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Summary
Objective The problem of drug resistance to BRAF-targeted therapy often occurs in melanoma treatment. Activation of
PI3K/AKT/mTOR signaling pathway is one of the mechanisms of acquired resistance and a potential target for treatment. In
the current research, we investigated that dual inhibition of mTOR and MEK synergistically reduced the viability of melanoma
cells in vitro.MethodsA combination of rapamycin (a macrolide immunosuppressant, mTOR inhibitor) and binimetinib (an anti-
cancer small molecule, selective inhibitor of MEK) was studied using a panel of melanoma cell lines, including patient-derived
cells. Results It was found, that combinatorial therapy of rapamycin (250 nM) and binimetinib (2 μM) resulted in 25% of cell
viability compared to either rapamycin (85%) or binimetinib alone (50%) for A375 and vemurafenib-resistant Mel IL/R cells.
The suppressed activation of mTOR and MEK by combined rapamycin and binimetinib treatment was confirmed using Western
blot assay. Cell death occured via the apoptosis pathway; however, the combination treatment significantly increased the
apoptosis only for Mel IL/R cells. The enhanced cytotoxic effect was also associated with enhanced cell cycle arrest in the
G0/G1 phase. Conclusion In general, we provide the evidence that dual inhibition of mTOR and MEK could be promising for
further preclinical investigations.
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Introduction

Treatment of advanced melanoma has changed dramatically
within the last decade. The target inhibition of mutated BRAF

with vemurafenib and dabrafenib have shown marked down-
regulation of BRAF signaling and significant clinical activity
[1]. However, the effectiveness of existing therapies remains
questionable due to development of drug resistance. This
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acquired resistance is commonly associated withMAPK path-
way reactivation and PI3K/AKT/mTOR pathway activation,
NRAS activating mutations, or hyperactivation of receptor
tyrosine kinases (RTKs) [2, 3].

Both PI3K/AKT/mTOR and MAPK signaling pathways
play a central role in the transmission of oncogenic signals
[4, 5]. These pathways can be constitutively activated or mu-
tated in melanoma cells by hyperactivation of the upstream
RTKs or somatic mutations in specific signaling components
leading to activation of cell proliferation and survival signals
[6].

Despite the prevalence of persistent MAPK signaling in
resistant metastases, inhibition downstream of BRAF using
the MEK inhibitor trametinib as a single agent had minimal
clinical activity in melanoma patients that had relapsed on
BRAF inhibitor (BRAFi) therapy [7]. AnotherMEK inhibitor,
binimetinib (MEK162), has led to a partial response in a phase
II study in patients with melanoma containing BRAFV600
[8]. A Phase III trial has also shown significantly improved
progression-free survival compared with dacarbazine in
NRAS-mutated melanoma [9]. In June 2018 FDA approved
a combination of binimetinib and BRAF inhibitor encorafenib
for unresectable or metastatic melanoma with BRAF muta-
tions [11].

However, little information is known about its efficacy on
BRAF-resistant melanomas. The search for new combinations
with this group of drugs is continuing to increase the tumor-
specific cytotoxic effects and increase patient survival.

Although PI3K/AKT/mTOR is a potential drug target, its
inhibition alone does not provide sufficient and sustained re-
sults in multiple studies of malignancies [10, 11]. Whereas
inhibiting both mTOR andMEK in parental cells makes sense
due to the genetic alterations in melanoma, the rationale of co-
targeting mTOR and MEK in resistant cells is a challenge.
Thus, combination therapy with PI3K/AKT/mTOR and
MAPK pathway inhibitors might be an effective therapeutic
strategy [12]. Indeed, several preclinical studies of concurrent
PI3K/AKT/mTOR and MAPK signaling pathway inhibition
showed more pronounced antitumor activity in various
models of malignant tumors such as basal breast cancer,
BRAF mutant skin melanoma, and renal cell carcinoma [13].

To date, most efforts to dual target the PI3K/AKT/mTOR
and MAPK pathways have used a combination of PI3K and
MEK inhibitors [12, 14–16] but not concurrent inhibition of
mTOR and MEK in melanoma cells. Here, mTOR is a serine/
threonine kinase that plays a crucial role in both normal phys-
iological development and carcinogenic processes, including
cell growth, proliferation, apoptosis, autophagy, nutrient star-
vation, and survival [17]. AllostericMEK inhibitors are highly
specific for their targets [18], while the current RAF inhibitors
are significantly less effective in inhibiting downstream sig-
naling in tumors with wildtype RAF. Recently, Carlino et al.,
showed that the combination of ERK and PI3K/mTOR

inhibition was effective at promoting cell death in all resistant
melanoma cell models, andwas substantially more potent than
the MEK/PI3K/mTOR inhibitor combination [19, 20].

The aim of the current research was to investigate the abil-
ity of rapamycin to increase the sensitivity to MEKi
binimetinib in BRAF-mutant melanoma cells in vitro.

Materials and methods

Drugs

Rapamycin was purchased from Sigma Aldrich (St. Louis,
MO, USA) and binimetinib was obtained from Selleck
Chemicals (Cambridge, UK). Stock concentrations of
rapamycin and binimetinib were prepared in DMSO and di-
luted to working concentrations in culture medium. Stock
concentrations of rapamycin were stored in aliquots at
−20 °C and binimetinib at −80 °C according to the manufac-
ture’s recommendations.

