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Background: Despite the progress made in the clinical management of metastatic mela-
noma, a patient’s response to treatment cannot be fully predicted, and intrinsic or acquired 
resistance that is developed in most melanoma patients warrants further research efforts. In 
addition to genetic factors, microenvironmental input should be considered to explain the 
diversity of response to treatment among melanoma patients. In this study, we evaluated the 
impact of insulin on patient-derived BRAFV600E melanoma cells, either untreated or treated 
with vemurafenib or trametinib, inhibitors of BRAFV600 and MEK1/2, respectively.
Methods: Cells were cultured in serum-free conditions, either with or without insulin. The 
activity of the MAPK/ERK and PI3K/AKT pathways was assessed by Western blotting, cell 
viability, and percentages of Ki-67- and NGFR-positive cells by flow cytometry. Transcript 
levels were analyzed using qRT-PCR, and γ-H2AX levels by immunoblotting and confocal 
microscopy. A luminescence-based assay was used to measure glutathione content.
Results: While insulin did not influence the MAPK/ERK pathway activity, it had a strong 
influence on melanoma cells, in which this pathway was suppressed by either vemurafenib or 
trametinib. In the presence of insulin, both drugs were much less efficient in 1) inhibiting 
proliferation and reducing the percentage of Ki-67-positive cells, and 2) inducing apoptosis 
and phosphorylation of histone H2AX in melanoma cells. Changes induced by vemurafenib 
and trametinib in glutathione homeostasis and DNA repair gene expression were also 
attenuated by insulin. Moreover, insulin impaired the combined effects of targeted drugs 
and doxorubicin in melanoma cells. In addition to insulin-induced PI3K/AKT activity, which 
was either transient or sustainable depending on the cell line, an insulin-triggered increase in 
the percentage of cells expressing NGFR, a marker of neural crest stem-like cells, may 
contribute to the reduced drug efficacy.
Conclusion: Our results demonstrate the role of insulin in reducing the efficacy of vemur-
afenib and trametinib. This needs clinical assessment.
Keywords: BRAFV600, NGFR, targeted therapy

Introduction
Insulin is an anabolic hormone with an important role in many aspects of metabo-
lism. It exerts its primary function in glucose homeostasis by stimulating glucose 
transport from the vascular system into the cell, while simultaneously decreasing 
hepatic glucose production.1 It has long been established that cancer cells thrive in 
glucose-rich environments. This led to investigation of the role of hyperglycemia 
and hyperinsulinemia in cancer patient survival, linking diabetes mellitus, among 
other metabolic disorders, to increased cancer risk and poor patient outcome.2–9 

While the direct role of insulin in cancer development is still not well 
understood,10–12 there have been epidemiological indications of hyperinsulinemia 
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as a risk factor for many types of cancers,9,10,13-17 includ-
ing melanoma.18–20 Hyperinsulinemia is a hallmark of 
insulin resistance, a condition characterized by reduced 
efficiency of insulin signaling and increased hepatic glu-
cose production.21 As insulin resistance may contribute to 
the development of cancer cachexia,22,23 treatment of insu-
lin resistance, by administration of either insulin or insulin 
sensitizers such as metformin or thiazolidinediones 
(TZDs), has the potential to diminish muscle wasting in 
patients with cancers.24 While exogenously provided insu-
lin has been shown to enhance cancer growth in animal 
models of cachexia,25,26 administration of insulin in 138 
patients with cachexia and advanced gastrointestinal can-
cer augmented the survival of patients.27

Insulin, together with insulin-like growth factor-1 
(IGF-1), belongs to an evolutionarily conserved group of 
growth factors that activate insulin receptor (IR) and insu-
lin-like growth factor receptor (IGF-1R).28,29 Following 
receptor activation, two major signaling cascades can be 
triggered, the phosphatidylinositol 3-kinase (PI3K)/protein 
kinase B (AKT) pathway and mitogen-activated protein 
kinase (MAPK)/extracellular signal-regulated kinase 1 and 
2 (ERK1/2) pathway,30 both of which regulate key cellular 
functions such as cell growth, metabolism and survival, 
and play a major role in oncogenesis.31,32

Bearing all this in mind, we sought to further explore 
the link between insulin and cancer and asked the question 
whether insulin may affect cancer cell response to treat-
ment targeting the MAPK pathway, one of these signaling 
pathways. Melanoma cells are an especially interesting 
model for such investigation as oncogenic mutations caus-
ing aberrant, growth factor-independent activation of the 
MAPK pathway can be found in the majority of 
melanomas,33 and several inhibitors of this pathway have 
been approved for melanoma treatment, targeting either 
the most frequently altered kinase, BRAFV600E/K (vemur-
afenib, dabrafenib and encorafenib), or mitogen-activated 
protein kinase 1/2 (MEK1/2) (trametinib, cobimetinib and 
binimetinib).34 Pathological hyperactivation of the PI3K/ 
AKT pathway is not a common driving force in melanoma 
development; however, several elements of the PI3K/AKT 
pathway as well as upstream signal transducers of PI3K/ 
AKT and MAPK pathways have been implicated in ther-
apeutic resistance of melanoma to BRAFV600 or MEK1/2 
inhibitors. For instance, inhibition of the activity of IGF- 
1R has been shown to enhance the response of melanoma 
cells to MEK1/2 inhibition.35 The expression of insulin 
receptor substrate-1 (IRS-1), a key signal adapter protein 

transmitting signals from IR and IGF-1R, has been found 
to be upregulated in melanoma cells derived from tumors 
of patients with previously developed resistance to 
vemurafenib,36 while PI3K inhibition has been shown to 
delay the development of drug resistance to MEK1/2 
inhibitors.37 In a preclinical model of melanoma resis-
tance, enhanced AKT activity has been found in three 
out of six vemurafenib-resistant melanoma cell lines and 
two out of five trametinib-resistant cell lines.38

We have now endeavored to elucidate whether insulin 
may influence the response of BRAFV600E melanoma cells to 
targeted therapeutics, either vemurafenib or trametinib. The 
defined conditions, applied as serum-free culture medium 
containing or lacking insulin, support a controlled study 
comparing the impact of insulin on melanoma cells with an 
active or drug-suppressed MAPK pathway. Moreover, 
patient-derived BRAFV600E melanoma cell lines used in 
this study have been previously characterized on genetic 
and phenotypic levels,39,40 and their response to vemurafenib 
and trametinib has also been extensively investigated.38,41-45

Materials and Methods
Clinical Dataset Analysis
The cBioPortal for Cancer Genomics46 was used to quan-
tify the prevalence of gene alterations in selected genes, 
including missense mutations, truncating mutations, 
amplifications and deep deletions. The percentage of 
genetic alterations was calculated in a total of 1084 cases 
of cutaneous melanoma from nine pooled datasets: 
Melanoma (Broad/Dana-Farber, Nature 2012), Melanoma 
(MSKCC, NEJM 2014), Metastatic Melanoma (DFCI, 
Science 2015), Metastatic Melanoma (MSKCC, JCO 
Precis Oncol 2017), Skin Cutaneous Melanoma (Broad, 
Cell 2012), Skin Cutaneous Melanoma (TCGA, Firehose 
Legacy), Skin Cutaneous Melanoma (TCGA, PanCancer 
Atlas), Skin Cutaneous Melanoma (Yale, Nat Genet 2012) 
and Skin Cutaneous Melanoma (Broad, Cancer Discov 
2014). Genes involved in the PI3K/AKT signaling path-
way or its regulation were selected based on the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis.47

Whole-Exome Sequencing (WES) and 
WES Data Analysis
DNA extraction, whole-exome sequencing and data ana-
lysis were described previously.40 Raw data are publicly 
available under the accession numbers E-MTAB-6978 at 
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ArrayExpress and ERP109743 at the European Nucleotide 
Archive (ENA).

