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Background: Melanoma accounts for only 1% of all skin malignant tumors; however, it is
the deadliest form of skin cancer. Since 2011, FDA (Food and Drug Administration)
approved several novel therapeutic strategies, such as MAPK pathway targeted therapies,
to treat cutaneous melanoma patients. However, their improvements in overall survival were
limited, due to the development of resistance.

Methods: In this work, several combinations of therapies, including the metabolic mod-
ulator DCA, were tested in melanoma cell lines, considering that MAPK and PI3K/AKT/
mTOR pathways are deregulated and interconnected in melanoma and that the presence of
the Warburg effect in melanoma cells may influence the response to therapy. The effect of the
treatments was assessed in the proliferation and survival of melanoma cell lines with
different genetic profiles. Also, the possibility to overcome resistance to the treatment with
vemurafenib was tested.

Results: In general, higher decrease in cell viability and cell proliferation and increase in
apoptosis were obtained after the combination treatments, comparing with single treatments,
in all the studied cell lines. The combination of cobimetinib and everolimus appear to be the
best treatment option. The BRAFV600E -vemurafenib resistant melanoma cell line showed
to retain sensitivity to both everolimus and DCA.

Discussion and Conclusion: Our results suggest that the combination of MAPK pathway
inhibitors with mTOR pathway inhibitors and DCA should be considered as therapeutic
options to treat melanoma patients, as the combinations potentiated the effects of each drug
alone. In a cell line resistant to vemurafenib, we verified that combined MAPK inhibitors
with inhibition of mTOR pathway and/or DCA metabolism modulation might constitute
possible strategies in order to overcome resistance to MAPK inhibition.
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Introduction

MAPK and PI3K/AKT/mTOR pathways are frequently deregulated and related to
melanoma development, by the modulation of cell growth, proliferation and
apoptosis.! The mitogen-activated protein kinase pathway (MAPK) is frequently
activated in melanoma,” through BRAFV600 and NRASQ61 mutations, which con-
stitute the most frequent identified mutations in cutaneous melanoma, 50% and
25%, respectively. PI3K/AKT/mTOR pathway overactivation is also frequent in
melanoma, through PTEN loss or AKT overexpression,”* and can lead to mela-
noma progression.” Higher mTOR pathway activation in cutaneous melanoma has
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been reported, connected with MAPK pathway and/or
BRAF activation.® The simultaneous occurrence of BRAF
mutations and activation of PI3K/AKT/mTOR pathway
was connected with cutaneous melanoma aggressiveness,
worse prognosis and short patient’s progression-free and
overall survival.®

Besides activation of these signaling pathways, meta-
bolic alterations are also crucial for melanoma biology.
Melanoma cells present the Warburg effect relying in
glycolysis, independently of the oxygen level,” which
characterizes the metabolic activity of cancer cells.®
Aerobic glycolysis confers tumor cells' growth advantage
and is required for evolution of invasive tumors, supplying
metabolites and fast ATP for cell proliferation and confer-
ring resistance to apoptosis through limited mitochondrial
oxidative phosphorylation activity.”'® Skin melanocytes
are located in a naturally mild-hypoxic environment
(10% or less of oxygen), which could pre-adapt melanoma
to hypoxia.'' At low oxygen levels, hypoxia-inducible
(HIF1-a)
metabolism.'*"? In cutaneous melanoma, overexpression
of HIF1—a associates with the activation of mTOR.'"*"”

The BRAF or NRAS mutations, frequent in melanoma, may
11,15

factor 1 « induces the glycolytic

also affect cell metabolism via activation of HIFI-a.
The Warburg effect present in the cancer cells may be
reversed by the metabolic modulator dichloroacetate
(DCA), that shift cancer cell metabolism towards aerobic
respiration.'® DCA inhibits the pyruvate dehydrogenase
kinase (PDK) function,'® favoring pyruvate to enter the
mitochondria, to participate in the TCA cycle. In breast
cancer, non-small-cell lung cancer and glioblastoma mod-
els, DCA treatment, that favors the metabolic shift from
glycolysis to oxidative phosphorylation, lead to an
increase in apoptosis and a decrease in cell growth, glu-
cose oxidation, mitochondrial membrane depolarization,
and angiogenesis, probably through indirect HIF1-a
inhibition.”>*' We and others have previously demon-
strated in vitro that DCA downregulated tumor cell pro-
liferation, induced mTOR pathway downregulation, and
promoted an increase of apoptosis of melanoma
cells."*'8223 It was also reported that BRAFV600 mela-
noma cells resistant to vemurafenib are still sensitivity to
DCA.**

The majority of the cutaneous melanoma cases are
detected in an early stage, reaching 98% on 5—year survi-
val rate.”> However, patients diagnosed with distant meta-
static melanomas have a median survival of §-9 months
and 10—year overall survival less than 10%.2°% In the last

10 years, FDA (Food and Drug Administration) approved
several novel therapeutic approaches, targeted therapies
and immune therapies, for stage IV (distant metastases)
cutaneous melanoma patients.