Cell lines

All experiments were performed on three melanoma cell lines:
Mel IL was derived from a patient at N.N. Blokhin National
medical research center for oncology. Resistant Mel IL/R sub-
line was obtained via long-term cultivation of maternity Mel
IL with increasing doses of vemurafenib. The A375 cell line
was purchased from ATCC. Mel IL and A375 cell lines were
established as vemurafenib-sensitive and Mel IL/R cell line
was vemurafebin-resistant.We used keratinocytes HaCaT and
the hFB-hTERT6 skin fibroblasts (obtained via a lentiviral
transduction of full-length TERT gene under a CMVpromoter
(generated in Engelhardt Institute of Molecular Biology; gift
of E. Dashinimaev) [21] as normal cells. BothMel IL andMel
IL/R cells harbored a BRAFV600K and TP53 c.326 T > C
p.F109S mutations [22], while A375 harbored oncogenic
BRAFV600E mutation. HaCaT, Mel IL and Mel IL/R cells
were cultured in RPMI-1640 (Gibco, Gaithersburg, MD,
USA) and hFB-hTERT6 and A375 cells were grown in
DMEM (Gibco, Gaithersburg, MD, USA) supplemented with
10% fetal bovine serum (HyClone, South Logan, Utah, USA),
2 mM L-glutamine (Sigma, St. Louis, MO, USA), 10 U/mL
penicillin, and 10 mg/mL streptomycin (Sigma, St. Louis,
MO, USA) at 37 °C in a 5% CO2 humidified atmosphere.

Cell viability assay and CI determination

Cells were plated in 96-well plates at 7000 cells per well and
incubated overnight. The cells were then treated with
binimetinib (0.1–10 μM) and rapamycin (10–500 nM), and
were further incubated for 48 h. The cytotoxicity was assessed
by incubating cells with 20 μl of MTT reagent (3- [4,5-
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dimetiltriazol-2-yl] -2,5 diphenyl tetrazolium bromide,
M2128, Sigma) for 4 h followed by DMSO elution and mea-
suring the absorbance at 570 nm on a microplate analyzer
Multiscan FC (Thermo Scientific, Waltham, MA, USA).
The IC50 values were determined as the dose at which cell
viability was decreased by 50% compared to control in three
independent experiments. Combination Index (CI) was calcu-
lated by the Chou-Talalay method [23], and synergy assess-
ment was performed using CalcuSyn software (Biosoft,
Cambridge, UK). CI values were interpreted as follows: < 1
is synergism, = 1 is additivity, and > 1 is antagonism.

Colony-formation assay

Mel IL, Mel IL/R, and A375 melanoma cells were seeded in
6-well plates at 2000 cells per well. After complete cell adher-
ence, the cells were exposed to 2 μM binimetinib, 250 nM
rapamycin, or both (in triplicates). Cells were cultivated for
12 days (37 °C, 5% CO2), and the medium with drugs was
changed every 3 days. At the end of the experiment, colonies
were fixed in 1% formalin for 15 min, stained with 0.5%
crystal violet, and counted using Image J software (NIH,
Bethesda, Maryland, USA). Three independent experiments
were done.

The entrapment of spheroids in Matrigel

Tumor spheroid formation on agarose-coated plates was per-
formed as previously described [24]. Briefly, 1.5% wt of aga-
rose in PBS was heated on water bath for 15 min. Then 50 μL
of agarose gel was added to each well of a flat-bottom 96-well
plate under sterile conditions. Plates with agarose were cooled
down to room temperature for 30 min. Mel IL, Mel IL/R sand
A375 cells were seeded on agarose-coated plates (10,000
cells/well, 100 μL of media in each well) and incubated at
37 °C, 5% CO2 for 2–3 days. Then the spheroids were col-
lected in a 15 ml centrifuge tube for 10 min for spheroids
sedimentation. The supernatant was carefully removed and
1 ml of Matrigel (BD Bioscience, Belgium) was added to
spheroids pellet. The spheroids were gently resuspended in
Matrigel, and 50 μl of suspension was transferred to the wells
of pre-cooled 96-well plate. The plate was incubated at 37 °C
for 10 min for Matrigel polymerization, and 100 μl of full
media containing rapamycin (250 nM) and binimetinib
(2 μM) or both was added to the each well. Cell spreading
into the Matrigel was assessed within 24 h using an inverted
light microscope. The quantification of spheroids spreading
area was performed using ImageJ software (wound healing
tool macros). For these, the cell-free surface was accessed
for each microphotography, and the total spreading area was
calculated. Three independent experiments were done.

Apoptosis measurement and caspase 3/7 activity

Mel IL, Mel IL/R, and A375 melanoma cells were seeded in 6-
cm2 Petri’s dishes (300,000 cells per dish). Next day cells were
treated with 250 nM rapamycin, 2 μM binimetinib, or both for
24 or 48 h. Then cells were collected to trypsinised and centri-
fuged. Apoptosis was quantified via combined staining of
annexin V and propidium iodide (PI) using the Annexin V–
FITC Kit according to the manufacturer’s protocol (Molecular
probes, Waltham, MA, USA). Caspase 3 and caspase 7 activ-
ities were measured within the Mel IL, Mel IL/R, and A375
cells 4 h after drug treatment with 250 nM rapamycin, 2 μM
binimetinib, or both. After treatment, cells were trypsinized,
centrifuged, and permeabilized in 0.1% Triton X-100-citrate
buffer. Theywere then incubated for 30min at 4 °Cwithmouse
anti-caspase 3 (1:100, Santa Cruz, Dallas, Texas, USA) or anti-
caspase 7 antibodies (1:100, Santa Cruz, Dallas, Texas, USA).
After incubation, the cells were washed and incubated with
anti-mouse antibody AlexaFluor® 488 nm (1:2000, Life
Technologies, Waltham, MA, USA), washed, and fixed in
1% formalin followed by analysis. Apoptosis and caspase 3/7
activities were analyzed on a NovoCyte 2000R flow cytometer
(ACEA Biosciences, USA) using NovoExpress v.1.2.4 soft-
ware. All experiments were performed three times for each
experimental condition. The results were presented as the per-
cent increase in the control.

Cell cycle analysis

Mel IL, Mel IL/R, and A375 cells were seeded in 6-cm2 Petri’s
dishes (300,000 cells per dish) and were treated with 250 nM
rapamycin, 2 μMbinimetinib, or both for 24 h. Then they were
trypsinized, washed with PBS, and the cell pellets were resus-
pended in 1 ml of 50 μg/ml solution of PI in buffer (Becton
Dickinson, Franklin Lakes, NJ, USA) and incubated in the dark
at room temperature for 15 min. The PI fluorescence was mea-
sured using NovoCyte 2000R flow cytometer (ACEA
Biosciences, USA), and the cell cycle distribution was analyzed
using NovoExpress v.1.2.4 software. All experiments were per-
formed three times for each experimental condition.