Drugs
Vemurafenib and trametinib were obtained from Selleck 
Chemicals (Houston, TX, USA) and doxorubicin was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).

Cell Culture
Melanoma cell lines were established from surgical speci-
mens, as previously described.45 The study has been 
approved by Ethical Commission of the Medical 
University of Lodz (identification code: RNN/84/09/KE). 
Each patient signed an informed consent before tissue 
acquisition. Established cell lines were named DMBC11, 
DMBC12, DMBC21, DMBC28 and DMBC29, after the 
Department of Molecular Biology of Cancer (DMBC). 
Melanoma cells were maintained in stem cell medium 
(SCM), composed of DMEM/F12 medium, B-27 supple-
ment (Gibco, Paisley, UK), heparin (1 ng/mL), 10 ng/mL 
bFGF, 20 ng/mL EGF (BD Biosciences, San Jose, CA, 
USA), antibiotics (100 IU/mL penicillin, 100 µg/mL strep-
tomycin) and insulin (10 µg/mL). For the purpose of the 
study, a parallel, insulin-free culture of each cell line was 
initiated 1 week prior to the start of experiments and was 
maintained without insulin throughout the study. For 
experiments, cells were seeded 2 h prior to treatment 
with trametinib at the concentration of 10 nM or 50 nM, 
vemurafenib at 2 µM or 10 µM, and doxorubicin at 50 nM. 
Nuclear extracts, confocal microscopy and glutathione 
measurements were performed after 12 h, RNA isolation 
and whole cell lysates after 24 h, viability analysis after 
30, 36 or 46 h, and immunophenotype analysis after 40 
h of drug treatment.

Acid Phosphatase Activity Assay
Doubling time was calculated based on the colorimetric 
measurement of acid phosphatase activity, as described 
previously.48 In brief, melanoma cells (3.6×103) were left 
to grow for 24 h, 48 h and 72 h, after which the plates 
were centrifuged, the medium was removed and assay 
buffer was added, which contained 0.1 mM of sodium 
acetate pH=5, 0.1% Triton X-100 and 5 mM p-nitrophenyl 
phosphate (Calbiochem, Darmstadt, Germany). Following 
incubation for 2 h at 37°C, 1 mM NaOH was added to 
inhibit the reaction, and the absorbance measurements 
were performed at 405 nm with the microplate reader 
Infinite M200Pro (Tecan, Salzburg, Austria). In order to 

calculate the doubling time (DT), the following formula 
was used: DT=(t–t0)log2/(logA–logA0), in which t and t0 
are the time points at which the cells were collected, and 
A and A0 are the absorbance values at times t and t0, 
respectively. For proliferation analysis of drug-treated 
cells, 2 µM vemurafenib, 10 nM trametinib and 50 nM 
doxorubicin, alone or in combination, were added to mel-
anoma cells immediately after plating.

Flow Cytometry
Flow cytometric measurements were carried out using 
FACSVerse (BD Biosciences, San Jose, CA, USA). BD 
FACSuite software was used for data analysis and visua-
lization. The FITC Annexin V Apoptosis Detection Kit 
(BD Biosciences) was used for the viability assay accord-
ing to the manufacturer’s protocol, with the exception of 
experiments with doxorubicin, in which propidium iodine 
was not added to the staining mix owing to overlapping 
fluorescence spectra with doxorubicin. To exclude dead 
cells from immunophenotype analysis, cells were stained 
with the LIVE/DEAD Fixable Violet Dead Cell Stain Kit 
(Life Technologies, Eugene, OR, USA). Prior to intracel-
lular staining, 20 min fixation with 4% paraformaldehyde 
was performed followed by 20 min permeabilization with 
0.1% Triton X-100 in PBS. Antibodies recognizing NGFR 
(PE-conjugated, #557196) and Ki-67 (Alexa Fluor647- 
conjugated, #558615) were purchased from BD 
Biosciences. Each experiment included an appropriate iso-
type control: Alexa Fluor647-conjugated (#557714) and 
PE-conjugated (#555749) from BD Biosciences.

RNA Isolation, cDNA Synthesis and 
Quantitative RT-PCR (qRT-PCR)
A Total RNA Isolation kit with mini column system (A&A 
Biotechnology, Gdynia, Poland) was used to isolate and 
purify total RNA. Then, 1 µg of total RNA was transcribed 
into cDNA using random primers (300 ng) and SuperScript II 
Reverse Transcriptase (Invitrogen Life Technologies, 
Carlsbad, CA, USA). Quantitative real-time polymerase 
chain reaction served to evaluate mRNA expression of 
selected genes using the Rotor-Gene 3000 Real-Time DNA 
analysis system (Corbett Research, Mortlake, Australia). 
Amplification was performed with KAPA SYBR FAST 
qPCR Kit Universal 2X qPCR Master Mix (Kapa 
Biosystems, Cape Town, South Africa), 200 nM of each 
primer and 25 ng cDNA template per reaction. The following 
primer sequences were used: RPS17 forward 5ʹ-AAT CTC 
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CTG ATC CAA GGC TG-3ʹ and reverse 5ʹ-CAA GAT AGC 
AGG TTA TGT CAC G-3ʹ; BRIP1 forward 5ʹ-CAA TGC 
CCG TGC TGT CA-3ʹ and reverse 5ʹ-ATC TGC TGC CGT 
ACC CAT TTA-3ʹ; BRCA1 forward 5ʹ-CTG AAG ACT GCT 
CAG GGC TAT C-3ʹ and reverse 5ʹ-AGG GTA GCT GTT 
AGA AGG CTG G-3ʹ; BRCA2 forward 5ʹ-GGC TTC AAA 
AAG CAC TCC AGA TG-3ʹ and reverse 5ʹ-GGA TTC TGT 
ATC TCT TGA CGT TCC-3ʹ; XRCC4 forward 5ʹ-AAT CCA 
CCT TGT TTC TGA ACC C-3ʹ and reverse 5ʹ-CCT TTT 
TCC ATT GCC ATG TCA TC-3ʹ; XRCC5 forward 5ʹ-GGA 
CGT GGG CTT TAC CAT GA-3ʹ reverse 5ʹ-GGG GAT 
TGT CAG TGC CAT CT-3ʹ; SLC7A11 forward 5ʹ-TGC 
TGG GCT GAT TTA TCT TCG-3ʹ and reverse 5ʹ-GAA 
AGG GCA ACC ATG AAG AGG-3ʹ; SLC1A5 forward 5ʹ- 
GAG CTG CTT ATC CGC TTC TTC-3ʹ and reverse 5ʹ-GGG 
GCG TAC CAC ATG ATC C-3ʹ. To calculate the relative 
expression of target genes versus a reference gene, RPS17, 
a mathematical model including an efficiency correction was 
used.