Several combinatorial therapies of BRAFV600 inhibi-
tors and MEK inhibitors (as vemurafenib + cobimetinib,
dabrafenib + trametinib and encorafenib + binimetinib,
respectively) were approved by FDA, for patients with
unresectable or metastatic malignant melanoma harboring
BRAF mutations.”*° Ipilimumab, an anti-CTLA4 anti-
body was approved by FDA in 2011.>! Then, nivolumab
and pembrolizumab, monoclonal antibodies against the
programmed death receptor-1 (PD-1), were approved by
FDA for the treatment of patients with metastatic
melanoma.*>* FDA approved in 2015 an oncolytic
virus, talimogene laherparepvec (T-VEC), a genetically
modified herpes simplex virus type 135737 More recently,
in 2017 and 2019, nivolumab and pembrolizumab, respec-
tively, were approved to use as adjuvant treatment of
melanoma patients with involvement of lymph nodes
after complete resection.*®>’

As the approved therapies still present limitations, and
considering that MAPK and PI3K/AKT/mTOR pathways
are frequently deregulated and interconnected in mela-
noma pathogenesis and that the Warburg effect found
frequently in melanoma cells may affect the response to
therapy, in the present study, several combinations of
therapies were tested in vitro. The effect of the treatments
was assessed in the proliferation and survival of melanoma
cell lines with different genetic profiles. Moreover, the
possibility to overcome resistance to the treatment with
vemurafenib was also tested in a resistant cell line.

Materials and Methods

Cell Lines and Culture Conditions

Four skin melanoma cell lines were used: Mewo (BRAF-
wildtype), A375 (BRAFY®°F) ED013 (BRAFY*°F) and
EDO13R2 (BRAFV®%E; vemurafenib resistant). Mewo cell
line was provided by Dr. Marc Mareel, from the
Department of Radiotherapy and Nuclear Medicine,
Ghent University Hospital, Belgium. A375 cell line was
provided by Dr. Madalena Pinto, from CEQUIMED,
Faculty of Pharmacy, University of Porto, Portugal.
Vemurafenib-sensitive and -resistant cell lines (ED013
and EDO13R2) were provided by Prof. Per Guldberg,

from the Danish Cancer Society Research Center,

FV()OOE

Copenhagen, Denmark. The parental BRA cell line
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(EDO13) was exposed to increasing concentrations of
vemurafenib in order to create the vemurafenib-resistant
cell line. The new cell line (EDO13R2) was considered
resistant when the cells could be propagated at
a concentration of vemurafenib above the ICsq of the
parental cell line.>* As the cell lines have not been pur-
chased from an accredited commercial source, their iden-
tity was verified by i3S Cell Line Bank and the use was
approved by the i3S Unit for Responsible Conduct in
Research. A375 and EDO13 were maintained in RPMI
medium (Gibco/BRL — Invitrogen). ED013R2 was main-
tained in the same medium supplemented with additional 1
UM of vemurafenib (Absource Diagnostics GmbH). Mewo
was maintained in DMEM medium (Gibco/BRL -
Invitrogen). The mediums were complemented with 10%
of fetal bovine serum, 100 U/mL Penicillin and 100 ng/mL
Streptomycin. All the cell lines were tested for the pre-
sence of mycoplasma and were cultured as a monolayer
and maintained at 37°C, in a humidified atmosphere
(5% CO2).

Treatment of Melanoma Cell Lines Using
Vemurafenib, Cobimetinib, Everolimus
and DCA

Vemurafenib (Absource Diagnostics GmbH, Miinchen,
Deutschland), molecular weight 489.92 g/mol, cobimetinib
(Genentech, Roche Group, San Francisco, California,
USA), molecular weight 531.32 g/mol, and everolimus
(Novartis Pharma AG, Basel, Switzerland), molecular
weight 958.22 g/mol were dissolved in dimethyl sulfoxide
(DMSO). DCA (Sodium dichloroacetate, Sigma-Aldrich,
St. Louis, Missouri, USA), molecular weight 128.94 g/
mol, was dissolved in distilled water (dH20) and filtered,
with a 0.22 um filter. To treat melanoma cell lines, drugs
were added to the respective culture medium and incu-
bated during 48 and 72 h. For control, cell lines were
incubated with the respective culture medium and culture
medium with DMSO and/or dH20, according to the drug
solvent.

Cell Viability Assay

PrestoBlue (PB) assay was used to evaluate the effects of
the treatments in melanoma cell lines. Cells were seeded in
96-well plates, according to cell line growth rate, at
a density of 9x10° (Mewo), 7x10° (A375), 5x10°
(EDO013) and 7.5x10° (ED013R2) in 200 pL of medium.
After 24 h, the medium was replaced by media containing

different treatment concentrations. Concerning 1Cs, deter-
mination for vemurafenib, Mewo and A375 cells were
treated with 10, 50, 100, 1000, 2500, 5000 nM, ED013
cells were treated with 500, 1000, 2000, 3000, 4000 and
5000 nM and EDO13R2 cells were treated with 1000,
2500, 4000, 5000, 6000, 7500 and 10,000 nM. For cobi-
metinib, ED013 cells were treated with 10, 20, 30, 40, 50,
100 and 200 nM and EDO13R2 cells were treated with
1000, 2500, 4000, 5000, 6000, 7500 and 10,000 nM. For
DCA, the ICso was previously established for Mewo and
A375 cell lines,"” and for ED013 and ED013R2, both cell
lines were treated with 5, 10, 20 and 40 mM. To test the
combinations, half of the ICs, and the ICs, determined for
each cell line was used for vemurafenib and cobimetinib,
except for EDO13R2, were the ICso determined for ED013
cells was used. For everolimus, half of the recommended
concentration and the recommended concentration by the
manufacture was used (10 and 20 nM). For DCA the 1Cs,
value of each cell line was used. The already approved
combination for melanoma treatment (vemurafenib with
cobimetinib) was tested in the vemurafenib resistant cell
line (EDO13R2), compared with the parental cell line
(EDO013), and tested against all the other combinations.