TUNEL assay

Melanoma cells A375, Mel IL, and Mel IL/R were seeded in
8-well culture slides at 20,000 cells per well (SPL
Lifesciences, Gyeonggi-do, Korea) and incubated overnight.
The next day, the cells were treated with rapamycin (250 nM),
binimetinib (2 μM), or both for 24 h. Apoptotic cells were
determined by TUNEL assay using the InSitu cell death de-
tection kit (Roche, Basel, Switzerland) according to the man-
ufacturer’s protocol. Briefly, slides with cells were washed in
PBS once, dried, and fixed with 4% paraformaldehyde
(Sigma-Aldrich, St. Louis, MO, USA) for 1 h at 4 °C. The
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fixed cells were incubated with blocking solution (3%H2O2 in
methanol). They were then rinsed in PBS and incubated with
0.1% Triton X-100 (MP Biochemicals, Leicester, UK) in
0.1% sodium citrate for 2 min on ice (Sigma-Aldrich, St.
Louis, MO, USA). The cells were then washed twice with
PBS and incubated with the deoxynucleotide transferase re-
combinant (rTdT)-catalyzed reaction and nucleotide mixture
for 1 h at 37 °C. Cells were washed twice in PBS and stained
with Hoechst 33258 dye for 10 min in the dark (Sigma-
Aldrich, USA). Cells were analyzed with InCell Analyzer
6000 (GE Healthcare, Chicago, Illinois, USA) and InCell de-
veloper toolbox software (GE Healthcare, Chicago, Illinois,
USA) to calculate the percentage of apoptotic cells.

Western blot analysis

Mel IL, Mel IL/R, and A375 cells were seeded in 6-cm2

Petri’s dishes (300,000 cells per dish) and were treated with
250 nM rapamycin, 2 μM binimetinib, or both and cultivated
for 24 and 48 h. Cells were trypsinized, centrifuged and lysed
wi th ce l l lys i s buf fe r (Ce l l S igna l ing , Le iden ,
The Netherlands) containing 20 mM Tris-HCl (pH 7.5),
150 mMNaCl, 1 mMNa2EDTA, 1% Triton, 2.5 mM sodium
pyrophosphate, 1 mM b-glycerophosphate, 1 mM Na3VO4,
1 μg/ml leupeptin, 1 mМ PMSF, 10 μl/ml inhibition cocktail,
and 100 μM DTT for 40 min at +4°С. The cells were then
centrifuged at 13,500 g for 15 min at +4°С. The total protein
was analyzed using Quant-IT Protein assay kit according to
manufacturer’s protocol (Invitrogen, Waltham, MA, USA) on
a Quibit 2.0 (Invitrogen, Waltham, MA, USA).

An equal amount of protein (60 μg) from each group was
separated using 10% SDS-polyacrylamide gel electrophoresis
(PAGE) followed by transfer to nitrocellulose membrane.
Membranes were incubated with a 5% BSA (A1391,
Applichem, Darmstadt, Germany) in TBS/0.1% Tween-20
for 1.5 h and then incubated with the following primary anti-
bodies at 4 °C overnight: p-AKTSer473 (1:1000; Cell
Signaling, Leiden, The Netherlands), pan-AKT (1:500;

Abcam, Cambridge, UK), p-ERK1/2Thr202/Tyr204
(1:1000; Leiden, The Netherlands), MEK1/2 (1:1000; Cell
Signaling, Leiden, The Netherlands), mTOR (1:1000; Cell
Signaling, Leiden, The Netherlands), p-mTOR Ser2448
(1:1000; Cell Signaling, Leiden, The Netherlands) and β-
actin (1:4000; Sigma Aldrich, St. Louis, MO, USA).
Membranes were washed in TBS/0.1% Tween-20 and incu-
bated with HRP-conjugated anti-mouse (Amersham, Little
Chalfont, UK) or anti-rabbit (Amersham, Little Chalfont,
UK) antibodies for 1.5 h at room temperature. The detection
of protein-antibody complexes used the enhanced chemilumi-
nescence reagent Clarity ECL (BioRad, Hercules, California,
USA). The density of bands was determined on a ChemiDoc
Touch Imaging System (BioRad, Hercules, California, USA)
and quantification of immunoreactive signals used ImageJ
software (NIH, Bethesda, MD, USA). The relative ratio of
activated protein to loading control (β-actin) was calculated
for each experiment.

Ethics statement

The protocol to obtain Mel IL cells was initially approved by
the N.N. Blokhin National Medical Research Center ethics
committee in 1999 with written consent. Since then, the cell
line was patented (#RU 2287577 C1) and used for many mel-
anoma studies [22, 25].

Statistical analysis

All experiments were performed in triplicate unless otherwise
noted, and each experiment was repeated 3 times independent-
ly. Data are expressed as mean ± SD. The results of cell via-
bility, colony formation and TUNEL assays were analyzed
using one-way analysis of variance (ANOVA), factor Rap/
Bin/Rap+Bin followed by the post hoc Duncan’s test. The
data were additionally evaluated with ANOVAmultiple com-
parison mode (Rap vs. Rap+Bin and Bin vs. Rap+Bin). The
results of Western blot, apoptosis and cell cycle distribution

Fig. 1 Rapamycin and binimetinib dose-dependently decrease melanoma
cell proliferation. (a) Cell viability after rapamycin treatment (50–
500 nM) was determined in A375, Mel IL and Mel IL/R cells by MTT
assay. Data are expressed as mean ± SD of at least three independent
experiments done in triplicate. (b) Combined treatment with rapamycin

(250 nM) and binimetinib (2 μM) for 48 h synergistically decreased cell
viability in melanoma cells compared to rapamycin or binimetinib alone.
One-way ANOVA. Duncan’s test: statistical significance is shown as *
p < 0.001
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assays were analyzed using two-way ANOVA followed by
the post hoc Duncan’s test, since we evaluated two time
points. Assumption of normal distribution of differences was
verified with the use of Shapiro–Wilk test. For cell cycle dis-
tribution: factor I - Rap, factor II - Bin, and for the interaction
between factors I and II: Rap/Bin× Rap/Bin/Rap+Bin. For
apoptosis and Western blot assays: factor I - 24/48 h, factor
II - Rap/Bin/Rap+Bin, and for the interaction between factors
I and II: 24/48 h × Rap/Bin/Rap+Bin. Growth assay of 3D
tumor spheroids treated with rapamycin and/or binimetinib
in Matrigel for 24 h. was analyzed using Mann-Whitney test
(median values with quartiles). The results were considered as
statistically significant when p < 0.05. All statistical analyses
were performedwith GraphPad Prism 8.0 software (GraphPad
Software, La Jolla, San Diego, CA, USA).