Preparation of Whole Cell Lysates and 
Nuclear Extracts
Whole cell lysates were prepared in RIPA buffer containing 
50 mM Tris-HCl pH=8.0, 150 mM NaCl, 1% Triton X-100, 
0.5% sodium deoxycholate, 0.1% SDS supplemented with 
freshly added protease and phosphatase inhibitors (Merck, 
Darmstadt, Germany). For nuclear extracts, melanoma cells 
were suspended in 5× pellet volume of hypotonic buffer (10 
mM HEPES-KOH, pH=7.9, 1.5 MgCl2, 10 mM) with freshly 
added 0.2 mM phenylmethylsulfonyl fluoride and 0.5 mM 
DL-dithiothreitol. Cells were then centrifuged, suspended in 
2× the initial pellet volume of hypotonic buffer and trans-
ferred to Kontes all-glass dounce homogenizers. After 10 
min incubation at 4°C, cells were homogenized and the 
homogenate was collected and centrifuged at 14,000×g for 
15 min at 4°C. The supernatant containing the cytosolic 
fraction was discarded and the nucleus-containing pellet 
was lysed in RIPA buffer. For both methods, the Bradford 
assay was used to determine protein concentration. Samples 
were diluted in 2× Laemmli buffer (125 mM Tris-HCl 
pH=6.8, 20% glycerol, 0.004% bromophenol blue, 10% - 
mercaptoethanol and 4% SDS), heated to 95°C for 5 min and 
stored at −80°C until use.

Western Blot
Whole cell lysates and nuclear extracts were loaded on 7% or 
12% SDS–polyacrylamide gels, respectively. Electrophoresis 

was conducted at a constant voltage of 25 V/cm, followed by 
transfer of the proteins onto an Immobilon-P PVDF mem-
brane (Millipore, Billerica, MA, USA). Membranes were 
blocked in a solution of 5% phosphoBLOCKER (Cell 
Biolabs, San Diego, CA, USA) or 5% non-fat milk in PBS- 
Tween 0.05% for 45 min. Primary antibodies recognizing 
ERK1/2 (#9107), phospho-ERK1/2 (Thr202/Tyr204, 
#4377), AKT (#2920), phospho-AKT (Thr308, #4056), 
phospho-AKT (Ser473, #9271), phospho-H2AX (Ser139, 
#2577) and PARP (#9542) were purchased from Cell 
Signaling Technology (Danvers, MA, USA), Lamin B (#sc- 
6216) and GAPDH (#sc-47724) were from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Secondary HRP- 
conjugated anti-mouse (#sc-516102) and anti-goat (#sc- 
2768) antibodies were from Santa Cruz Biotechnology and 
anti-rabbit antibodies (#7074) were from Cell Signaling. For 
protein visualization, membranes were incubated with 
Pierce® ECL Western Blotting Substrate (Pierce, Rockford, 
IL, USA) for 1 min and visualized using the ChemiDoc 
Imaging System (BioRad, Hercules, CA, USA). ImageJ soft-
ware was used for densitometric analysis.

Confocal Imaging
Melanoma cells (1.25×105) were seeded onto a cover glass 
placed inside a 24-well plate. Cells were left to adhere for 
2 h, after which vemurafenib or trametinib was added for 
12 h. Next, the culture medium was discarded, and cells 
were washed with PBS followed by fixation/permeabiliza-
tion with methanol for 10 min. Cells were incubated in 
a blocking solution: 5% phosphoBLOCKER (Cell Biolabs, 
San Diego, CA, USA) in PBS-Tween 0.05% for 1 h. Next, 
primary antibodies against phospho-H2AX (Ser139, 
#2577) (Cell Signaling Technology, Danvers, MA, USA) 
were added for 1 h, and cells were washed with PBS- 
Tween 0.05% followed by 1 h incubation with secondary, 
Alexa Fluor555-conjugated (#ab150078) antibodies from 
Abcam (Cambridge, UK). After washing with PBS-Tween 
0.05%, the coverslips were flipped onto a drop of 
ProLong™ Diamond Antifade Mountant with DAPI 
(Thermo Fisher Scientific, Waltham, MA, USA) on glass 
slides and left to dry overnight. Images were obtained 
using the Nikon Eclipse TE2000-S inverted microscope 
(Nikon) with Plan-Apochromat 60×/1.4 Oil DIC N2 objec-
tive and Nikon C1 confocal attachment. Nuclear fluores-
cence was imaged with 408 nm excitation and 432–467 
nm emission range, while secondary antibody fluorescence 
was imaged with 543 nm excitation and 567–642 nm 
emission range.
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Glutathione Measurements
Melanoma cells (1×104) were plated onto 96-well plates. 
Vemurafenib and trametinib were added after 2 h, for 
a period of 12 h. Next, the plates were centrifuged, the 
medium was discarded, and total or oxidized glutathione 
detection was performed using the GSH/GSSG-Glo™ 
Assay from Promega (Madison, WI, USA) according to 
the manufacturer’s protocol. The ratio of GSH:GSSG was 
calculated using the formula GSH/GSSG = (Total glu-
tathione – Oxidized glutathione)/(Oxidized glutathione/ 
2). Luminescence measurements were performed using 
a Vector X plate reader (PerkinElmer, Waltham, 
MA, USA).

Statistical Analysis
All experiments were conducted in three biological repli-
cates unless stated otherwise. Graphs are presented as 
mean ± SD. To calculate the statistical significance of 
differences, StatsDirect v.2.7.2 software was used. To 
compare two independent samples, the Student’s t-test 
was used. For multiple comparisons, ANOVA was used 
with post-hoc Scheffé’s test (CI=95%). Differences were 
considered significant at P<0.05.

Results
Insulin Does Not Influence Proliferation 
of Melanoma Cells but Significantly 
Affects the Subpopulation of 
NGFR-Positive Cells
In addition to activating mutations in the MAPK pathway, 
microenvironmental factors may increase the proliferation 
rate of melanoma cells. To evaluate the influence of insulin 
on proliferation, melanoma cells were grown with or with-
out insulin in the culture medium. We found that mela-
noma cells maintained similar proliferative capacity in 
both types of growth conditions, as proliferation curves, 
doubling time (Figure 1A) and the percentage of Ki-67- 
positive cells (Figure 1B) were comparable irrespective of 
the presence of insulin. Next, the influence of insulin on 
the percentage of nerve growth factor receptor (NGFR, 
also termed CD271)-positive cells, considered as neural 
crest stem-like cells with increased tumor-initiating 
capacity,49,50 was examined. Cell surface localization of 
NGFR was quantified by flow cytometry, and we found 
that the percentage of NGFR-positive melanoma cells was 
significantly lower in melanoma cell populations grown 

without insulin compared with their insulin-stimulated 
counterparts (Figure 1C). The least difference was 
detected in the DMBC29 cell line, in which the percentage 
of NGFR-positive cells increased from 1.3% in the med-
ium without insulin to only 4.9% in the presence of insulin 
(Supplementary Figure 1).