Cells were incubated for 48 or 72 h, washed with PBS
(pH 7.4) and cell growth was evaluated using PB, accord-
ing to the manufacturer’s instructions. A microplate reader
(Synergy HT Multi-Mode Microplate Reader, BioTek
Instruments Inc., Winooski, VT, USA) was used to mea-
sure fluorescence, at 560 nm excitation and 590 nm emis-
sion wavelengths. As control, the absorbance of the wells
with culture medium and tumor cells was used and each
experimental condition was evaluated with triplicates and
repeated three times. Dose-response profiles and ICs,
determination (the concentration that inhibits survival in
50%) were performed using GraphPadPrism5.0 (GraphPad
Software, Inc., La Jolla, CA). Each experimental condition
was repeated three times.

Cell Cycle and Apoptosis Analysis
Melanoma cells were seeded in 6-well plates, according to
cell line growth rate, at a final density of 2x10° (Mewo),
1.5x10° (A375), 1.8x10° (EDO013) and 2x10° (ED013R2)
cells/well and incubated at 37°C for 24 h. Cells were then
incubated with the treatments described above for 72 h of
treatment. For cell cycle analysis, cells were collected and
fixed overnight in ice-cold 70% ethanol. Before analysis,
cells were resuspended in PBS with 0.1 mg/mL RNase
iodide. For

A and 5 pg/mL propidium apoptosis
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quantification, cells were collected and analyzed by flow
cytometry using the Annexin-V FITC Apoptosis Kit
(Clontech  Laboratories, Inc., Saint-Germain-en-Laye,
France) according to the manufacturer’s instructions. The
flow cytometer BD Accuri C6 (BD Biosciences, Franklin
Lakes, New Jersey, USA) was used to analyze the cellular
DNA content and phosphatidylserine externalization, plotting
at least 20,000 events per sample. The data was evaluated
using the FlowJo 7.6.5 software (Tree Star, Inc., Ashland,

USA). Each experimental condition was repeated three times.

Statistical Analysis

STAT VIEW-J 5.0 (SAS Institute, Inc., Cary, NC) was
used to performe the statistical analysis. The data from
the cell line experiments, comparing control vs treatment
and treatment vs treatment, was analyzed by the two-tailed
unpaired Student’s t-test. A p value <0.05 was considered
statistically significant.

Results
Determination of the ICsq of

Vemurafenib, Cobimetinib and DCA
Mewo, A375, ED013 and ED013R2 melanoma cell lines
were incubated with increasing concentrations of vemur-
afenib, cobimetinib and DCA to determine the ICs, using
the PrestoBlue cell viability assay.

After 48 h of treatment, vemurafenib reduced the via-
bility of Mewo, A375 and EDO13 cell lines in a dose-
dependent manner, with ICsy values ranging from 173 to
5000 nM (Table 1). A significant effect of vemurafenib in
cell viability was observed in Mewo after treatment with
100 nM (p = 0.04), in A375 cell line with 10 nM (p =
0.03), and in ED013 cell line after treatment with 500 nM
(p < 0.01) (Figure 1A). The ICsy was not reached for
EDO13R2 vemurafenib resistant cell line, until 10,000
nM of vemurafenib (Figure 1A).

Given the resistance of ED013R2 to vemurafenib, we
tested the effects of cobimetinib, a MEK inhibitor, in cell

Table | ICsq Values for the Melanoma Cell Lines Analyzed

Cell DCA IC;y Vemurafenib Cobimetinib
Lines Values IC5o Values IC5o Values
Mewo 40 £ 22 mM 4990 + 8.3 nM -

A375 33+55mM 173 £ 3.3 nM -
EDOI3 20 £ 1.83 mM 1800 + 2.16 nM 40 + 2.63 nM
EDOI3R2 | 14 +2.03 mM NA NA

Abbreviation: NA, not achieved.

viability in these cells and in the parental cell line. ED013
cell viability was reduced after cobimetinib treatment
(Figure 1B), in a dose- and time-dependent manner.
After 48 h of treatment, a significant effect of cobimetinib
on EDO13 cell viability was observed after treatment with
10 nM (p < 0.01) (Figure 2B). The ICso was calculated as
40 £ 2.63 nM, after 48 h of treatment (Table 1). EDO13R2
cells treated with 1000 to 10,000 nM of cobimetinib did
not reach the ICs, (Figure 1B).

The 1Csy of DCA was previously calculated as ~35
mM for Mewo and A375 cell lines (Table 1)."* DCA
reduced the viability of ED013 and EDO13R2 in a dose-
dependent manner, and the effect of the treatment on cell
viability was observed with 5 mM (p < 0.01) (Figure 1C).
The ICsq values were calculated as 20 and 14 mM for
EDO013 and EDO13R2 cells, respectively (Table 1).

The Effect of Vemurafenib, Cobimetinib,
Everolimus, DCA and Combinatory
Treatments in Melanoma Cell Line
Viability

To evaluate melanoma cell viability, the previously estab-
lished ICso and half of the ICsq concentrations were used
for each targeted drug: 2500 and 5000 nM for Mewo, 88
and 175 nM for A375, and 900 and 1800 nM for ED013 of
vemurafenib, and 20 and 40 nM of cobimetinib for
EDO13, for 48 h and 72 h. For EDO13R2 cells, resistant
to both vemurafenib and cobimetinib, the ICs, calculated
for the EDO13 cells were used. Similarly, everolimus was
used at the recommended concentration by the manufac-
ture and half of it, 10 and 20 nM, in all cell lines. DCA
was used at the ICsg, 35 mM for Mewo and A375, 20 mM
for ED013 and 14 mM for EDO13R2 cells. The drugs were
tested alone and in combination of two and three drugs
(Table 2).