Results

Effects of combined therapy on melanoma viability

We first evaluated the effects of rapamycin alone on cell via-
bility. The cytotoxicity of binimetinib alone has been demon-
strated previously [26]. We observed a dose-dependent de-
crease in cell viability, and the IC50 values of rapamycin were
489 ± 14 nM in A375 and Mel IL/R; it was 267 ± 15 nM in

Fig. 2 Combined treatment with rapamycin and binimetinib decrease
colony-formation activity. Melanoma cells were seeded in 6-well plates
and were treated with 2 μM binimetinib, 250 nM rapamycin, or a
combination. The numbers of longterm surviving Mel IL/R, A375, and
Mel IL cells that were able to form colonies were determined 12 days

later. Data are expressed as mean ± SD of at least three independent
experiments done in triplicate. The outcome of one-way ANOVA with
multiple comparison mode is shown in Table 1. Results are shown as the
means ± SD. Duncan’s test: statistical significance is shown as *p < 0.05,
**p < 0.01 compared to control

Fig. 3 Effects of rapamycin and binimetinib on melanoma migration in
Mel IL cells. 3D spheroid growth assay in Matrigel using Mel IL
melanoma cells treated with rapamycin (250 nM) and/or binimetinib
(2 μM) for 24 h. Microphotographs of cell spreading (a) and
quantification of spheroids spreading area (b). The arrows indicate
spreading cells. The total spreading area was measured using ImageJ
software, median with interquartile range. Statistical analysis was
performed using non-parametric Mann-Whitney test, *p < 0.05. Scale
bar is 200 μm

Table 1 Statistically significant values of F and p derived from the one-
way ANOVAwith multiple comparison mode (Rap vs. Rap+Bin and Bin
vs. Rap+Bin) carried out to analyze the results colony-formation assay

Cell line Rap/Rap+Bin Bin/Rap+Bin Rap/Bin/Rap+Bin

p p F p

A375 p=0.3155 p =0.0322 F2,6=5.895 p =0.038

Mel IL p =0.0045 p=0.1157 F2,6=14.00 p =0.055

Mel IL/R P=0.0834 p=0.2827 F2,6=3.62 p=0.092

The values of F and p marked in bold indicate statistically significant
changes in the protein levels within and between studied factors. Bin -
binimetinib, Rap – rapamycin
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Mel IL (Fig. 1a). Mel IL cells were more sensitive to
rapamycin than A375 and Mel IL/R (A375 F2, 6 = 193.6,
p < 0.0001; Mel IL/R F2, 6 = 602.4, p < 0.0001; Mel IL
F2,6 = 401.3, p < 0.0001).

The Chou-Talalay method was used to define the nature of
drug interaction. To evaluate the CI index we conducted ex-
periments with several series of drug doses at a consistent ratio
of binimetinib and rapamycin. According to CI results for
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further investigation, we chose 2 mkM binimetinib and
250 nM rapamycin as lower concentrations of rapamycin
and binimetinib did not result in synergetic effect. In Mel IL
cells, the CI of binimetinib (2 μM) and rapamycin (250 nM)
was found to be 0.97. The CI with combined binimetinib and
rapamycin in bothMel IL/R and A375 was 0.45. These results
indicate that the combination of binimetinib and rapamycin is
synergistic in three cell lines (suppl. File 1).

In A375 and Mel IL/R cells, combinatorial therapy with
250 nM rapamycin and 2 μM binimetinib significantly re-
duced cell viability (25%) compared to either rapamycin
(85%) or binimetinib alone (50%). There was a more obvious
decrease in cell viability in Mel IL: 19% cell viability in a
combined treatment group compared to monotherapy with
rapamycin (61%) or binimetinib (40%) (Fig. 1b).

The results were confirmed in a series of colony-forming
assays. Melanoma cells were cultivated in the presence or
absence of rapamycin and binimetinib for 12 days.
Rapamycin as a monotherapy inhibited the viability of
A375, Mel IL, and Mel IL/R cells by 60–70%. Binimetinib

inhibited cell growth in 50% of A375 cells, in 70% of Mel IL
cells, and in 75% of Mel IL/R cells versus control. The num-
ber of colonies in melanoma cells decreased by an additional
15%with combined treatment compared to binimetinib alone.
The combined rapamycin and binimetinib reduced the amount
of colonies compared to control by 60% in A375, 75% in Mel
IL/R, and 90% in Mel IL (Fig. 2, Table 1).

To evaluate the effect of drug combination on normal
cells we conducted experiments on keratinocytes HaCat
and the hFB-hTERT6 skin fibroblasts cell lines. Our
data indicated that 250 nM rapamycin and 2 μM
binimetinib combination results in moderate toxicity on
fibroblasts, but keratinocytes were not sensitive to either
drugs alone or their combo (Fig. S2).

Rapamycin and binimetinib inhibit cell invasion

We examined the rapamycin and binimetinib capacity to
inhibit cell invasion using 3D spheroids embedded in
Matrigel. For this, Mel IL spheroids were treated with
rapamycin (250 nM) and binimetinib (2 μM) for 48 h.
It was found that treatment with rapamycin (250 nM),
binimetinib (2 μM), or their combination resulted in
significant reduction of Mel IL spheroids spreading area
compared to the control. Despite the measurement of
total spreading area does not allow demonstrating dif-
ferences between three experimental conditions, these
differences can be confirmed with single spreading cells
observation. Thus, we have a lot of spreading cells in
control, a few spreading cells in rapamycin (250 nM)
and binimetinib (2 μM) samples, and no spreading cells
for drug combination (Fig. 3).