Melanoma Cell Lines Differ in PI3K/AKT 
Pathway Activity Upon Insulin Stimulation
Phosphorylation of ERK1/2, effector proteins of the 
MAPK signaling cascade, was comparable in the presence 
and absence of insulin (Figure 1D), indicating that insulin 
did not affect this pathway. AKT phosphorylation was 
nearly undetectable in all cell lines in the absence of 
insulin (Figure 1D). When the PI3K/AKT pathway activity 
was examined in the presence of insulin, two melanoma 
cell lines, DMBC11 and DMBC12, exhibited substantial 
AKT activity, measured as phosphorylation of both PDK1- 
dependent (Thr308) and mTORC2-dependent (Ser473) tar-
get sites (Figure 1D). These two melanoma cell lines were 
hence designated as pAKThigh, and DMBC21, DMBC28 
and DMBC29 cell lines were categorized as pAKTlow. 
Analysis of insulin-triggered changes over time revealed 
that marked insulin-induced AKT activity was sustained 
only in AKThigh cell lines, whereas AKTlow cell lines 
exhibited a peak activity of AKT at 3 h and its gradual 
decrease afterwards (Figure 1E and F).

Genetic Alterations in Insulin Signaling 
and PI3K/AKT Pathway are Rare in 
Melanomas
Next, to gain insight into a possible cause for differential 
PI3K/AKT pathway dynamics in melanoma cells, we ana-
lyzed the frequency of mutations in downstream compo-
nents of the insulin signaling and PI3K/AKT pathway both 
in melanoma cell lines and in clinical melanoma samples. 
The main elements of the MAPK pathway were also 
included. The prevalence of genetic alterations in selected 
genes was queried in a total of 1084 melanoma tumors 
using cBioPortal for Cancer Genomics, and the frequency 
of mutations is shown in Figure 2. Genetic alterations in 
any element of insulin signaling, beginning with insulin 
and insulin-like growth factor receptors to AKT isoforms, 
as well as positive and negative regulators of the PI3K/ 
AKT signaling cascade, were rare in clinical samples. 
Mutations in PTEN, which are carried by about 13.5% of 
clinical melanoma samples, and many other rare mutations 
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Figure 1 Insulin does not influence proliferation but markedly affects the subpopulation of NGFR-positive cells and induces AKT activity in melanoma cells, either transiently 
or sustainably. (A) Proliferation curves of melanoma cells grown in the presence (black line) or absence (orange line) of insulin based on the activity of acidic phosphatase 
(APA assay). n=3. (B and C) The percentages of Ki-67-positive cells (B) or NGFR-positive cells (C) in the populations of melanoma cells grown without insulin relative to 
their percentages in the insulin-treated melanoma cell populations, 42 h after cell seeding. Data are presented as mean values of three biological replicates ± SD. Student’s 
t-test was used to calculate statistical significance. Differences are considered significant at *P<0.05. (D) Western blot analysis of the activity of PI3K/AKT and MAPK 
pathways in melanoma cells grown in the presence or absence of insulin for 24 h, shown as levels of phosphorylated AKT at Ser473 (pAKTS473) and Thr308 (pAKTT308), and 
phosphorylated ERK1/2 (pERK1/2), respectively. n=2. (E) The level of phosphorylated AKT at indicated time points following insulin stimulation, shown as representative 
Western blots. Total AKT and GAPDH served as loading controls. (F) Densitometry was used to analyze band intensity. The level of phosphorylated AKT corrected by total 
AKT level measured at the indicated time points was expressed relative to corrected pAKT level at 3 h of insulin treatment. Data from two independent experiments are 
expressed as mean ± SD.
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were not found in any of the five investigated cell lines, 
according to data from whole-exome sequencing (WES).40 

Three melanoma cell lines designated as AKTlow harbored 
V592A substitution in one of the isoforms of the catalytic 
subunit of PI3K, PIK3CD (phosphatidylinositol- 
4,5-bisphosphate 3-kinase catalytic subunit delta, also 
known as p110 delta), and all cell lines had a frame-shift 
alteration in the regulatory subunit of the PI3K gamma 
complex, PIK3R6 (Figure 2). The amino acid substitutions 
caused by point mutations shown in Figure 2 are available 
in Supplementary Table 1.

Vemurafenib and Trametinib are Severely 
More Cytostatic and Cytotoxic in 
Insulin-Deprived Melanoma Cells Than in 
Insulin-Stimulated Cells, Despite 
Comparable Inhibition of the MAPK 
Pathway and Lack of Effect on the PI3K/ 
AKT Pathway
Regardless of the presence of insulin, vemurafenib and 
trametinib efficiently suppressed the activity of the 
MAPK pathway in melanoma cells, as evidenced by 
diminished phosphorylation of ERK1/2, whereas they 
had no effect on the activity of the PI3K/AKT pathway 
(Figure 3A). Contrary to this, insulin significantly affected 
drug-induced changes in the frequency of Ki-67- 
expressing cells, and melanoma cells grown in the pre-
sence of insulin were significantly less responsive to drug 
treatment (Figure 3B). Drug-induced apoptosis, shown as 
PARP cleavage, was already observed primarily in insulin- 
deprived cells at 24 h of treatment (Figure 3A). This 
inhibitory influence of insulin on the number of apoptotic 
cells in response to vemurafenib or trametinib was con-
firmed by the analysis of Annexin V-positive cells (Figure 
3C). All melanoma cell lines grown without insulin 
already exhibited a markedly higher increase in the per-
centage of apoptotic cells after 30 h of incubation with 
either drug, in comparison with an increase observed in the 
presence of insulin. This difference was markedly 
enhanced after additional 26 h of treatment. Deprivation 
of two other exogenous growth factors used in the med-
ium, bFGF and EGF, had no effect on drug efficacy in the 
presence or absence of insulin (Figure 3C, upper panel vs 
lower panel). Notably, neither of the growth factors, 
including insulin, was necessary for survival of melanoma 
cells when the activity of the MAPK pathway was not 

suppressed by vemurafenib or trametinib. While an 
increase in the percentage of apoptotic cells in the absence 
of insulin was consistently higher than with insulin, inves-
tigated melanoma cell lines differed in their sensitivity to 
drug treatment, with the DMBC11 cell line being the least 
responsive to drugs, especially within the first 30 
h. Overall, our results suggest that insulin interferes with 
the cytostatic and cytotoxic effects of targeted therapeu-
tics. While vemurafenib and trametinib could 1) reduce 
expression of Ki-67, which may indicate that melanoma 
cells enter G0 phase characterized by low expression of 
Ki-67, and 2) induce apoptosis of melanoma cells, these 
drug-induced effects were markedly diminished by insulin.

Insulin Attenuates the Effects of 
Vemurafenib and Trametinib on DNA 
Integrity and Repair
Given that DNA integrity is a crucial condition required to 
pass the G1 checkpoint, we evaluated the level of phosphory-
lated histone H2AX (γ-H2AX), an indicator of DNA 
damage. Both drugs substantially increased the level of γ- 
H2AX in the nuclei of melanoma cells (Figure 4A), and two 
groups of melanoma cell lines could be distinguished. 
DMBC11 and DMBC12 cell lines already exhibited marked 
H2AX phosphorylation in control cells grown with or with-
out insulin, which was further increased by drugs. The level 
of γ-H2AX could be further slightly increased by insulin, as 
shown in Supplementary Table 2. DMBC21, DMBC28 and 
DMBC29 cell lines, which showed almost undetectable 
levels of γ-H2AX in control settings, had this marker sub-
stantially enhanced by vemurafenib or trametinib, but only in 
nuclei of cells that were grown in the absence of insulin 
(Figure 4A). Microscopic visualization of γ-H2AX-stained 
nuclei confirmed abundant phosphorylation of H2AX in 
DMBC11 and DMBC12 cells regardless of the presence of 
insulin, and drug-induced phosphorylation of H2AX in 
DMBC21, DMBC28 and DMBC28, but only in the absence 
of insulin (Figure 4B). Our results indicate that insulin may 
play an inhibitory role in drug-induced stress, illustrated as 
increased levels of γ-H2AX, although particular melanoma 
cell lines differ in this respect.