In general, the cell lines responded in a dose and time-
dependent manner to treatments (Figure 2). Comparing to
the control, treatments decreased the viability of all cell
lines, with significant differences, at both time points (p <
0.01), with higher decrease with drug combinations than
single-drug treatments (p < 0.01) (Figure 2).

Ten and 20 nM of everolimus achieved a significant
decrease on cell viability of all cell lines compared to the
control (p < 0.01 for all cell lines, except for 72 h of
treatment in A375) (Figure 2).

In Mewo cell line, combined treatment of vemurafenib
with everolimus decrease significantly the percentage of
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Figure | Graphic representation of the percentage of viability of Mewo, A375, EDOI3 and EDOI3R2 cells treated for 48 h and 72 h, determined by Presto Blue assay,
relatively to cell viability in the control (untreated cells). The grey line marks the ICsq values obtained. (A) The ICsy values obtained after vemurafenib treatment were
estimated as 4990 + 8.3 nM for Mewo, 173 + 3.3 nM for A375 and 1800 + 2.16 nM for EDO13, after 48h. Vemurafenib ICs; value was not reached for EDOI3R2. (B) The ICsq
value obtained after cobimetinib treatment was estimated as 40 nM * 2.63 nM for EDO| 3, after 48h. Cobimetinib ICs, value was not reached for EDOI3R2. (C) The ICsq
values obtained after DCA treatment were estimated as 20 * 1.83 mM for EDOI3 and 14 * 2.03 mM for EDOI3R2. The data are presented as mean * SD.
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Figure 2 Graphic representation of the percentage of viability of Mewo (A), A375 (B), EDOI13 (C) and EDOI3R2 (D) cells treated for 48 h and 72 h, determined by Presto
Blue assay, relatively to cell viability in the control (untreated cells). The cells were treated with vemurafenib, cobimetinib, everolimus, DCA and combined treatments.
Single-agent treatments are represented in orange bars, two-drug combinations are represented in blue bars and three-drug combinations are represented in green bars. 48h
treatments are represented by light colors and 72h treatments are represented by dark colors. The data are presented as mean + SD. *Represents significant differences
(0.01= p < 0.05), **represents very significant differences (0.001< p < 0.01), ***represents extremely significant differences (0.0001< p < 0.001) and ****represents
extremely significant differences (p < 0.0001) comparing treatments with control.

viable cells compared to the control (p < 0.01) and also
compared with vemurafenib combined with DCA treat-
ments (p = 0.01, except for vemurafenib 5000 nM with
DCA 35 mM, 72h of treatment), and with everolimus 20

nM combined with DCA 35 mM treatments (p < 0.01)

(Figure 2A).
A375 cells treated with combined
vemurafenib with DCA decreased viabilit

therapy of
y compared
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Table 2 Treatment Combinations Doses Applied to Each Melanoma Cell Line

Treatments Mewo A375 EDOI3 EDOI3R2
Single-drug | Vemurafenib 2500nMP<0-000! 88nMP=0-0004 900nMP<0-000! 900nMP<0-000!
Freatments 5000nMP=0-000! 1 75nMP=0-0002 1800nMP<0-000! 1800nMP=0-0003
Cobimetinib - - 20nMP=0-000! 20nMP=0-000!
40nMP<0.000! 40nMP=0-000!
Everolimus 10nMP=0-0017 [ 0nMP=0-08%7 1 0nMP=<0-000! 1 0nMP=<0-000!
20nMP=00114 20nMP=0-0889 20nMP<0-000! 20nMP<0-000!
DCA 35mMP<0-0001 35mMP=0-000! 20 mMP=0-000! | 4mMP<0-0001
Two-drug Vemurafenib + - - 900nM Vem +20nM 900nM Vem +20nM
treatments | Cobimetinib CobiP<0-000! CobiP<0-000!
900nM Vem +40nM 900nM Vem +40nM
CobiP<0-000! CobiP<0.000!
1800nM Vem +20nM 1800nM Vem +20nM
CobiP<0-000! CobiP<0:000!
1800nM Vem +40nM 1800nM Vem +40nM
CobiP<0-000! CobiP<0:000!
Vemurafenib + 2500nM Vem + 88nM Vem + 20nM | 900nM Vem + 20nM 900nM Vem + 20nM
Everolimus 20nM EveP<0-000! EveP<0:000! EveP<0:000! EveP<0:000!
5000nM Vem + 175nM Vem + 1800nM Vem + 20nM 1800nM Vem + 20nM
20nM EveP<0-000! 20nM EyeP<0-000! EyeP<0.0001 EyeP<0.0001
Vemurafenib + DCA 2500nM Vem + 88nM Vem + 900nM Vem + 20mM 900nM Vem + 14mM
35mM DCAP=09%% | 35mM DCAP=0-000! DCAP=0-000!
DCAP<0-000!
5000nM Vem + 175nM Vem + 1800nM Vem + 20mM 1800nM Vem + 14mM
35mM DCAP<29%0! | 35mM DCAP=0-000! DCAP=0-000!
DCAP<0-000!
Cobimetinib + - - 40nM Cobi + 20nM 40nM Cobi + 20nM
Everolimus EveP<0:000! EveP<0:000!
Cobimetinib+ DCA - - 40nM Cobi + 20mM 40nM Cobi + 14mM
DCAP<0-0001 DCAP<0.0001
Everolimus + DCA 10nM Eve + 35mM 10nM Eve + 35mM | 10nM Eve + 20mM 10nM Eve + 14mM
DCAP<0-000! DCAP<0-000! DCAP<0-000! DCAP<0-000!
20nM Eve + 35mM | 20nM Eve + 35mM | 20nM Eve + 20mM 20nM Eve + 14mM
DCAP<0-000! DCAP<0-000! DCAP<0-000! DCAP<0-000!
Three-drug | Vemurafenib + - - 1800nM Vem +40nM Cobi 1800nM Vem +40nM Cobi
treatments Cobimetinib + +20nM EyeP<0-000! + 20nM EyeP<0:000!
Everolimus
Vemurafenib + — - 1800nM Vem +40nM Cobi 1800nM Vem +40nM Cobi
Cobimetinib + DCA +20mM DCAP<00%! + 14mM DCAP<00!