�Fig. 4 Combined treatment with rapamycin and binimetinib decrease the
expression of mTOR and MEK but not AKT. (a) Rapamycin (Rap) and
binimetinib (Bin) in combination decreasemTOR andMEK but not AKT
phosphorylation. Western blots show phosphorylation status of mTOR,
AKT and MEK from A375, Mel IL, Mel IL/R cells treated for 24 or 48 h
with 2 μMbinimetinib and 250 nM rapamycin or both. (b) Densitometric
analysis was performed using ImageJ for each cell line, and protein
expression levels of p-mTOR, p-AKT and p-MEK were normalized to
β-actin loading control. Representative western blots and summaries
(mean ± SD, western bands represents one of three repeated
experiments). The outcome of two-way ANOVA is shown in Table 2.
Results are shown as the means ± SD. Duncan’s test: statistical
significance is shown as *p < 0.05, **p < 0.01, ***p < 0.001 compared
to control

Table 2 Statistically significant
values of F and p derived from the
two-way analysis of variance
(ANOVA) carried out to analyze
the results of p-AKT, p-ERK and
p-mTOR levels for A375, Mel Il
and Mel IL/R cell lines for: factor
I—–24/48 h, factor II— Rap/Bin/
Rap+Bin, and for the interaction
between factors I and II: 24/
48 h × Rap/Bin/Rap+Bin

Proteins Rap/Bin/Rap+Bin 24/48 h Rap/Bin/Rap+Bin+24/48 h

F p F p F p

A375

p-AKT F2,12=18.63 p =0.0002 F1,12=0.0 p=0.9756 F2,12=19.30 p =0.0002

p-ERK F2,12=36.60 p<0.0001 F1,12=167.15 p <0.0001 F2,12=45.31 p <0.0001

p-mTOR F2,12=137.37 p<0.0001 F1,12=190.63 p<0.0001 F2,12=137.37 p<0.0001

Mel IL

p-AKT F2,12=1.15 p=0.348 F1,12=23.52 p =0.0004 F2,12=9.16 p =0.0038

p-ERK F2, 12=20.52 p =0.0001 F1,12=1.13 p=0.3081 F2, 12=1.24 p=0.3251

p-mTOR F2,12=0 p<0.0001 F1,12=0 p<0.0001 – –

Mel IL/R

p-AKT F2,12=3.29 p =0.0728 F1,12=14.15 p =0.0027 F2,12=12.22 p =0.0013

p-ERK F2,12=34.86 p<0.0001 F1,12=33.75 p<0.0001 F2,12=22.92 p<0.0001

p-mTOR F2,12=12.18 p=0.0013 F1,12=9.17 p =0.0105 F2,12=19.34 p=0.0002

The values of F and p marked in bold indicate statistically significant changes in the protein levels within and
between studied factors. Bin - binimetinib, Rap - rapamycin
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Combined mTOR and MEK/ERK pathways inhibition
effects intracellular signaling in melanoma cell lines

We next investigated whether combined rapamycin and
binimetinib treatment indeed inhibits both PI3K/AKT/
mTOR and MEK/ERK pathways. To understand the molecu-
lar effects of rapamycin, binimetinib, and their combination,
we measured the phosphorylated levels of AKT, mTOR,
and ERK in Mel IL, Mel IL/R, and A375 cell lines by
Western blot after 24 and 48 h treatment to determine
whether this drug combination effectively suppressed
activation of the two indicated signaling pathways.
Rapamycin suppressed phosphorylation of mTOR in
Mel IL and Mel IL/R cell lines, but there was no de-
crease in phosphorylation of mTOR in A375 after 24 h
treatment. Phosphorylation of mTOR was completely
stopped in all three cell lines after 48 h of rapamycin
treatment. Interestingly, rapamycin alone significantly
increased AKT phosphorylation by positive feedback
in Mel IL/R cell line after 24 h therapy, but p-AKT
decreased after an additional 24 h of rapamycin therapy
(Fig. 4a, suppl. File 3). In A375 cells, the rapamycin
monotherapy reduced phosphorylation of AKT by 24 h,
but this effect was abrogated by 48 h.

We further evaluated MEK/ERK pathway activation
using binimetinib monotherapy by phosphorylation of
its downstream effector ERK. Binimetinib inhibited the
activation of ERK in Mel IL and Mel IL/R after 24 h
incubation with the drug but did not affect A375.
However, the ERK phosphorylation was completely re-
duced in Mel IL/R and A375 cells after an additional
24 h of treatment but not Mel IL. Moreover, binimetinib
resulted in increased AKT phosphorylation in all cell
lines studied here.

Combined rapamycin and binimetinib therapy sup-
pressed mTOR and ERK phosphorylation to levels seen
with binimetinib or rapamycin alone in Mel IL, Mel IL/
R, and A375 cell lines. Moreover, mTOR and ERK
phosphorylation was totally reduced after 48 h of com-
bined treatment.