The obtained results suggest that insulin can attenuate 
drug-related DNA damage, which may be associated with 
the efficiency of DNA damage repair systems. Analysis of 
transcript levels of genes involved in DNA repair revealed that 
the expression of BRIP1, BRCA1 and BRCA2, genes encoding 
elements of the homologous repair (HR) system, was reduced 
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Figure 2 Alterations in genes encoding the components of insulin signaling and PI3K/AKT pathway. The frequency of genetic alterations based on the clinical dataset from 
cBioPortal for Cancer Genomics is shown as side bars, whereas the occurrence of mutations in melanoma cell lines used in this study is presented in the table. Raw data for 
cell lines are publicly available at ArrayExpress, under the accession number E-MTAB-6978. Indicated colors specify the type of mutation, while unaltered genes are left 
uncolored. Potential effects of amino acid substitution were evaluated in silico using PolyPhen-2 software, and were classified as benign (scores 0.000–0.449) and probably 
damaging (scores 0.960–1.000).
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substantially by vemurafenib or trametinib in all cell lines 
except one, and this reduction was more pronounced in insu-
lin-deprived cells (Figure 4C). The expression of selected 
genes encoding proteins of the non-homologous end joining 
pathway (NHEJ), XRCC4 and XRCC5, was reduced particu-
larly in DMBC11 and DMBC12 cell lines, and the extent of 
these drug-dependent effects was also considerably higher in 
melanoma cells grown without insulin. In the DMBC29 cell 
line, none of HR- and NHEJ-related genes was downregulated 
by vemurafenib or trametinib in the presence of insulin. 
Notably, this cell line did not differ from other melanoma 

cell lines in the basal expression of DNA repair genes, either 
in the absence or the presence of insulin (Figure 4D). 
Altogether, we found that inhibition of DNA repair gene 
expression by targeted therapeutics in most melanoma cell 
lines is significant, and more substantial in the absence of 
insulin.

Insulin Impairs Combined Effects of Targeted 
Drugs and Doxorubicin in Melanoma Cells
Next, to further explore the influence of insulin on mela-
noma cell sensitivity to drugs, doxorubicin was used in 

Figure 3 Insulin protects melanoma cells against vemurafenib- or trametinib-induced apoptosis and diminishes drug-triggered downregulation of Ki-67 expression. (A) 
Western blot analysis of the effects of 10 µM vemurafenib (PLX) or 50 nM trametinib (TRA) on the activity of MAPK (level of pERK1/2) and PI3K/AKT (level of pAKTS473) 
pathways, and PARP cleavage in the presence or absence of insulin, after 24 h of drug treatment. GAPDH was used as a loading control. n=3. (B) Insulin-induced changes in 
the percentage of Ki-67-positive melanoma cells, untreated or treated with PLX or TRA for 40 h. n=3. (C) Apoptosis shown as percentages of Annexin V-positive cells 
assessed by flow cytometry after 30 and 46 h of treatment with PLX or TRA, in the presence or absence of insulin. Bars represent mean values of three biological replicates 
± SD. Statistical significance marked as asterisks in proximity to each bar refers to the drug-induced difference in relation to control, and as asterisks adjacent to lines above 
the bars refers to the difference between melanoma cells grown with or without insulin. Statistical significance for both panels was calculated with ANOVA followed by 
Scheffé’s test. Differences are considered significant at *P<0.05.
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Figure 4 Insulin attenuates vemurafenib- and trametinib-induced changes in the γ-H2AX level and DNA repair capacity of melanoma cells. (A) Western blot analysis of the 
H2AX phosphorylation detected in nuclear extracts of control melanoma cells or cells treated with vemurafenib (PLX) or trametinib (TRA) for 12 h, in the presence or 
absence of insulin. Lamin B was used as a loading control. n=2. (B) Confocal imaging of melanoma cells stained with anti-phospho-H2AX (pink) merged with nuclear 
counterstain – DAPI (blue) after 12 h of drug treatment. Scale bar=10 µm. n=2. (C) Changes relative to controls in transcript levels of BRIP1, BRCA1, BRCA2, XRCC4 and 
XRCC5 after 24 h of drug treatment assessed by qRT-PCR and normalized to the expression of a reference gene, RPS17. Bars represent mean values of three independent 
experiments ± SD. ANOVA and Scheffé’s test were used to calculate statistical significance. Statistical significance marked as asterisks in proximity to each bar refers to the 
drug-induced difference in relation to control, and as asterisks adjacent to lines above the bars refers to the difference between melanoma cells grown with or without 
insulin (black lines for PLX-induced differences, red lines for TRA-induced differences). Differences are considered significant at *P<0.05. (D) Transcript levels of BRIP1, 
BRCA1, BRCA2, XRCC4 and XRCC5 in melanoma cells grown with or without insulin, relative to the median value for all five cell lines.
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combination with vemurafenib or trametinib. For prolifera-
tion analysis, lower concentrations of vemurafenib (2 µM) 
and trametinib (10 nM) were applied, as the robust apopto-
sis induced by higher concentrations of drugs (10 µM and 
50 nM, respectively) used previously, in the absence of 
insulin overshadowed any effects of combined treatment 
on proliferation (not shown). The analysis of acidic phos-
phatase activity in melanoma cells demonstrated that dox-
orubicin alone did not substantially affect proliferation, 
except for DMBC11 and DMBC12 cells (Figure 5A). 
Combined treatment of doxorubicin with either of the tar-
geted drugs resulted in more efficient reduction of viable 
cell number than obtained for any of these drugs used alone, 
especially for DMBC11 and DMBC12 cell lines (Figure 
5A). A significant increase in the percentage of apoptotic 
cells was observed when doxorubicin was added to either 
vemurafenib or trametinib, except for the DMBC29 cell line 
(Figure 5B and C). Moreover, effects of the drug combina-
tion on the percentage of apoptotic cells (Figure 5B) could 
be related to drug-induced changes in the expression of 
DNA repair-related genes (Figure 4C). Lack of substantial 
drug-induced reduction in the expression of DNA repair- 
related genes rendered DMBC29 cells less sensitive to 
doxorubicin treatment. More importantly, insulin dimin-
ished the effects of combined treatment on proliferation 
(Figure 5A) and apoptosis (Figure 5B and C) in all mela-
noma cell lines.

