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Over recent years, several new molecular and immunogenic therapeutic approaches 
to melanoma treatment have been approved and implemented in clinical practice. 
Mechanisms of resistance to these new therapies have become a major problem. 
Mutation-specific pharmacotherapy can result in simultaneous emergence of resistant 
clones at many separate body sites despite an initially positive therapeutic response. 
Additionally, treatments aimed at inducing apoptosis are subject to resistance due to 
escape through other known mechanisms of regulated cell death (RCD). In this review, 
we discuss the complexity in pharmacological manipulation of melanoma with c-Kit, 
BRAF, MEK, and/or mTOR mutant cell lines. This study also addresses melanoma eva-
sion of cell death through modalities of RCD such as apoptosis, autophagy, and 
necroptosis. This study also examines new combination therapies which have been ap-
proved to target both cell cycle dysregulation and cell death pathways. Lastly, we recog-
nize the importance of immunomodulation though manipulation of the body’s natural 
killing mechanisms with CTLA4, PD1, and CSF1 inhibition. As we begin to recognize 
tumor cell activation of alternate pathways, evasion of programmed cell death, and ma-
nipulation of the tumor microenvironment, it is increasingly important to grasp the 
complexity of personalized therapy in melanoma treatment. 
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INTRODUCTION

Melanoma is the most aggressive subset of skin cancer. 
Recent epidemiologic data from Europe and the United 
States indicates an alarming increase in incidence of mela-
noma in the last few decades.1 Analyzing three decades of 
data (1982-2011) from six populations with moderate-to- 
high melanoma incidence, Whiteman et al.2 reported that 
melanoma rates in the US, UK, Sweden, and Norway, have 
increased by more than 3 % annually. Prior to 2011, treat-
ment of advanced melanoma was limited to dacarbazine 
(DTIC) and interleukin-2 (IL-2) with limited benefit ach-
ieved in a small subset of patients.3 Innovative melanoma 
treatments are now personalized based on the key onco-
genes responsible for tumor development in combination 
with therapies stimulating the immune system to recog-
nize aberrant cell lines.

Treatment response to molecular targeting in melano-
ma is dependent on each individual tumor’s mutational 
status. According to the Cancer Genome Atlas network, the 
median mutation rate in melanoma is the highest of can-
cers thus far analyzed, about >10 mutations/Mb.4 As such, 
genetic sequencing for tumor mutational status is becom-
ing increasingly applicable. Melanoma growth and pro-
gression can occur through constitutive activation of the 
mitogen-activated protein kinase (MAPK) and subsequent 
signaling through the RAS-RAF-MEK-ERK pathway.5 
Mutations along melanoma’s downstream signaling path-
way, such as with RAS, BRAF, or MEK activating muta-
tions, are often the culprits of this cancer’s pathogenesis, 
and are thus also potential treatment targets.1 At diag-
nosis, patients with advanced cutaneous melanoma under-
go tumor assays to assess the presence or absence of a BRAF 
mutation at codon V600 prior to treatment initiation. 
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Although not commonly tested for, genetic sequencing for 
NRAS and KIT mutational status is also available.6

Melanoma progression and survival is dependent on a 
cancer cell line’s ability to manipulate cell death pathways, 
evade immune surveillance, and survive in an unfavorable 
microenvironment.1 With the development of immuno-
therapy (e.g. anti CTLA4 antibodies and PD1 inhibitors), 
melanoma treatment is also targeting systems external to 
tumor cells that are thought to play a prominent role in in-
trinsic resistance. In the following review, we will explore 
melanoma inducing mutations, cell death pathways, and 
novel targeted therapy as we begin to understand mecha-
nisms of resistance to treatment and survival. To under-
stand the processes which induce cell death, the mutations 
that allow melanoma proliferation must first be explored.