Notes: The p of significance refers to the comparison of treatments with the control in the viability assay, after 72h treatment. Similar significant differences were observed
in the viability assay after 48h treatment (data not shown).
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with the control (p < 0.01), and also compared with the
treatment with vemurafenib combined with everolimus
(p < 0.01 at 48 h and 72 h), and with the treatment with
everolimus with DCA (p < 0.01 at 72 h) (Figure 2B).

In EDO13 cell line, significant differences on cell
viability were observed comparing the effects of cobi-
metinib with everolimus with all the other treatments,
after 48 h and 72 h of treatment (p < 0.01), even when
compared with the combinations of vemurafenib with
cobimetinib (Figure 2C). The combination of vemurafe-
nib with DCA led to a higher decrease of cell viability
compared with everolimus combined with DCA treat-
ments (p < 0.01), vemurafenib 900 nM with everolimus
20 nM (p < 0.01 to p = 0.02) and also all the combina-
tions of vemurafenib with cobimetinib at 48h treatment
(p < 0.01 to p = 0.04), except for vemurafenib 1800 nM
with cobimetinib 20 nM (not significant). From all the
treatments tested, the three-drug combination of vemur-
afenib, cobimetinib and everolimus triggered the most
evident damage on EDO13 cell viability, at both time
points (p < 0.01) (Figure 2C).

Despite the resistance observed, EDO13R2 cells
responded in a time-dependent manner to vemurafenib
treatment (p < 0.01), and to cobimetinib treatment (p <
0.01) (Figure 2D). In EDO13R2 cells, the only two-drug
treatment capable to induce a reduction on cell viability
consistently higher than 50%, at both time points, was
cobimetinib with everolimus (p < 0.01) (Figure 2D). The
combination of everolimus with DCA led to a higher
decrease of cell viability compared with vemurafenib
with DCA (p < 0.01) and all the combinations of vemur-
afenib with cobimetinib (p < 0.01 to p = 0.02). For the
three-drug approaches, in EDO13R2 cells, combining
vemurafenib, cobimetinib and everolimus was more effec-
tive than combining the two melanoma-approved drugs
with DCA. Compared to the approved combination for
melanoma treatment (vemurafenib combined with cobime-
tinib), the treatments that achieved the highest significant
reduction on EDO13R2 cell viability, at both time points,
were vemurafenib 1800 nM with everolimus, cobimetinib
40 nM with everolimus, everolimus 20 nM with DCA, and
both three-drug combinations (p < 0.01).

Comparing EDO013 and EDI03R2 melanoma cell
lines, at 48 h, the treatments more significantly effi-
cient in the resistant cells were everolimus 10 nM (p <
0.01) and everolimus 20 nM (p = 0.01). At 72 h of
treatment, everolimus 10 nM induced a significantly

higher effect in EDO13R2 cells compared with EDO13
cells (p < 0.01).

The Effect of Vemurafenib, Cobimetinib,
Everolimus, DCA and Combinatory

Treatments in Melanoma Cell Cycle

In general, and comparing to control, single-drug treat-
ments and combinations increased the percentage of cells
in GO/G1 phase and decreased the percentage of cells in
S and G2/M phase in melanoma cell lines, but not all
effects were statistically significant. Combined treatments
led to higher effects in the cell cycle in comparison with
single-drug treatments, although again not all reaching
statistical significance (Table 2 and Figure 3).

In Mewo cell line, the highest percentage of cells in G0/
G1 phase was observed in response to vemurafenib plus
everolimus (p < 0.01), although it was similar to the effect
of vemurafenib with DCA (p = 0.04 and p = 0.02), compared
to the control (Figure 3A). The significant lowest percentages
of Mewo cells in the S and G2/M phases were observed in
response to vemurafenib with everolimus (p <0.01) and with
everolimus combined with DCA (p=0.01), respectively, with
significant differences comparing to the control (Figure 3A).

In A375 cell line, comparing with the control, treat-
ment with DCA in combination with everolimus and
vemurafenib showed a higher percentage of cells in G0/
G1 phase (p = 0.03, p = 0.05, p = 0.02 and p = 0.02,
respectively). The lowest percentages of A375 cells in the
S and G2/M phases were observed in response to vemur-
afenib with DCA (not significant and p = 0.04) and to
everolimus with DCA (not significant and p = 0.03),
respectively (Figure 3B).