Insulin Attenuates Changes in 
Glutathione Homeostasis Induced by 
Vemurafenib or Trametinib in Melanoma 
Cells
Next, we assessed the effects of vemurafenib or trametinib 
on the redox status of melanoma cells by evaluating the 
level of cellular glutathione. The results revealed that in 
insulin-deprived melanoma cells both drugs not only 
reduced the ratio of the reduced (GSH) form to the oxidized 
(GSSG) form of glutathione (Figure 6A), but also dimin-
ished the total intracellular glutathione pool (Figure 6B). 
We expanded the analysis to the expression of two trans-
membrane transporters in charge of substrate uptake 
required for glutathione synthesis: SLC1A5 (also known 
as ASCT2), responsible for glutamine import into the cell, 
and SLC7A11 (also known as xCT), an antiporter that 
exports glutamate in exchange for cystine, a pivotal element 
in redox control. Transcript levels of both genes were sig-
nificantly reduced following drug treatment in all 

melanoma cell lines, and this effect was diminished by 
insulin in most melanoma cell lines (Figure 6C). In addi-
tion, insulin significantly upregulated the basal levels of 
SLC7A11 in selected cell lines, especially in the 
DMBC21 cell line, in which the basal level of SLC1A5 
transcript was also significantly higher in the presence of 
insulin (Figure 6D). Altogether, we found that insulin 
attenuates the effects of vemurafenib and trametinib on 
glutathione homeostasis.

Discussion
Melanoma is still responsible for the majority of skin 
cancer-related deaths, even though melanoma survival 
has increased recently.51–53 Current therapeutic modalities 
for melanoma patients consist of surgical excision in an 
early stage of disease, and chemotherapy, immunotherapy 
and targeted therapy in late-stage melanoma patients.54 

While inhibitors of BRAFV600 (vemurafenib, dabrafenib 
and encorafenib) and MEK1/2 (trametinib, cobimetinib 
and binimetinib) brought hope for late-stage melanoma 
patients, intrinsic and acquired resistance still 
represents a major challenge in clinical practice.55–57 

Therefore, it is critical to recognize factors that could 
potentially expedite drug resistance. In our study, we 
singled out insulin as the examined factor by using serum- 
free cell culture medium and demonstrated the significance 
of insulin in melanoma cells’ response to treatment.

The role of microenvironmental stimuli, specifically 
growth factors, in the response of melanoma to targeted 
therapeutics has been studied extensively and 
reviewed.42,58-63 The impact of insulin, however, the 
serum level of which differs between patients, on the 
efficacy of targeted therapeutics in melanoma has not 
been sufficiently investigated. One short report showing 
limited data on the influence of insulin on dacarbazine- 
and PLX4720-induced cytotoxicity in melanoma cells has 
been published;64 however, melanoma cells were cultured 
in the presence of serum in that study.

Melanoma cells predominantly rely on the constitutively 
active MAPK pathway for growth and survival, and activity 
of this pathway was not modulated by insulin in control 
cells, and ERK1/2 activity was almost completely inhibited 
by either vemurafenib or trametinib irrespective of the pre-
sence of insulin. Without impacting on the activity of the 
MAPK pathway, insulin substantially influenced the prolif-
eration and survival of melanoma cells exposed to either 
vemurafenib or trametinib (Figure 7). Insulin affected sev-
eral processes in melanoma cells grown without or with 
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Figure 5 Insulin diminishes combined effects of doxorubicin with vemurafenib or trametinib on viable cell number. (A) Changes relative to control in viable cell numbers 
induced by vemurafenib (PLX, 2 µM), trametinib (TRA, 10 nM) and doxorubicin (DOX, 50 nM), used alone or in combination, assessed by the acidic phosphatase assay and 
presented as mean values of three biological replicates ± SD. (B) The percentages of apoptotic cells stained with Annexin V and assessed by flow cytometry after 36 
h treatment with PLX, TRA and DOX are shown as bar graphs. Data are presented as mean values of three biological replicates ± SD. ANOVA and Scheffé’s test were used 
to calculate statistical significance. Statistical significance marked as asterisks in proximity to each bar refers to the drug-induced difference relative to control, and as 
asterisks adjacent to lines above the bars refers to the difference between targeted drugs used either alone or in combination with doxorubicin, or between drug-treated 
samples in the presence or absence of insulin. Differences are considered significant at *P<0.05. NS, not significant. (C) Representative density plots for the most (DMBC12) 
and least (DMBC29) doxorubicin-responsive cell lines after 36 h of drug treatment are shown.
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targeted therapeutics, and the extent of its influence 
depended on the cell line. The effects of insulin administra-
tion were the most pronounced in those cell lines that 
exerted dedifferentiated phenotypes, DMBC11 and 
DMBC12, and much less detected in the DMBC29 cell 
line, which contained a large subpopulation of differentiated 
MITF-positive cells.45 This is in line with the notion of 
extensive variability in the response of melanoma cells to 
drugs.38,45,65 This remark can be applied to several effects 
observed in melanoma cells in our study, including insulin’s 
influence on PI3K/AKT activity, which was either sustain-
able or transient, and phosphorylation of histone H2AX, 

which was either constitutive or drug-inducible but only in 
melanoma cells grown without insulin. Regardless of the 
differences observed between the cell lines, insulin substan-
tially reduced the efficacy of vemurafenib and trametinib, 
which was clearly visible in PARP cleavage, percentages of 
Annexin V-positive cells and Ki-67-positive cells, phos-
phorylation of H2AX, expression of HR- and to a lower 
extent NHEJ-associated genes of DNA repair system, GSH 
to GSSG ratio, total intracellular glutathione pool and 
expression of genes encoding transmembrane transporters 
responsible for an uptake of substrates required for glu-
tathione synthesis.

Figure 6 Insulin influences glutathione homeostasis in melanoma cells exposed to vemurafenib and trametinib. (A) The ratio of reduced (GSH) to oxidized (GSSG) 
glutathione after 12 h incubation with vemurafenib (PLX) and trametinib (TRA). (B) Luminescence measurements of total glutathione levels in melanoma cells after 12 h of 
drug treatment. RLU, relative light units. (C) Changes relative to controls in transcript levels of SLC7A11 and SLC1A5 after 24 h drug treatment, determined by qRT-PCR 
and normalized to the expression of a reference gene, RPS17. For panels A, B and C, statistical significance was calculated with ANOVA followed by Scheffé’s test. Statistical 
significance marked as asterisks in proximity to each bar refers to the drug-induced difference in relation to control, and as asterisks adjacent to lines above the bars refers 
to the difference between melanoma cells grown with or without insulin (black line for PLX-induced differences, red line for TRA-induced differences). (D) Comparison of 
basal transcript levels of SLC7A11 and SLC1A5 in melanoma cell lines at 26 h after cell seeding in the presence or absence of insulin. Gene expression in each melanoma cell 
line is presented relative to the median value for all five cell lines. Bars represent mean values ± SD. Student’s t-test was used to calculate statistical significance. Asterisks 
adjacent to lines above the bars refer to differences between median values obtained for melanoma cells grown with or without insulin. Differences are considered significant 
at *P<0.05. n=3.
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For the first time, we have shown that the expression of 
NGFR (CD271) can be related to insulin signaling, and 
this receptor was consistently upregulated when insulin 
was present in the microenvironment. NGFR is expressed 
on several cell types and its cellular consequences depend 
on the context.66 In melanoma, NGFR-expressing cells 
represent a neural crest stem-like population with tumor- 
initiating capacity.49,50 The elevated levels of NGFR have 
been associated with several processes accompanying the 
progression of melanoma, such as enhanced survival and 
metastatic capacity, evasion of the immune system and 
development of resistance to drugs, including inhibitors 
of the MAPK pathway.38,67–70 Our finding suggests that 
insulin, by promoting the expression of NGFR, may par-
take in the acquisition of stem-like properties in melanoma 
cells, leading to their limited sensitivity to drugs. Although 
insulin consistently caused an increase in the frequency of 
NGFR-positive cells in all melanoma cell populations, 
with the enrichment by a factor of more than 2.5, the 
percentages of NGFR-positive cells were different in 
each cell line. The lowest effect of insulin was observed 
in the DMBC29 cell population, from 1.3±0.2% in the 
medium without insulin to only 4.9±0.5% in the presence 
of insulin. When acquired resistance was developed in the 
cell lines used in the present study, the 29_TRAR cell line, 
resistant to trametinib, was the least changed in terms of 
the frequency of MITF-positive cells and expression of 
genes related to pigmentation,45 and the frequency 
of NGFR-positive cells remained low and unaltered in 

