50s (in the nanomolar range) were obtained with a 
continuous exposure (daily treatments to mimic the clinical setting) of 
cells to vemurafenib for 72 h. The available data for WM266-4 and A- 
2058 that are present in literature have been generally obtained for 
exposures of just 24 h [26] (e.g., for WM266-4 cells) or 48 h [27,28] (e. 
g., for A-2058 cells), after a single treatment with resulting higher IC50s. 

µ

µ µ

Fig. 5. (A) Immunoblotting of phospho-ERK1/2 (pERK) and total ERK1/2 (ERK) in A-2058 and A-2058 Clone 1 cell lines exposed for 30 min to 100 pM-10 µM 
concentrations of ML00253764 (ML). The blot is representative of experiments repeated three times. (B) Image analysis quantification of western blot bands rep-
resenting the pERK/ERK ratio of A-2058 and A-2058 Clone 1 cell lines exposed for 30 min to 100 pM-10 µM concentrations of ML. Columns and bars, mean values ±
SD, respectively. *P < 0.05 compared to control; #P < 0.05 compared to the same A-2058 point. (C) immunoblotting of phospho-ERK1/2 (pERK) and total ERK1/2 
(ERK) in A-2058 and A-2058 Clone 1 cell lines exposed from 1 to 60 min to 1 µM of ML. The blot is representative of experiments repeated three times. (D) Image 
analysis quantification of western blot bands representing the pERK/ERK ratio of A-2058 and A-2058 Clone 1 cell lines exposed from 1 to 60 min to 1 µM of ML. 
Columns and bars, mean values ± SD, respectively. *P < 0.05 compared to control; #P < 0.05 compared to the same A-2058 point. 
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These differences can be also ascribed to the adoption of different de-
tections kit and procedures (e.g., MTS or MTT vs. trypan blue dye 
exclusion count). The enhancement of the effect of ML with a chemo-
therapeutic agent (e.g. temozolomide) has already been described by 
our group in GB cell lines both in vitro and in vivo [11], confirming the 
importance of a combined strategy to obtain the best antitumor results. 
Indeed, a synergistic effect of the combination of vemurafenib and 
SCH722984, an ERK1/2 inhibitor [29], on b-raf mutant melanoma cell 
lines was described, which significantly delayed the development of 
resistance upon long-term administration of vemurafenib [30]. Indeed, 
our combination treatment with ML, which was able to inhibit ERK1/2, 
was strongly synergistic in vitro, confirming this successful therapeutic 
approach. 

Based on our previous findings in GB [11], the expected proapoptotic 
activity of the MC4R antagonist ML was also detected in melanoma cells 
at relatively much lower concentrations corresponding to the calculated 
antiproliferative IC50s, and it was significantly enhanced by the com-
bined treatment with vemurafenib. In addition, MC4R stimulation by 
α-MSH has previously been shown to provide a survival stimulus to 
osteoblasts by activating MC4R-sphingosine kinase 1 (SphK1) signaling 
[31], and to astrocytes by reducing caspase-3 activity [5]. Moreover, 
analogous to our results, although in a different non-neoplastic cell 
model, the MC4R antagonist SHU9119, and shRNA-mediated silencing 
of MC4R, nearly abrogated the α-MSH-induced pro-survival effect in 
osteoblasts [31]. In our experiments, inhibition of MC4R activity by very 
low concentrations of ML enhanced the apoptotic process in both mel-
anoma cell lines by significantly reducing the anti-apoptotic protein 

BCL-XL [32]. In that regard, we would argue it is not coincidental that 
apoptosis resistance of melanocytes is mainly related to the high 
expression of pro-survival mitochondrial proteins such as B-cell lym-
phoma 2 (BCL-2) and BCL-XL [33]. Furthermore, a recent report showed 
that blocking the mitochondrial protein BCL-XL increases the tendency 
of melanoma cells to die after therapy with various anticancer drugs, 
including mitotic inhibitors and chemotherapy [34]. These observations 
reinforce the importance of combining ML with another antineoplastic 
drug such as vemurafenib to enhance its antitumor effect. 