TARGETING PATHWAYS OF PROLIFERATION IN 
MELANOMA

Gene mutations and mutation variants differ between 
melanoma subtypes as demonstrated by recent whole ge-
nome sequencing studies.7,8 The mechanism of mutation in 
cutaneous melanoma is propagated by UV radiation ex-
posure, while acral and mucosal melanomas tend to have 
lower mutation burdens and different genes implicated in 
mutagenesis. For example, BRAF, NRAS, CDKN2A, and 
TP53 are mutations common in cutaneous melanoma 
while NRAS, BRAF, and NF1 mutations are more con-
sistently found in acral melanoma. Additionally, KIT mu-
tations are identified more often in mucosal and acral mela-
nomas compared to cutaneous melanomas.7 Interestingly, 
Moon et al.8 found that the cytologic morphology differed 
between mutant subtypes: BRAF V600E mutants had 
round, epithelioid cells while NRAS and NF1 mutations 
presented with bizarre cells. The most common mutation 
associated with a UV signatures and high mutation rates 
was NF1, found in 17 percent of melanomas.7 Conversely, 
the most frequently identified mutation was BRAF V600 
in acral melanomas.8 Considering the diversity of sub-
types, whole genome sequencing becomes increasingly im-
portant in personalized treatment of melanoma.

1. c-KIT inhibition
KIT is a transmembrane receptor tyrosine kinase pro-

to-oncogene expressed on melanocytes, as well as other 
sites within the body. When bound to its ligand, the down-
stream RAS signaling pathway is activated. When KIT is 
mutated, a loss of function results and the normal pathway 
of melanocyte development is interrupted, potentially 
leading to tumor development.3 Imatinib is a tyrosine kin-
ase inhibitor which works by inducing apoptosis and in-
hibiting proliferation of tumor cells when an activating 
KIT mutation is present.9 In contrast to BRAF, mutations 
in KIT are widely distributed over the coding region, there-
fore functionality may vary. This also suggests some KIT 
mutations may be passenger mutations rather than true 
drivers of unchecked proliferation.3 The variability in re-

sponse to treatment based on the nature of KIT mutation 
is further supported by the reported results of Guo et al.10 
They found nine of the 10 patients who achieved a response 
to therapy had melanomas harboring a mutation in exons 
11 or 13 of KIT, while only one of three patients with ampli-
fied KIT alone achieved a response to imatinib. Their re-
sults imply that sequencing with more selective molecular 
criteria at melanoma diagnosis may predict response to 
imatinib. 

Clinical application of imatinib in gastrointestinal stro-
mal tumors (GIST) is remarkably successful, as 95 % of 
these cancers exhibit KIT mutation. Over the course of 
time, it has been shown that resistance to Imatinib in GIST 
occurs when additional KIT mutations are acquired during 
treatment.11 Unfortunately, resistance mechanisms in 
melanoma are thought to be more complex and involve mu-
tations in additional oncogenes such as NRAS in the MAPK 
and PI3K pathways. NRAS mutation in some melanoma 
patients was a poor predictor for response to Imatinib.9 Due 
to an overall low incidence of KIT mutation positive mela-
nomas (29 percent of mucosal, 18 percent of acral, and 23 
percent of sun damaged skin melanomas3), imatinib’s clin-
ical use is limited in melanoma.

2. BRAF inhibition
B-RAF is a proto-oncogene in the RAS/MAPK signaling 

pathway with >50% of melanomas harboring the mutation 
BRAF.12,13 Mutations in BRAF gene interrupt normal cel-
lular development and increase oncogenic potential through 
various mechanisms. In melanoma, the somatic V600E 
mutation results in a sustained transmission of cell growth 
signals that lead to uncontrolled cellular division. Multiple 
therapeutic inhibitors of B-RAF are FDA approved for mel-
anoma treatment, including sorafenib, debrafenib, and 
vemurafinib. Sorafenib directly inhibits the V600E B-RAF 
mutation, by reversing activation of the downstream MEK 
pathway. This causes an anti-proliferative effect on tumor 
cells.14 Debrafenib, a potent ATP competitive inhibitor of 
BRAF kinase, exhibits activity against melanoma both 
with and without BRAFV600E mutations. It also has activity 
against melanoma brain metastases.14 Vemurafinib, on 
the other hand, prevents MEK phosphorylation ex-
clusively in BRAF V600E mutant cells. 