this highly differentiated cell line.38 NGFR expression 
has a strong impact on melanoma transcriptomes in a cell- 
context dependent manner, and distinct pathways can be 
connected to NGFR expression in melanoma cells and 
melanocytes.49 The diversity of responses to insulin 
observed between cell lines in our study, eg, in H2AX 
phosphorylation or DNA repair gene expression, may be 
partially explained by differences in the frequency of 
NGFR-positive cells. Our results are in line with the 
view that intrinsic features of melanomas, such as 
a differentiation versus stem-like status, predefine the cell 
response to changes introduced into the microenviron-
ment, and insulin as a constituent of the microenvironment 
may also affect melanoma cell phenotype and response to 
therapeutics in a cell status-dependent manner.

Differential expression of γ-H2AX in melanoma cell 
lines has previously been reported.71 In our study, two 
groups of melanoma cell lines could be distinguished 
based on the γ-H2AX level, DMBC11 and DMBC12 that 
were intrinsically γ-H2AXhigh, and DMBC21, DMBC28 
and DMBC29 that were γ-H2AXlow. H2AX phosphoryla-
tion was not detrimental to DMBC11 and DMBC12 cell 
lines since, despite the high γ-H2AX level, no reduction in 
cell viability of control cells was observed at any time point. 
Elevated γ-H2AX levels were also found during M phase of 
the cell cycle in normally growing mammalian cells.72 

These two γ-H2AXhigh cell lines, DMBC11 and 
DMBC12, exerted sustained AKT activity. AKT has been 
shown to mediate H2AX phosphorylation in HeLa cells in 
response to DNA damage but also during cell cycle 
progression.73 Drug treatment caused a higher increase in γ- 
H2AX level associated with induction of apoptosis in mel-
anoma cells grown in medium without insulin than in cells 
grown in the presence of insulin. Our finding that the 
reduction in DNA repair genes is significantly more pro-
nounced in the absence of insulin could partially explain 
this phenomenon. Again, DMBC29 cells were exceptional 
in this respect as, while DNA repair gene expression was 
not reduced by either drug, an increase in γ-H2AX levels in 
the absence of insulin was still detected. Although we 
cannot provide an unambiguous explanation for disparities 
in γ-H2AX levels detected in the investigated cell lines, the 
pleiotropic effects of insulin signaling, together with the 
wide range of cellular processes affected by MAPK path-
way inhibition, should be taken into consideration. For 
instance, insulin has severe effects on cellular metabolism, 
and the DMBC29 cells exhibited a significant decrease in 
the GSH:GSSG ratio in drug-treated cells in the absence of 

Figure 7 Proposed model of the influence of insulin on vemurafenib- and trame-
tinib-induced effects in melanoma cells.
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insulin, which could have contributed to increased DNA 
damage. Moreover, in the absence of insulin, the DMBC29 
cell line had the lowest basal expression of SLC7A11 of all 
cell lines, and the second lowest ratio of GSH:GSSG, which 
could indicate the sensitivity of the cell line to redox imbal-
ance, but only when insulin is not provided. In addition, it 
has been recently observed in thyroid cancer that BRAF 
inhibitor delayed the resolution of γ-H2AX foci, which 
could partially explain the accumulation of γ-H2AX after 
drug treatment in cells with high basal levels of γ-H2AX.74 

Nonetheless, further studies are needed to find the direct 
cause of changes in γ-H2AX in melanoma cells that exert 
diverse phenotypes.

Given the widely accepted pro-survival role of the PI3K/ 
AKT pathway and that activation of this pathway depended 
on the presence of insulin in our study, it is reasonable to 
assume that the detrimental effects of vemurafenib and tra-
metinib on melanoma cell viability were attenuated by insu-
lin via the PI3K/AKT pathway. Such a hypothesis is 
supported by previously published studies, showing that 
survival of melanoma cells upon BRAFV600E or MEK1/2 
inhibition was conditional on AKT activity.75,76 However, 
other reports have shown that inhibition of PI3K or AKT 
alone was insufficient to increase the sensitivity of melanoma 
cells to MAPK inhibitors.77–79 We found that the durability 
of PI3K/AKT pathway activation in insulin-treated mela-
noma cells varied between cell lines despite the continued 
presence of insulin in the microenvironment. While insulin- 
mediated activation of AKT was transient in some melanoma 
cell lines, the pro-survival effect of insulin in these cells 
persisted long after AKT phosphorylation was diminished. 
Genetically, all three melanoma cell lines, in which the PI3K/ 
AKT was only transiently activated, harbor a V592A sub-
stitution in PIK3CD. This delta isoform has been reported 
primarily in leukocytes80 and leukemic cells;81,82 however, 
there has also been an indication of its expression in both 
untransformed and transformed cells of melanocytic origin.83 

So far, no studies have reported a V592A substitution in 
PIK3CD as a functional alteration leading to only transient 
AKT activation in melanoma. Notably, we have recently 
shown that all three cell lines bearing a V592A substitution 
could become sustainably pAKThigh in the presence of insu-
lin after developing resistance to either vemurafenib or 
trametinib.38 This excluded a V592A substitution as 
a causative factor of only transient activation of AKT in the 
response to insulin in their drug-naïve counterparts. In sum-
mary, we could not find any correlation between mutations 
detected in downstream components of the insulin signaling 

and PI3K/AKT pathway with different phenotypes of the 
investigated melanoma cell lines in terms of AKT activity. 
The lack of substantial genetic changes in elements of the 
insulin signaling pathway found in this study is consistent 
with the low frequency of PI3K/AKT pathway mutations in 
melanoma detected in large-scale genomic analyses.33,84-86 

Most frequently found alterations in the PI3K/AKT signaling 
axis in melanoma are loss-of-function mutations in PTEN 
and copy number alterations of AKT.33,86 While both mod-
ifications promote increased AKT activity, neither of them 
could explain the differences in PI3K/AKT pathway activity 
in melanoma cells used in this study, as all melanoma cell 
lines were wild-type PTEN and did not substantially differ in 
total AKT levels. The diversity of melanoma cell response to 
insulin may be considered as a result of phenotypic cell 
plasticity driven by epigenetic modifications87,88 in response 
to changes in the microenvironment rather than genetic 
alterations, which, however, needs further investigation. 
Melanoma cells have been shown to upregulate the 
IGF1R–MEK5–Erk5 signaling axis as a resistance mechan-
ism to bypass BRAFV600E, MEK1/2 and ERK1/2 
inhibition,79 and simultaneous inhibition of PI3K and IGF- 
1R may be necessary to maximize the efficacy of MAPK 
inhibitors.77,78 Notably, thus far, clinical attempts to inhibit 
IGF-1R as an anticancer treatment strategy have been 
unsuccessful,89–91 in part because the IR compensates for 
the loss of IGF-1R signaling.92 All of this points to a critical 
role of insulin, as an upstream stimulant of the aforemen-
tioned pathways, in the efficacy of targeted therapy against 
melanoma. Arguably, potential differences in IGF-1R or IR 
expression could contribute to differences in the initial phos-
pho-AKT level after insulin treatment, but would not explain 
the differences in duration of the activating signal observed 
in our study.