The preeminent result of the in vivo study was that the combination 
of ML and vemurafenib significantly delayed subcutaneous A-2058 and 
WM 266–4 melanoma growth compared with either drug alone or 
controls, supporting the synergistic activity observed in vitro. Doses for 
either drug, which produced minimal effects when administered alone, 
were able to significantly reduce tumor growth and maintain the tumor 
response throughout the study period. Similar results were obtained 
when the same dose of ML 30 mg/kg was combined with temozolomide 
in a GB in vivo model [11]. Interestingly, the previously described 
pharmacokinetics of the drug [12] indicate that experimental inhibition 
of subcutaneous melanoma was achieved at drug concentrations 
compatible with in vitro antiproliferative activity. As in the in vitro ex-
periments, high expression of MC4Rs was also observed in the untreated 
subcutaneous melanoma, a predisposing condition for response to ML 
and especially to the combination of vemurafenib and ML. Indeed, the 
MC4R was almost absent in the remaining cancer cells after treatment, 
suggesting a selection of clones that expressed less MC4Rs on their 
membranes to survive treatment. In addition, both ML and vemurafenib 

Fig. 6. Apoptosis measurements in A-2058 and WM 266–4 (A) melanoma cell lines treated with ML00253764 (ML), vemurafenib (VEM), and their simultaneous 
combination (at their respective IC50s) using the Cell Death Detection ELISA Plus kit. The data were expressed as percentages versus the mean value of vehicle-treated 
absorbance (obtained from at least nine samples) that was set at 100 %. Columns and bars, mean values ± SD, respectively. *P < 0.05 vs. vehicle-treated controls. A- 
2058 cells stained with the nuclear marker TO-PRO3 and treated with ML for 72 h. The microscopic picture shows the weak fluorescence of controls (B) with 
normally sized nuclei indicative of non-apoptotic cells; in the microscopic picture of cell treated with ML (C), the arrows indicate increased fluorescence of shrunken 
nuclei that are characteristic of apoptotic cells. Immunoblotting (D) of heme oxygenase-1 (HO-1), phospho signal transducer and activator of transcription serine 
(pSTAT-ser), B-cell lymphoma-extra large (BCL-XL) and of housekeeping gene product β-tubulin from a triplicate of cellular lysates of A-2058 cell line exposed for 72 
h to 10 nM ML. The graph represents the image analysis quantification of western blot bands. Columns and bars, mean values ± SD, respectively. *P < 0.05 compared 
to control. 

P. Orlandi et al.                                                                                                                                                                                                                                 



Biochemical Pharmacology 219 (2024) 115952

10

decreased the mitotic index in tumor tissues when administered alone, 
but their combination strongly enhanced this feature, confirming the in 
vitro antiproliferative results. Activated caspase-3 levels were observed 

to increase significantly after both single and combined treatment, 
suggesting an important pro-apoptotic role of the therapy in vivo as well. 
An unexpected finding, that surely matter deserving future investiga-
tion, was related to the data about the combination of the two drugs 
causing lower values of necrosis index that did not significantly differ 
from the controls. However, a possible explanation of this experimental 
result could be the fact that the remaining smaller tumor masses of the 
group of animals treated with combined therapy were composed by 
drug-selected clones of cells resistant at least to ML because of the almost 
complete disappearance of MC4 receptor as testified by Fig. 7J. More-
over, it is also intriguing the inhibition of the microvascular counts in 
the combined treatment group of mice. Indeed, our previous published 
findings demonstrated the presence of MC4R in the endothelial cell line 
HUVEC [11]. It is conceivable that ML in combination with vemurafenib 
may also exert a sort of synergism against cycling endothelial cells that 
are present in tumor masses, reducing the number of tumor 
microvessels. 