Recent data obtained in experimental melanoma cell 
models and human tumor samples exposed several mecha-
nisms of resistance to BRAF including reactivation of the 
MAPK pathway with continued ERK activation and acti-
vation of the parallel signaling pathway PI3K-mTOR. 
Proposed salvage strategies for resistance included ERK 
inhibitors and pan-PI3K inhibitors.15 Furthermore, the tu-
mor microenvironment seems to play a major role in re-
sponse to molecular therapies. Preliminary evidence sug-
gests that the oncogenic potential of BRAF (BRAFV600E) re-
lates to immune escape and that blocking its action via the 
MAPK pathway can increase expression of melanocyte dif-
ferentiation antigens (MDA). The goal of combination im-
munotherapy is to increase cytotoxic T cell recognition of 
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these MDAs therefore enhancing antitumor response. 
Conversely, MAPK inhibition alone has a deleterious effect 
on immunogenic T cells.12 Given the prevalence of this mu-
tation, BRAF inhibitors have a high potential for clinical 
application, however due to current rates of resistance 
their clinical effectiveness has been limited.14

3. Mek inhibition
MEK is a mitogen extracellular signal-regulated kinase, 

and MEK inhibitors work by acting downstream of the mu-
tant BRAF and inhibiting cellular proliferations and tu-
mor development. Trametinib, selumetinib and cobimeti-
nub are several MEK inhibitors approved for treating 
BRAF positive metastatic melanoma.16 Trametinib is ac-
tive against both MEK1 and MEK2,17 whereas cobimetinib 
is specific for MEK1.18 Like trametinib, selumetinib in-
hibits both MEK1 and MEK2. Similar to BRAF inhibitors, 
MEK inhibitors encounter problems with resistance, and 
combination treatments with two or more agents may en-
able improved treatment outcomes.19 The purpose of com-
bination therapy is to delay the resistance that occurs with 
the reactivation of the MAPK pathway when BRAF or MEK 
inhibitors are used in monotherapy. The addition of a MEK 
inhibitor following the development of mutations is not ef-
fective, therefore upfront BRAF-MEK combination ther-
apy is currently recommended. Published in 2015, the 
COMBI-d study further confirmed the success of combina-
tion therapy with a 29 % reduction in risk of death with me-
dian overall survival of 25.1 months for the combination 
arm versus 18.7 months in the dabrafenib only arm.20 

Cobimetinib is also approved for the treatment of 
BRAF-mutated melanoma in combination with the BRAF 
inhibitor, vemurafenib.18

4. mTOR inhibition
mTOR, or mammalian target of rapamycin, is a kinase 

whose activation is strongly associated with melanoma, 
acting as a growth promoting factor involved in protein 
translation and cell growth. Through activation of mTOR, 
phosphorylation of p70 ribosomal S6 kinase occurs, which 
is the major target of rapamycin.21 When mTOR is phos-
phorylated upstream, it initiates a kinase cascade that 
eventually inhibits autophagy which is important for cell 
cycle regulation. mTOR is inhibited by two rapamycin ana-
logues everolimus and temsirolimus, but clinical trials 
have been largely unsuccessful in the treatment of meta-
static melanoma.22 Everolimus has not yielded good clin-
ical success as a single agent, despite promising preclinical 
studies.23 Interestingly, everolimus in combination with 
Anti-PD-L1 treatment reduced tumor burden of renal cell 
carcinoma (RCC) in murine models by increasing tumor in-
filtrating lymphocytes and consequently the ratio of cyto-
toxic T cells.24 Further studies on combination therapy 
with PD1 checkpoint inhibitors may be beneficial in mela-
noma; see below discussion. Temsirolimus, which was his-
torically used to treat RCC, appears to show promise in 
treating metastatic melanoma when used in combination 

with other treatments.25 However, temsirolimus induces 
autophagy. Autophagy promotes tumor survival so that 
temsirolimus’ limits its own activity.26 We will discuss in 
the following section how the anti-melanoma drug chlor-
oquine works by inhibiting autophagy. 