Stimulation of the PI3K/ATK pathway activity drives 
numerous molecular mechanisms, among them those that 
lead to elevated reactive oxygen species (ROS) levels, 
including modulation of mitochondrial bioenergetics or acti-
vation of NADPH oxidases (NOXs).93 At the same time, 
PI3K activation confers resistance to oxidative stress by 
increasing the antioxidant response through upregulation 
of the Keap1-Nrf2 pathway and increased expression of 
enzymes involved in ROS detoxification, including super-
oxide dismutase, NADPH quinone dehydrogenase 1, glu-
tathione S-transferase and glutamate cysteine ligase.93–96 

Recent studies have pointed to the ROS-detoxifying capa-
city of melanoma cells as a contributor to drug 
resistance,97–99 and the ROS-detoxifying role of the PI3K/ 
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AKT pathway has been documented by showing that resis-
tance to MEK1/2 inhibition in melanoma cells with elevated 
oxidative phosphorylation can be overcome by inhibition of 
mTORC1/2, a key downstream outlet of the PI3K/AKT 
pathway.100 Insulin increases glucose uptake and lactate 
production through the PI3K/mTOR axis, supports aerobic 
glycolysis and stimulates pentose phosphate pathway- 
dependent production of NADPH, critical in the mainte-
nance of GSH and reductive biosynthesis.101–103 Thereby, 
insulin enhances the metabolic capacities of cancer cells. 
SLC7A11, specifically, has been shown to be essential for 
the maintenance of intracellular glutathione levels.104 

Melanoma cells resistant to inhibitors of the MAPK path-
way have been reported to depend on SLC7A11 activity for 
the maintenance of redox balance.98 We have previously 
shown that vemurafenib and trametinib can reduce the 
expression of SLC7A11 and SLC1A5 in BRAFV600E and 
HRASQ61R melanoma cells,43 which is also confirmed in 
the present study, and furthermore, we have now demon-
strated the influence of insulin on drug-induced reduction of 
their expression and the total glutathione pool. SLC7A11 
and SLC1A5 have been shown to be regulated by compo-
nents of the PI3K/AKT105 and RAS/RAF/MEK106 path-
ways, which may explain the greater reduction in their 
expression when the activity of both signaling pathways is 
diminished. Altogether, our study also suggests the role of 
insulin signaling in glutathione homeostasis in melanoma 
cells under treatment with MAPK inhibitors. Glutathione is 
essential for the maintenance of redox balance and the 
process of protein thiolation, which depends specifically 
on the ratio of GSH:GSSG. The thiol status of proteins, in 
turn, regulates many metabolic processes and signaling 
pathways.107 Given that MAPK inhibition has been shown 
to shift the metabolic dependence towards ROS-generating 
oxidative metabolism and that glutamine is often used as 
a metabolic fuel, deregulation in GSH content or glutamine 
influx may have severe consequences on drug-treated cells. 
Moreover, GSH has been shown to serve as a cofactor in 
enzymatic repair of the damaged DNA108 and its high levels 
have been associated with multidrug resistance of many 
cancer types.109 Besides affecting the expression of trans-
porters involved in glutathione synthesis, insulin restrained 
the vemurafenib- and trametinib-induced suppression of 
transcription of homologous recombination genes, BRIP1, 
BRCA1 and BRCA2. It has been demonstrated recently that 
dabrafenib and trametinib are capable of suppressing the 
expression of BRIP1 and BRCA2, but only in selected cell 
lines.110 This is in agreement with our results showing 

a differential suppression of these genes in the investigated 
cell lines, with DMBC29 being the least responsive. While 
in the report of Maertens et al110 the combined effects of 
dabrafenib and trametinib have been evaluated, in our study 
vemurafenib and trametinib used as single agents generated 
similar effects on the expression of DNA repair genes in the 
majority of melanoma cell lines, unless insulin was present 
in the microenvironment. More substantial reduction of 
DNA repair gene expression, together with the accumula-
tion of γ-H2AX in most melanoma cell lines in the absence 
of insulin, further demonstrates the role of insulin in the 
protection of melanoma cells against vemurafenib and tra-
metinib. These results, together with the influence of insulin 
on glutathione homeostasis, point to a possible double-sided 
protection against DNA damage by GSH: from eliminating 
the cause of the DNA lesion to aiding its repair.

Recently, it has been demonstrated that inhibitors of the 
PI3K/AKT pathway caused an acute increase in glucose 
blood levels and insulin serum levels in wild-type mice 
and mice with tumor allografts.111 The authors suggested 
that insulin spikes induced by PI3K inhibitors could cause 
a transient enhancement in glucose uptake in the tumor, 
which could support tumor growth. Although melanoma 
allografts were not investigated in this study, the importance 
of approaches that manage blood insulin levels in the tumor 
treatment were underlined. This has been supported by 
other studies also performed in animal models and showing 
that caloric restriction and a ketogenic diet play an antic-
ancer role in terms of tumor initiation, progression and 
metastasis.112 Managing insulin levels in non-diabetic can-
cer patients carries no clinical risk. In fact, the nutrition 
regimen of cancer patients with no prior record of hyper-
insulinemia per se has been drawing increasing attention, 
both in general patient care and in the clinical evaluation of 
PI3K inhibitors.113,114 Therefore, our study, which clearly 
indicates a reduced efficacy of targeted therapeutics in 
melanoma cells in the presence of insulin, may stimulate 
clinical evaluation of how high level of insulin impacts the 
response to anticancer treatment.

Conclusion
Our study has revealed that while insulin does not influ-
ence the activity of the MAPK pathway itself, it protects 
BRAFV600E melanoma cells against targeted therapeu-
tics, vemurafenib or trametinib, that suppress this path-
way. Despite differences in the phenotypes of melanoma 
cells employed in this study,40,41 several effects of insu-
lin administration on the effectiveness of targeted 
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therapeutics used alone or in combination with doxoru-
bicin have been found in all melanoma cell lines, includ-
ing less effective inhibition of proliferation and 
induction of apoptosis. Vemurafenib- and trametinib- 
induced changes in glutathione homeostasis and expres-
sion of DNA repair genes were also attenuated by 
insulin. As our results indicate much lower efficacy of 
targeted therapy in melanoma cells with insulin in the 
microenvironment, the relevance of high levels of insulin 
in melanoma patients undergoing anticancer treatment 
with targeted therapeutics needs to be determined.
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