On the other hand, rapamycin, and binimetinib incomplete-
ly inhibited AKT—the combined therapy reduced AKT phos-
phorylation within 24 h but this effect was overcome in an
additional 24 h in Mel IL and A375 cell lines. This was abso-
lutely reduced in Mel IL/R (Fig. 4b). Тwo factors were taken
into account in the two-way ANOVA: factor I (24/48 h) and
factor II (binimetinib/rapamycin/ rapamycin+binimetinib).
Statistically significant values of F and p derived from the

Table 3 Statistically significant values of F and p derived from the two-way analysis of variance (ANOVA) carried out to analyze the results of
apoptosis activation for: factor I—– 24/48 h, factor II— Rap/Bin/Rap+Bin, and for the interaction between factors I and II: 24/48 h × Rap/Bin/Rap+Bin

Cell line Rap/Bin/Rap+Bin 24/48 h Rap/Bin/Rap+Bin+24/48 h

F p F p F p

A375 F2,12=815.5 p<0.0001 F1,12=7.103 p =0.0206 F2,12=7.324 p =0.0083

Mel IL F2,12=1471 p<0.0001 F1,12=700.4 p<0.0001 F2,12=74.77 p<0.0001

Mel IL/R F2,12=834.3 p<0.0001 F1,12=63.50 p<0.0001 F2,12=67.88 p<0.0001

The values of F and p marked in bold indicate statistically significant changes in the protein levels within and between studied factors. Bin - binimetinib,
Rap – rapamycin

Fig. 5 The enhancement of apoptosis by combined rapamycin and
binimetinib in melanoma cells. Apoptosis was measured by annexin
V/Propidium iodate staining in Mel IL, Mel IL/R and A375 cells after
24 h and 48 h treatment with rapamycin (250 nM), binimetinib (2 μM) or
both. Values are percentage increase to untreated control. The histogram

data represents 3 individual experiments. The outcome of two-way
ANOVA is shown in Table 3. Results are shown as the means ± SD.
Duncan’s test: statistical significance is shown as **p < 0.01 compared
to control
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two-way ANOVA analysis are shown in Table 2. All the p-
values of Duncan’s test are presented in the figure captions.
Thus, inhibition of components in these proliferative path-
ways cannot fully explain the synergistic effects of enhanced
cell death.

Effects of combined therapy is dependent on
apoptosis

To investigate the mechanism underlying the enhanced cyto-
toxic effect of combined rapamycin and binimetinib treatment
in melanoma cells, we investigated activation of apoptosis by
Annexin V/PI double staining. Here, A375, Mel IL, and Mel
IL/R cell lines were treated with 250 nM rapamycin, 2 μM
binimetinib, or both for 24 and 48 h. Rapamycin alone did not
induce apoptosis in any cell line at 24 h (Fig. 5). After 48 h,
rapamycin activated apoptosis only in Mel IL cells (12%).
Binimetinib led to apoptosis activation in 35% of A375 cells,
23.4% of Mel IL/R cells, and 18.5% of Mel IL cells after 24 h
incubation. Further treatment with binimetinib increased apo-
ptosis only in Mel IL cells (18.5% vs 51%) (Fig. 5, Fig. S4).
However, combined treatment with rapamycin and
binimetinib led to a dramatic increase in apoptosis in these
three cell lines compared to monotherapy with either
rapamycin or binimetinib — the combined therapy resulted
in 41.5% and 66.4% apoptosis cells in Mel IL after 24 or 48 h
treatment, respectively. This was 39.1% and 53.3% inMel IL/
R and 56.5% and 48.8% in A375. Тwo factors were taken into
account in the two-way ANOVA: factor I (24/48 h) and factor
II (binimetinib/rapamycin/rapamycin+binimetinib).
Statistically significant values of F and p derived from the
two-way ANOVA analysis are shown in Table 3. All the p-
values of Duncan’s test are presented in the figure captions.
Next, we determined the apoptosis by the TUNEL assay to

detect apoptotic cells that undergo extensive DNA degrada-
tion after 24 h treatment with rapamycin (250 nM),
binimetinib (2 μM), or both (Fig. 6a). Rapamycin alone did
not induce apoptosis compared to the DMSO-treated control.
Binimetinib resulted in an increased number of apoptotic cells
in A375, Mel IL, and Mel IL/R cells. Combination treatment
significantly increased the amount of apoptotic cells only in
Mel IL/R (43% vs 62%) (Fig. 6b). Statistically significant
values of F and p derived from the one-way ANOVA analysis
with multiple comparison mode are shown in Table 4. All the
p values of Duncan’s test are presented in the figure captions.

We evaluated whether apoptosis is mediated by caspases
by measuring caspase 3 and caspase 7 activation. We treated
melanoma cell lines as described above for 4 h and examined
caspase 3 and caspase 7 activity by flow cytometry. Indeed,
rapamycin and binimetinib increased caspase 3 and caspase 7
activation compared to control cells in A375 and Mel IL/R
cell lines. Moreover, caspase activation was more obvious in a
combination treatment group than rapamycin or binimetinib

alone (Table 5, Fig. S5). In Mel IL cells, drugs dramatically
increased the caspase-mediated apoptosis versus the control,
but there were no differences in caspase 3 and caspase 7 acti-
vation between combined treatment and rapamycin or
binimetinib alone. Тwo factors were taken into account in
the two-way ANOVA: factor I (caspase 3/7) and factor II
(binimetinib/rapamycin/rapamycin+binimetinib). Statistically
significant values of F and p derived from the two-way
ANOVA analysis are shown in Table 6. All the p values of
Duncan’s test are presented in the figure captions. Therefore,
the induction of apoptosis is a significant contributor to the
synergistic effect of rapamycin and binimetinib in melanoma
cell survival.

Enhanced cytotoxic effect of mTOR and MEK/ERK
inhibition-induced cell cycle arrest

We further analyzed cell cycle distribution to investigate the
effects of combined mTOR and MEK signaling pathway in-
hibition therapy on cytotoxic mechanisms other than caspase-
mediated apoptosis. Cells were treated with rapamycin
(250 nM), binimetinib (2 μM), or both for 24 h. Cell cycle

Table 4 Statistically significant values of F and p derived from the one-
way ANOVAwith multiple comparison mode (Rap vs. Rap+Bin and Bin
vs. Rap+Bin) carried out to analyze TUNEL assay results

Cell line Rap/Rap+Bin Bin/Rap+Bin Rap/Bin/Rap+Bin

p p F p

A375 p<0.0001 p<0.0001 F2,9=66.91 p<0.0001

Mel IL p<0.0001 p<0.0001 F2,9=85.84 p<0.0001

Mel IL/R p<0.0001 p<0.0001 F2,9=505.7 p<0.0001

The values of F and p marked in bold indicate statistically significant
changes in the protein levels within and between studied factors. Bin -
binimetinib, Rap – rapamycin