TARGETING CELL DEATH PATHWAYS IN 
MELANOMA

In the past few decades, evidence has accumulated on 
mechanisms of Regulated Cell Death (RCD). In Accidental 
Cell Death (ACD), cell demise occurs in the setting of phys-
ical stress such as high pressures, osmotic forces, and ex-
treme temperatures. In contrast, RCD is programmed by 
predefined molecular machinery, and therefore can be 
modulated by targeted pharmacotherapy and genetic 
modification.27 Many of the mechanisms of cell death have 
overlapping signaling pathways which can be a challenge 
with treatment and emerging resistance. Various factors 
affect the fate of a cell to undergo apoptosis, autophagy, or 
necroptosis, see Fig. 1, including energy/ATP levels, the de-
gree of damage or stress, and the presence of specific path-
ways inhibitors.28 Below we will discuss specific modalities 
of cell death as they apply to treatment of melanoma. 

1. Apoptosis
Apoptosis is the earliest characterized process of cell 

death and the most well understood. It functions to main-
tain homeostasis of various cell processes, which means 
that the evasion of the apoptotic pathway is relevant to tu-
mor formation and unchecked proliferation of melanoma 
cells. Apoptosis is mediated by both initiator and effector 
proenzyme, caspases, which propagate a proteolytic cas-
cade ultimately terminating in cell death.27,28 Apoptosis is 
initiated by three pathways, the Intrinsic, Extrinsic and 
Granzyme pathways, which converge at effector caspase 3 
and ultimately result in DNA and protein breakdown. The 
intrinsic pathway, also known as the mitochondrial path-
way, is initiated by unfavorable environmental conditions 
such as UV radiation, nutrient deprivation, oxidative 
stress, and replication stress. This process is regulated by 
proapoptotic and antiapoptotic molecules in the Bcl-2 fam-
ily, which act to increase mitochondrial permeability and 
subsequent release of cytochrome c. On the other hand, the 
extrinsic pathway is death receptor mediated by FasL and 
TNF binding to their respective receptors Fas and TNFR. 
Binding of these receptors activates an intracellular death 
domain that recruits proteins such as the TNF re-
ceptor-associated death domain (TRADD), the Fas-asso-
ciated death domain (FADD), and the proenzyme caspase 
8.29 The granzyme pathway is induced by cytotoxic T cells 
to allow the release of granzyme, a molecule that can cleave 
effector caspases.27,28 Malignant melanoma cells can evade 
apoptosis through the following methods: disturbed bal-
ance of pro-apoptotic and anti-apoptotic proteins, reduced 
caspase function, and compromised death receptor 
signaling.29
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FIG. 1. Regulated Cell Death (RCD) in Melanoma: Apoptosis, Autophagy, and Necroptosis. Classification of basic Caspase-dependent
and Caspase-independent cell death processes and key players.21,22,25,29  

Melanoma proliferation can also occur with dysregula-
tion of several contributing modulators of apoptosis such 
as p53 protein and inhibitors of apoptosis proteins (IAPs). 
Avery-Kiejda et al.30 described how some target genes of 
p53 involved in apoptosis and cell cycle regulation are aber-
rantly expressed in melanoma cells and decreased ex-
pression of p53 correlated with proliferation of melanoma 
cells. IAPs are endogenous inhibitors of caspases and over-
expression of these proteins has been associated with phar-
macologic resistance in many cancers. Vucic et al.31 re-
ported elevated expression of ML-IAP confers melanoma 
cell resistance to apoptotic stimuli and may contribute to 
the pathogenesis of tumor formation. The development of 
gene and immunotherapies to target BCL-2 family mem-
bers, p53, IAPs, caspases, and other molecules involved in 
apoptosis is fundamental to the future treatment of 
melanoma.

2. Autophagy 
Autophagy is a cell death mechanism that involves 

self-degradation in response to nutrient stress. It is a sur-
vival mechanism, in that it selectively removes misfolded 
proteins and disposes of damaged organelles.32 The highly 
conserved process of autophagy involves engulfment of 
portions of cytoplasm and proteins by autophagosomes, 
which are then bound for lysosome fusion and degradation. 
The products of degradation then function as substrates for 

protein synthesis and energy production.33 Autophagy can 
be initiated by three different pathways: macroautophagy, 
microautophagy, and chaperone mediated autophagy.34 
These mechanisms are further summarized in Fig. 2. 