In EDO13, among two-drug treatments, the highest
percentages of EDO13 cells in the G0/G1 phase were
observed in response to cobimetinib with everolimus treat-
ment (p = 0.01), followed by vemurafenib 1800 nM with
everolimus treatment (p = 0.02) and vemurafenib 1800 nM
with cobimetinib 40 nM treatment (p = 0.03), with sig-
nificant differences comparing to the control. Regarding
the three-drug treatments, vemurafenib, cobimetinib and
everolimus (p = 0.01, comparing to control) was the more
efficient in increasing the number of cells in GO/G1 phase
(Figure 3C). The lowest percentages of ED013 cells in the
S and G2/M phases were observed in response to cobime-
tinib with everolimus treatment (p = 0.01) and to the three-
cobimetinib and

drug treatment of vemurafenib,

everolimus (p < 0.01), with significant differences
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Figure 3 Graphic representation of the percentage of Mewo (A), A375 (B), EDOI3 (C) and EDOI3R2 (D) cells per phase of the cell cycle (GO/GI, S and G2/M phases),
determined by flow cytometry, after 72 h of treatment with vemurafenib, cobimetinib, everolimus, DCA and combined treatments. The data are presented as mean * SD.
*Represents significant differences (0.01 < p < 0.05) and **represents very significant differences (0.001 < p < 0.01) for GO/G| phase comparing treatments with control.
TRepresents significant differences (0.01 < p < 0.05), frepresents very significant differences (0.001 < p < 0.01) and TTfrepresents extremely significant differences (0.0001 <

p < 0.001) for S phase comparing treatments with control. *Represents significant differences (0.01 < p < 0.05) and %

0.01) for G2/M phase comparing treatments with control.

comparing to the control. In the ED013 cells, comparing to
the approved combinations of vemurafenib and cobimeti-
nib, the treatment that was capable to induce more sig-
nificant effects, in all the phases, was cobimetinib with
everolimus (p < 0.01 to 0.03), which was associated with
a significant increase in the percentage of ED013 cells in
the GO/G1 phase (p < 0.01 to p =
decrease in the S phase (p < 0.01 to p =

0.01), a significant
0.02), and
a decrease in the G2/M phase, but without statistical
differences (Figure 3C).

In EDO13R2 cells, cobimetinib with everolimus treat-
ment (p < 0.01), followed by vemurafenib 1800 nM with
everolimus treatment (p = 0.01) and the three-drug treat-
ment vemurafenib, cobimetinib and everolimus (p = 0.01)
were associated with a higher percentage of cells in G0/G1
phase, with significant differences from the percentage of
cells in the control (Figure 3D). In the S phase, cobimeti-
nib with everolimus treatment (p < 0.01) and to the three-

represents very significant differences (0.001 < p <

drug treatment of vemurafenib, cobimetinib and everoli-
mus (p <0.01), were associated with a lower percentage of
cells, with significant differences comparing to the control
(Figure 3D). The observed decrease of the percentage of
cells in G2/M phase after all the treatments was not sta-
tistically significantly different from the control. In the
EDO13R2 cells, the treatment that consistently surpass
the effects induced by the approved combination for mel-
anoma, in all the phases, was cobimetinib with everolimus,
that was associated with a significant increase in the per-
centage of cells in the G1/GO phase (p = 0.03 to 0.05),
a significant decrease in the S phase (p < 0.01 to p =0.02)
and a decrease in the G2/M phase, but without statistical
differences (Figure 3D).

Several treatments affected the cell cycle differently,
comparing the two melanoma cell lines, and in general, the
effects of the treatments were more evident on the ED013
cells than on the EDO13R2 cells.
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Figure 4 Graphic representation of the number of apoptotic Mewo (A), A375 (B), EDOI3 (C) and EDOI3R2 (D) cells, determined by flow cytometry, after 72 h of
treatment with vemurafenib, cobimetinib, everolimus, DCA and combined treatments. Single-agent treatments are represented in orange bars, two-drug combinations are
represented in blue bars and three-drug combinations are represented in green bars. The data are presented as mean * SD. *Represents significant differences (0.0l < p <
0.05), **represents very significant differences (0.001 < p < 0.01), ***represents extremely significant differences (0.0001 < p < 0.001) and ****represents extremely

significant differences (p < 0.0001) comparing treatments with control.

The Effect of Vemurafenib, Cobimetinib,
Everolimus, DCA and Combinatory
Treatments in Melanoma Cell Lines
Apoptosis

Comparing to control, single-drug treatments and com-
binations increased the percentage of apoptotic cells in
general, although not all the differences were statisti-
cally significant. Combined treatments led to higher

effects in comparison with single drug treatment, but

again not all reaching statistical significance (Table 2
and Figure 4).

In Mewo cell line, treatment with the combination of
vemurafenib with everolimus led to the higher increase in
the percentage of apoptotic cells compared to the control
(p <0.01 and p = 0.01), similarly to the percentage found
with the treatment of vemurafenib combined with DCA (p
=0.01 and p = 0.02, respectively) (Figure 4A).

In A375 cell line, the percentage of apoptotic cells was
significantly increased in all the treatment combinations
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compared to the control. Combination of vemurafenib 175
nM with DCA reached the higher mortality rate in A375
cell line (p < 0.01) (Figure 4B).

In EDO13 cells, among the new two-drug treatments,
the more efficient combination in increasing apoptosis was
cobimetinib with everolimus (p < 0.01, to control), fol-
lowed by the combinations of vemurafenib and DCA (p <
0.01, to control) (Figure 4C). The three-drug treatment
combining vemurafenib, cobimetinib and everolimus was
the most efficient in inducing apoptosis of ED013 cells (p
< 0.01, relatively to control). Concerning apoptotic effects,
EDO013 cells showed no significant differences comparing
the four different combinations with vemurafenib and
cobimetinib, achieving 30% to 40% of apoptotic cells.
These combinations were the most effective among two-
drug combinations, and only the treatment with vemurafe-
nib, cobimetinib and everolimus induced a higher percen-
tage of apoptosis in EDO13 cells (p = 0.01 to 0.02)
(Figure 4C).