Table 5 Caspase activation by rapamycin and binimetinib treatment, %

Caspase 3 Caspase 7

DMSO Rap Bin Rap+Bin Rap Bin Rap+Bin

A375 2.4 60.0 50.0 76.0* 72.9 68.6 71.0*

Mel IL 1.5 79.1 78.1 89.1 85.9 86.5 94.2

Mel IL/R 0.7 20.1 28.2 52.1* 10.2 15.9 44.6*

Caspase-3/7 activity was measured by flow cytometry in melanoma cells
after 4 h of treatment with binimetinib (2 μM), rapamycin (250 nM), or
combination (2 μM binimetinib and 250 nm rapamycin). Data are
expressed as mean percentage ± SD increases to untreated control in three
independent experiments. The outcome of one-way ANOVA with mul-
tiple comparison mode is shown in Table 6. Duncan’s test: statistical
significance is shown as *p < 0.05 compared to control

995Invest New Drugs (2021) 39:987–1000



was analyzed by flow cytometry. Rapamycin-induced cell cy-
cle arrest at the G0/G1 phase in Mel IL (64.2% vs 52.4%) and
Mel IL/R (74.8% vs 63%) cells compared to control cells, but
did not influence A375 (64.5 vs 61.7 in control). There were
no changes in the G2/M phase arrest in these cells after
rapamycin treatment. The binimetinib treatment led to a more
significant increase in the G0/G1 population in A375 (80% vs
64.5%), Mel IL (82.3% vs 52.4%), and Mel IL/R (81.7% vs
63%). The inhibition of S-phase in drug combination groups

has been demonstrated for all studied cell lines, and for Mel
IL/R cells the difference was statistically significant in com-
parison to both binimetinib and rapamycin monotherapy.
Combined rapamycin and binimetinib did not significantly
induce cell cycle arrest compared to binimetinib alone but
did lead to a more obvious reduction in the number of cells
undergoing S phase (Fig. 7, Fig. S6). Тwo factors were taken
into account in the two-way ANOVA: factor I rapamycin and
factor II and the interaction between them (binimetinib/

Table 6 Statistically significant values of F and p derived from the two-
way analysis of variance (ANOVA) carried out to analyze the results of
caspase 3/7 activation levels for: factor I—– caspase 3/7, factor II— Rap/

Bin/Rap+Bin, and for the interaction between factors I and II: caspase
3/7 × Rap/Bin/Rap+Bin

Cell line Rap/Bin/Rap+Bin Caspase 3/7 Rap/Bin/Rap+Bin+Caspase 3/7

F p F p F p

A375 F2,12=60.90 p<0.0001 F1,12=70.70 p<0.0001 F2,12=45.80 p<0.0001

Mel IL F2,12=21.00 p=0.0001 F1,12=25.28 p =0.0003 F2,12=0.50 p<0.6179

Mel IL/R F2,12=549.17 p<0.0001 F1,12=131.52 p<0.0001 F2,12=2.58 p=0.1172

The values of F and p marked in bold indicate statistically significant changes in the protein levels within and between studied factors. Bin - binimetinib,
Rap – rapamycin

Fig. 6 Morphological assessment
of binimetinib and rapamycin
induced apoptosis via TUNEL
assay. (a) Cells were treated for
24 h with DMSO solution as a
vehicle control, 2 μM binimetinib
(Bin) and 250 nM rapamycin
(Rap) in combination or alone,
respectively. Treatment-induced
apoptosis was visualized by
TUNEL (green fluorescence) and
DAPI (blue fluorescence)
staining. (b) The percentage of
TUNEL positive cells in each
group was counted and the
cumulative data from three
independent experiments was
shown here as mean ± SD
compared to control. Scale bar
50 μm. The outcome of one-way
ANOVA with multiple
comparison mode is shown in
Table 4. Results are shown as the
means ± SD. Duncan’s test:
statistical significance is shown
as** p < 0.01,*** p < 0.001, # not
significant compared to control
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rapamycin/rapamycin+binimetinib). Statistically significant
values of F and p derived from the two-way ANOVA analysis
are shown in Table 7. All the p values of Duncan’s test are
presented in the figure captions. Thus, binimetinib resulted in
a significant increase in G0/G1 arrest and decreased S phase;
however, rapamycin did not influence the cell cycle distribu-
tion in tandem with binimetinib.

Discussion

The major factor limiting the efficacy of targeted therapies in
melanoma patients is drug resistance. Acquired resistance to
BRAFi often involves MAPK re-activation or activation of
alternative signaling pathways such as PI3K/AKT/mTOR
[3]. The MEK inhibitor trametinib showed minimal clinical
activity in melanoma patients who had progressed on BRAFi
therapy [20]. Another MEK inhibitor, binimetinib, resulted in
significantly improved progression-free survival compared
with dacarbazine or vemurafenib in NRAS-mutated melano-
ma, but it was less effective in patients with BRAF-mutated
melanoma [9]. Moreover, resistance to both BRAF and MEK
inhibitors develops in most patients and is a major challenge

in melanoma clinical practice [27]. The inhibition of ERK
relieves the ERK-dependent negative feedback, reactivates
RAS and PI3K/AKT/mTOR signaling, and increases the sur-
vival of growth-arrested melanoma cells.

In many MAPK resistant models, compensatory PI3K sur-
vival networks are active and often induced in response to
MAPK inhibition.

Recently, Kircher et al. demonstrated the role of
PI3K/AKT pathway in melanoma init iat ion [28].
Furthermore, the PI3K/AKT/mTOR and MAPK pathways
are often concurrently dysregulated in human tumors because
growth factors can initiate both signaling pathways through
RTKs [20]. These two important pathways also converge
downstream to regulate cell survival, growth, and
proliferation.

However, clinical trials with mTOR inhibitors in mono-
therapy in patients with melanoma have not been successful
[29], our results revealed that a dual inhibition of two signal-
ing pathways with rapamycin (mTOR) and binimetinib
(MEK) in melanoma cell lines sensitive or resistant to
BRAFi has greater therapeutic efficacy than monotherapy
in vitro.