Autophagy is controlled by multiple pathways including 
the PI3K/Akt/mTOR pathway, often mutated in melanoma 
cell lines. When mTOR is phosphorylated upstream, it ini-
tiates a kinase cascade that eventually inhibits autophagy. 
With this mechanism, mTOR inhibitors have shown prom-
ise in modulating cell death in many solid tumors including 
melanoma. Conversely, the downstream effect of these in-
hibitors can lead to prosurvival of cancer cells by recycling 
damaged cell material and proteins for use by proliferating 
tumor cells.33 Xie et al.26 determined that melanoma cells 
are autophagy-dependent by demonstrating that knock-
down of autophagy gene product ATG7 resulted in cell 
death. Recent studies have shown that inhibition of au-
tophagy by chloroquine (CQ) has been employed to halt 
melanoma cell growth when used in combination with 
mTOR inhibitors. CQ inhibits autophagosome function 
leading to cytotoxicity in melanoma cells. It is unique in 
that this inhibition is independent of their BRAF muta-
tional status. It was also found that combining CQ with 
echinomycin, a HIF-1 inhibitor, improved cytotoxicity in 
hypoxic conditions.35 In conclusion, malignant melanoma 
cells exhibit high levels of autophagy so therapeutic ad-
vances should aim at depriving tumor cells of this perpetu-
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FIG. 2. Mechanisms of Autophagy Initiation in Melanoma: (A) Macroautophagy. Initiation of autophagosome formation requires the
ULK1-Atg13-FIP200 complex and Beclin1-class III PI3K complexes along with two conjugation systems, Atg12-Atg5-Atg16 and 
Atg8-PE. LC3 proteolysis and lipidation is involved in the elongation phase. Cytoplasmic matter is engulfed by the phagophore sur-
rounded by a double-membrane vesicle referred to as the autophagosome. Next, the autophagosome fuses with a lysosome to form an
autolysosome. The contents within the autolysosome are degraded by the lysosome. Low ATP levels and hypoxia induce autophagy.
Conversely, mTOR is activated in a nutrient rich environment which ultimately inhibits autophagy through suppression of ULK1 
activity. Insulin and other growth factors can also stimulate phosphorylation and activation of mTOR. (B) Microautophagy. Cellular
contents are directly sequestered into the lysosome by self-invagination of lysosomal membranes. (C) Chaperone-mediated autophagy.
Hsc70 or Hsc90 chaperone facilitates binding of cytosolic proteins to LAMP2A receptor resulting in lysosomal translocation and 
internalization.25-27

ating energy source.

3. Necroptosis
Necroptosis, or regulated necrosis, is a process of cell 

death dependent upon RIPK1 and RIPK3 kinases which oc-
curs independent of caspases. In contrast to apoptosis, nec-
roptosis is often activated under conditions of insufficient 
caspase activation. The pathway by which necroptosis oc-
curs is through the RIPK1/RIPK3/MLKL activation 
pathway. Caspases, which are essential to apoptosis ex-
ecution, negatively regulate necroptosis through the cleav-
age of RIP1 and RIP3.28 When necroptosis is initiated, the 
plasma membrane permeability increases and damage as-
sociated molecular patterns (DAMPS) are released. 
Similar to apoptosis, necroptosis can be triggered by mem-
bers of the TNF family through a different mechanism de-
pendent on inhibition of caspase-8.36 The necroptosis path-
way is often dysregulated in melanoma tumor cells due to 
lack of expression of RIPK3. Recent functional studies have 
also identified RIPK-1 signaling as a critical component in 
necroptosis induction. When RIP3K mutation was pres-
ent, BRAF inhibitor Dabrafenib, but not Vemurafenib, in-
hibited necroptosis in melanoma cells. Given that RIPK3 
expression can unmask necroptotic signaling, reactivation 
of this pathway may have therapeutic significance in meta-
static melanoma.37