In EDO13R2 cells, the most efficient treatment was
cobimetinib with everolimus (p < 0.01), however similar
to other drug-treatment combinations (vemurafenib 900
nM with cobimetinib 40 nM, vemurafenib 1800 nM with
cobimetinib 40 nM, vemurafenib 1800 nM with DCA,
cobimetinib 40 nM with DCA, everolimus 20 nM with
DCA, and both three-drug treatments) (Figure 4D). In
EDO13R2 cells, all the combinations of vemurafenib and
cobimetinib induced statistically identical effects, ~10% of
apoptotic cells. Four combinations were more efficient at
inducing apoptosis in EDO13R2 cells than the approved
combination (cobimetinib 40 nM with everolimus, cobi-
metinib 40 nM with DCA, and both three—drug combina-
tions), with significant differences among effects (p < 0.01
to p = 0.01) (Figure 4D).

Globally, the treatments induced less apoptosis in the
EDO13R2 cells than in the EDO13 cells, except for ever-

olimus 10 nM treatment, but without statistical
differences.
Discussion

In this work, we established that mTOR pathway inhibi-
tion and metabolism modulation are potential therapeutic
strategies to combine with MAPK pathway inhibition in
the treatment of melanoma patients, aiming to overcome
MAPK pathway inhibitor resistance.

Approved therapies to treat cutaneous melanoma
patients still present limitations, such as fast acquisition
of resistance to MAPK pathway inhibitors.***' As

cutaneous melanoma cells show overactivation of MAPK
and PI3K/AKT/mTOR pathways' and the Warburg effect,®
in this work we evaluated whether targeting the MAPK
pathway in combination with mTOR inhibitors or DCA
could indicate therapeutic benefit and/or if drug combina-
tions could overcome resistance to MAPK pathway inhibi-
tion. This in vitro work allowed to test a high number of
combinations of several drugs, impractical to perform
in vivo, that enabled us to determine effective drug com-
binations to treat melanomas.

Vemurafenib is a specific mutant BRAF inhibitor, as
the mutation benefits the active enzyme conformation.** In
agreement, the most sensitive cell lines to vemurafenib
were A375 and EDO13 (both harboring BRAF V(’OO), reach-
ing an ICso lower than 1 uM, contrary to Mewo cell line
(BRAF™) that presented an ICs, higher than 1 pM. For
EDO13R2 resistant cell line, the ICsq of vemurafenib was
not reached, corroborating the specificity of the drug and
the resistance of the cell line, with an ICs, above 10 uM.43

In our work, DCA proved to be an efficient therapeutic
drug in cutaneous melanoma cell line treatment, either
alone or in combination with MAPK and mTOR pathways
inhibitors. The melanoma cell lines tested presented dif-
ferential sensitivity to DCA treatment, translated in lower
ICso. We observed previously that DCA target, PDK, is
overexpressed in melanoma and associated with the
expression of the mTOR pathway effectors. Melanoma
cell lines treated with DCA showed a shift in the metabo-
lism (reduction of glucose consumption and lactate pro-
duction) and a decrease not only in PDH, the readout of
DCA effect, but also in the mTOR pathway activation.'?
In this work, the metabolic modulator alone was efficient
in blocking cell proliferation and increasing apoptosis in
all the analyzed cell lines. Khan et al published a case
report of a melanoma patient treated with DCA that
showed regression and stabilization of recurrent metastatic
melanoma for over 4 years, with minor adverse effects.**
Our results also show that DCA combined with vemura-
fenib or everolimus might be an effective treatment for
melanoma patients. The MAPK and mTOR pathway inhi-
bitors altered cell dynamics, and this effect is potentiated
by the combination with DCA.

Vemurafenib, cobimetinib, everolimus and DCA, alone
or in combination, led to cell cycle arrest in GO/G1 phase,
with concomitant decrease of the percentage of cells on
S phase and G2/M phase, in all analyzed melanoma cell
lines."**> Vemurafenib, being an inhibitor of the mutant
BRAF, decreased and increased

cell proliferation
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apoptosis, by the reduction of phosphorylated ERK and
cyclin D1, a protein relevant for G1/S cell cycle
transition.*” Studies with cobimetinib suggested that
BRAF mutant cell lines presented cytocidal and cytostatic
effects in response to MEK inhibition*® and the down-
D1, that G1/S

transition.*’*® Bonnet et al reported preclinical evidence

regulation of cyclin regulates
of anticancer effect of DCA and suggested that the cell
cycle arrest in GO/G1 phase may be due to the stimulation
of ROS production by DCA?® and the consequent
increased oxidative stress, which leads to cell cycle arrest
and increase apoptosis.***° Everolimus inhibits ribosome
biogenesis and translation, by preventing the phosphoryla-
tion of mTOR effectors, which leads to a decrease in
cyclin D1 expression and increased p27 expression that
stop G1/S cell cycle transition.’'* Indeed, in a previous
study, we confirmed the inhibition of the phosphorylation
of mTOR effectors after melanoma cell line treatment with
the manufacture recommended concentration of everoli-
mus (20 nM).*