ML and its combination with vemurafenib did not show toxic effects 
in vivo. Indeed, the mice weights did not show any important decrease 
during the therapy administration if compared to vehicle-treated mice. 
These data confirmed the capacity of ML to attenuate and prevent tumor 
cachexia in mice, as previously shown [35,36], through the MC4R 
blockade. Moreover, its safety profile was also confirmed by the absence 
of genotoxicity in vitro and in vivo, suggesting that ML poses no genotoxic 
risk under clinical conditions and can be safely used for future clinical 
trials. Indeed, identification of genotoxic capacity is a crucial and 
essential process in the advancement of a pharmaceutical agent, as it is 
important for human safety in terms of potential induction of cancer and 
hereditary damage [37]. G protein-coupled receptor antagonists are not 
described as drugs that cause DNA damage, such as chemotherapeutic 

Fig. 7. In vivo therapeutic effect of (A) ML00253764 (ML) 30 mg/kg s.c. every day alone on A-2058 melanoma xenotransplant, (C) of ML concomitant combination 
with vemurafenib 75 mg/kg/day on A-2058 melanoma xenotransplant, and (E) of ML concomitant combination with vemurafenib 100 mg/kg/day on WM 266–4 
melanoma xenotransplant in CD nu/nu mice. Body weight of A-2058 (B and D) and WM 266–4 (F) tumor-bearing control mice and mice treated with ML and 
vemurafenib alone or in combination. Symbols and bars, mean ± SD; *P < 0.05 vs. controls. MC4R and MC1R immunoreactivity in tissue samples of A-2058 mel-
anoma xenotransplant. Vehicle-treated immunofluorescence of MC4R (G; color green) alone, vehicle-treated immunofluorescence of MC4R and MC1R (H; color red), 
ML-treated immunofluorescence of MC4R (I), and ML + vemurafenib-treated immunofluorescence of MC4R (J). Bar, 20 µM. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Necrosis index, mitotic index, microvascular count and apoptotic index of 
human subcutaneous melanomas after treatment of vehicle alone (control), 
ML00253764 alone, vemurafenib alone, and their combination (ML00253764 
+ vemurafenib). Values are shown as mean ± SE; *P < 0.05 vs. vehicle-treated 
controls.  

Parameters Necrosis 
index (% of 
necrotic 
area) 

Mitotic 
index 

Microvascular 
count (CD31 þ ) 

Apoptotic 
index (% of 
active caspase 
3 stained cells) 

A-2058 tumor tissue 
control 15.0 ± 3.2 13.6 ±

1.5 
5.0 ± 0.9 20.0 ± 3.2 

ML00253764 48.0 ± 3.7* 7.8 ±
1.1 

5.0 ± 0.8 54.0 ± 5.1* 

vemurafenib 46.0 ± 5.1* 8.0 ±
0.4 

5.2 ± 0.4 52.0 ± 9.7* 

combination 22.5 ± 6.3 5.5 ±
0.6* 

3.7 ± 0.2 50.0 ± 4.1* 

WM-266–4 tumor tissue 
control 26.7 ± 3.3 9.3 ±

0.5 
7.8 ± 0.7 31.7 ± 6.5 

ML00253764 36.7 ± 3.2* 8.0 ±
1.0 

6.0 ± 0.6 56.7 ± 8.8* 

vemurafenib 43.3 ± 3.3* 6.2 ±
0.8 

8.0 ± 0.9 58.3 ± 3.1* 

combination 12.5 ± 2.5 4.5 ±
0.5* 

2.5 ± 0.5* 55.0 ± 5.0*  
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agents [38], but they require this type of investigation for their phar-
macological characterization [39], in various in vitro and in vivo assays 
[40]. Moreover, the absence of DNA damage confirmed that the anti- 
melanoma activity of ML was mediated by MC4R receptor signaling 
inhibition as described above. 

In summary, our original research and new therapeutic approaches 
could help change the landscape of pharmacological treatments of 
melanoma, adding new alternative or adjunctive drugs to established 
therapies. 
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