Recently, Kiessling et al. showed that the combination of
mTOR and MEK inhibitors resulted in synergistic growth
inhibition and induced apoptosis in NRAS mutant neuroblas-
toma [30]. The combination of BYL719 (PI3Kα inhibitor)
and binimetinib (MEK inhibitor) was studied in patients with
advanced solid tumors with RAS or BRAF mutations [31].
Previously we demonstrated that the combined metformin-
binimetinib treatment had a synergistic potentiation of the
anti-proliferative and pro-apoptotic activity in vitro in both
2D and 3D human melanoma cells [26]. The mechanism of
metformin and binimetinib synergy was associated with p-
AMPKα upregula t ion and p-ERK and p-mTOR
downregulation.

The rapamycin and binimetinib combination synergistical-
ly reduced cell viability in A375, Mel IL, and resistant Mel IL/
R cell lines compared to drugs alone. We demonstrated that
the combined treatment reduced the ability of the cell to form

Fig. 7 Cell cycle distribution under rapamycin and binimetinib treatment.
Mel IL, Mel IL/R, and A375 cells were treated with binimetinib (2 μM),
rapamycin (250 nM), or their combination for 24 h followed by
propidium iodide staining and flow cytometry analysis. The histogram

represents the data from three independent experiments, CV 5%. The
outcome of two-way ANOVA is shown in Table 7. Results are shown
as the means ± SD. Duncan’s test: statistical significance is shown as
***p < 0.0001 compared to control

Table 7 Statistically significant values of F and p derived from the one-
way ANOVA with multiple comparison mode carried out to analyze the
results of cell cycle distribution in A375, Mel Il and Mel IL/R for: factor
I—– Bin, factor II— Rap, and for the interaction between factors I and II:
Bin/Rap × Rap/Bin/Rap+Bin

Cell line Rap/Rap+Bin Bin/Rap+Bin Rap/Bin/Rap+Bin

p p F p

A375 p<0.0001 p=0.3995 F6,24=54.65 p<0.0001

Mel IL p<0.0001 p=0.9521 F6,24=123.68 p<0.0001

Mel IL/R p<0.0001 p<0.0001 F6,24=41.04 p<0.0001

The values of F and p marked in bold indicate statistically significant
changes in the cells distribution within and between studied factors. Bin
- binimetinib, Rap – rapamycin
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colonies in a cell-dependent manner and capacity to invasion
inMatrigel. The synergistic effects of both PI3K/AKT/mTOR
and MAPK pathways inhibitors is shown in vitro and in vivo
in multiple cancer types [32]. Accordingly to our data the
combination of 250 nM rapamycin and 2 μM binimetinib
resulted in moderate toxicity on fibroblasts, but keratinocytes
were not sensitive to either drugs alone or their combo.

Next, we evaluated whether the enhanced cytotoxic effect of
combined rapamycin and binimetinib treatment indeed sup-
pressed activation of both signaling pathways PI3K/AKT/
mTOR and MAPK. We analyzed the phosphorylated levels
of AKT, mTOR, and ERK in Mel IL, Mel IL/R, and A375 cell
lines by Western blot after 24 and 48 h treatment. Immunoblot
analysis indicated that the synergistic action of rapamycin and
binimetinib in melanoma cells was associated with molecularly
targeted inhibition of their respective cell proliferation targets,
i.e., mTOR and MEK. However, rapamycin alone failed to
effectively suppress mTOR phosphorylation after 24 h.
Several studies indicates that rapamycin could rapamycin may
have independent of mTOR modification functions (e.g.
through stabilization of the mitochondrial membrane with con-
comitant decreases in ROS production or a FKBP3/GCF2-
dependent repression of TRIB3 promoter activity) [33, 34].

Binimetinib significantly inhibited ERK phosphorylation
even after 24 h, and this inhibitory effect was more obvious
by 48 h.

On the other hand, treatment with binimetinib increased
activation of AKT, and the inhibition of AKT level in a com-
bined rapamycin and binimetinib treatment group was cell-
dependent. Several studies have also reported an increase in
the activation of the PI3K/AKT signaling pathway with MEK
inhibition [6, 35]. The PI3K/AKT signaling pathway is known
to modulate cell survival in response to BRAFi [27], and
mTOR plays an important role in modulating cellular re-
sponse to PI3K/AKT and MAPK signaling. Rapamycin is
known for induction of feedback activation of AKT through
an IGF-1R-dependent mechanism in multiple cancer cells [36,
37]. However, this phenomenon was not observed in our
study.

We showed that the synergistic inhibition of cell prolifera-
tion by combined mTOR and ERK inhibitors is mainly asso-
ciated with the induction of caspase-mediated apoptosis from
24 to 48 h. Recently, similar results were obtained on colorec-
tal cells [38]; the cell cycle distribution was also investigated
in melanoma cells. Both rapamycin and binimetinib induced
cell cycle arrest at the G0/G1 phase. The BRAFi-resistant Mel
IL/R cells were more sensitive to rapamycin alone suggesting
that PI3K/AKT/ mTOR pathway are upregulated in this cell
line compared to BRAFi-sensitive Mel IL and A375.
However, combined treatment with rapamycin and
binimetinib did not significantly induce arrest in G0/G1 phase
compared to binimetinib; however, the proportion of cells
undergoing S phase dropped significantly.

Nevertheless, our study demonstrated that concurrent
mTOR and MEK inhibition likely are effective in patients
previously treated with a BRAFi. They could be effective
against heterogeneous resistance mechanisms identified with-
in BRAFmutant melanoma patients. AlthoughMAPK signal-
ing is critical for the proliferation of BRAFi-resistant melano-
ma cells [20], compensatory PI3K survival pathway are up-
regulated in many MAPK-resistant models. These often in-
duce a response toMAPK inhibition. Several trials combining
PI3K or AKT inhibitors and with BRAF and/or MEK inhib-
itors are underway [8, 39]. Thus, we suggest that dual
rapamycin and binimetinib could be promising for further
preclinical investigations.
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