In general, our results in cell viability assays, although
not directly comparable, are in agreement with the results
from proliferation and apoptosis analysis. In the BRAF™"
cell line (Mewo), a higher decrease in cell viability, down-
regulation of proliferation, by GO/G1 arrest, concomitant
with an increase in apoptosis, was achieved by vemurafe-
nib combined with everolimus. In contrast, in the two
BRAFY®% cell lines (A375 and EDO13), the most effec-
tive drug combination was vemurafenib combined with
DCA. The genetic background of the cell lines seems to
confer different sensitivity to each combination of drugs."
These results corroborate previous studies from our group,
which emphasized the importance of the PI3K/AKT/
mTOR pathway in melanoma cell lines and its role in
cell survival as well as the sensitivity of melanoma cell
lines to DCA treatment.'>>* Our results suggest a possible
usefulness of DCA in the treatment of melanoma patients,
in line with Abildgaard et al who reported a synergistic
combination between DCA and vemurafenib in BRAF-
mutant melanoma cell lines and the retention of DCA
sensitivity in vemurafenib-resistant cells.”* The coopera-
tive effect of these compounds can be related with the
induction of a greater inhibition of lactate and ATP pro-
duction, by the combination than either agent alone.**>’
Although in our work the determined ICs, for DCA ranged
from 14 to 35 mM, it was already observed that lower
concentrations of DCA potentiate the effect by lowering
the effective concentrations of vemurafenib, pointing to

a clinical relevance of DCA in melanoma treatment, by
allowing reducing vemurafenib dose and consequently
reducing the side effects.**

In our work, the vemurafenib resistant cell line
EDO13R2 (BRAFY%%) proved to be resistant also to the
MEK inhibitor cobimetinib. The cross-resistance to
MAPK inhibitors in BRAF mutant melanoma cell lines
was already reported in other in vitro and in vivo
models.’® Thus, it seems that in EDO13R2 melanoma
cells the in vitro acquired resistance may be associated
with activation of other important pathways, such as con-
tinuous PI3K/AKT/mTOR pathway activation, rather than
the activation of MAPK pathway by secondary oncogenic
events, such as NRAS mutations or overexpression of the
kinases A-Raf and C-Raf.>’ ED013R2 seems to be more
sensitive to combinatorial treatments containing everoli-
mus, which induced a greater reduction on cell viability
and proliferation, and a higher increase of apoptosis,
compared with the vemurafenib-sensitive cell line.
These results suggest that the isogenic cell lines have
differential sensitivity to the mTORCI inhibitor and
EDO13R2 cells may have a sustained dependence on the
PI3K/AKT/mTOR pathway in order to survive. These
observations fit with other studies that described differ-
ences in this pathway activation comparing vemurafenib-
sensitive and  vemurafenib-resistant cell  lines.*’
Moreover, combination of everolimus seems to surpass
resistance to vemurafenib, and even more striking, resis-
tance to cobimetinib, being the more effective treatment
(cobimetinib combined with everolimus), better than the
approved therapy for mutant BRAF melanomas (vemur-
afenib combined with cobimetinib). Of note, ED013R2
behave as the most sensitive cell line to DCA, with G0/G1
arrest and increased apoptosis after treatment, suggesting
metabolic remodeling drugs as valuable alternatives in
melanomas that render insensitive to MAPK inhibitors,
as also observed by Roesch et al that reported that target-
ing the bioenergetic metabolism sensitizes melanoma for
a more pronounced and long-lasting BRAFY*°F_inhibi-
tors therapeutic effect.’®

Gong et al already reported in colorectal cancer cell
lines that the combination of cobimetinib with PI3K path-
way inhibition increased the cytotoxicity of cobimetinib.**
Penna et al reported that, compared to targeting both BRAF
and PI3K/mTOR pathway, the combination of a MEK1/2
and a PI3K/mTOR inhibitor was more effective in the
activation of Bax and of caspase-3 and in the activation
of caspase-dependent melanoma apoptosis.”® In our work,
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the evaluation of cell viability, proliferation and apoptosis
consistently revealed that the combination of cobimetinib
with everolimus and the three-drug treatment of vemurafe-
nib, cobimetinib and everolimus achieved better results in
the tested cell lines than the approved therapy for mutant
BRAF melanomas (vemurafenib with cobimetinib), sug-
gesting that targeting multiple pathways is a potential
option to treat melanomas harboring BRAFY®%, including
those resistant to MAPK inhibitors. Our data establish the
benefit of additive/synergetic drug combinations, particu-
larly the concomitant inhibition of MAPK and PI3K/AKT/
mTOR pathways that may overcome the mechanisms of
resistance developed frequently in BRAF mutant melano-
mas. Unfortunately, the study design, with only two data
points for each drug combination, does not allow to confirm
if the drug effects are in fact synergistic or additive.
Clinical trials with MEK and PI3K/mTOR inhibitors
were already performed in melanoma patients (eg,
NCT01166126, NCT01820364, NCT01392521 and
NCT01390818).°° Targeting both of these pathways has
clinical activity, despite some combinations have proved
unacceptably adverse effects and some of the studies had
insufficient number of patients analyzed, which do not
allow to draw definitive conclusions.®' Therefore, a large
patient cohort clinical trial will be important to establish
conclusively the efficacy of these combinations.

Conclusions

Our data indicate that the combination of MAPK path-
way inhibitors with mTOR pathway inhibitors and DCA
should be considered as therapeutic options to treat mel-
anoma patients, as the combinations potentiated the
effect on in vitro cell dynamics of each single-drug
treatment. Of note, the BRAF V60OE _yemurafenib-resistant
melanoma cell line showed to maintain sensitivity to both
everolimus and DCA. Our results suggest that combined
MAPK inhibitors with inhibition of mTOR pathway and/
or DCA metabolism modulation might represent novel
strategies to overcome resistance to MAPK inhibition.
This work reinforces the perception that approaches for
melanoma therapy should take into consideration the
BRAF mutational status, and that the genetic screening
of the patients should be considered for a personalized
therapy, leading to improvements in melanoma patient’s

survival.
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