Often, low levels of death signals stimulate apoptosis 
while high levels of death signals induce necroptosis.28 
Apoptosis is compromised in many types of solid tumors. 
As such, melanoma can acquire apoptosis-resistance to the 
typical anticancer agents. This resistance mechanism is 
problematic when using TNF-related apoptosis-inducing 
ligand (TRAIL), IAP inhibitors, and Bcl-2 inhibitors.38 
Additional pharmacologic interventions to induce nec-
roptosis as an alternate mode of programmed cell death 
could be beneficial in tumor treatment. One proposed chal-
lenge in selective initiation of necroptosis is how this would 
affect normal, non-malignant cells.28

4. Immunogenic cell death: Pd1 inhibitors, anti CTLA4 an-
tibodies and CSF1r inhibitors

An important aspect of cellular immune defense against 
neoplasms such as melanomas involves the presentation 
and recognition of tumor antigens by a tumor specific T cell 
receptor. Both CTLA4 and PD1 receptors function as co-
inhibitory receptors on T-cells to inhibit tumor apoptosis 
and cytotoxic T cell action. Novel therapies target co-
inhibitory molecules which serve to dampen the immune 
response by downregulating the action of CD4 and CD8 
cells. PD1 monoclonal antibodies, nivolumab and pem-
brolizumab, are approved for treatment of metastatic mel-
anomas and act to strengthen the immune response to tu-
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TABLE 1. Melanoma cell death mechanisms

Type of regulated cell 
death 

Initiator Molecular components Mechanisms of cell death
Example of 

pharmacological target

Intrinsic Apoptosis DNA damage, ER stress, 
ROS overload, mitotic 
defects, UV radiation

Antiapoptotic: Bcl-2, 
Bcl-x, Bcl-w, Ced-9

Proapoptotic: Bax, Bak, 
BH3 subgroup 

Caspase dependent cell 
death, mitochondrial 
outer membrane 
permeabilization 

BH3 analogue-venetoclax

Extrinsic Apoptosis FAS ligand and TNF 
ligand

FAS receptor (CD95) 
and TNF receptor

Propagated by Caspase 8 Proapoptotic receptor 
agonists: 
rhApo2L/TRAIL

Necroptosis FAS, TNFR1, TLRs 
(CD95, TRAIL)

RIPK3, RIPK1 and MLKL Swelling of organelles, 
rapid plasma membrane
permeabilization, 
release of cell contents 
and damage associated 
molecular patterns 
(DAMPs)

MLKL inhibitor- 
necrosulfonamide

Autophagy Nutrient deprivation, 
hypoxia, low ATP, 
unfavorable 
microenvironment, 
chaperones: Hsc70 and 
Hsc90

Macroautophagy, 
Microautophagy or 
Chaperone mediated

Negative regulation by 
mTOR

Double layered ER 
membrane formation 
around damaged 
proteins/organelles, 
autophagosome fuses 
with lysosome, recycling 
of macromolecules

Chloroquine-inhibits 
autophagosome function

Immunogenic cell death Tumor specific T cells, 
tumor antigen, CSF1

PD-L1 on tumor cells, 
PD-1 on Tcells, CTLA4, 
CSF1r

Reactivation of cytotoxic 
T cells, Restoring 
antitumor immune 
response

Anti CTLA4 
antibody-ipilimumab

rhApo2L/TRAIL: recombinant human Apo2-ligand/TNF-related apoptosis-inducing ligand (rhApo2L/TRAIL), CSF1 and CSF1r: 
Colony stimulating factor and receptor, CTLA4: cytotoxic T-lymphocyte associated protein 4, PD-1: programmed cell death protein
1 PD-L1, programmed cell death ligand 1.

mor antigens. A third immune modulator, imalimumab, 
was the first cytotoxic T lymphocyte antigen 4 (CTLA4) ap-
proved for combined use with vemurafenib for treatment 
of metastatic melanoma.39 

Tumor associated macrophages (TAM) make up a con-
siderable portion of tumor infiltrating immune cells in mel-
anomas and play a complex role in the tumor microen-
vironment. Several studies have shown that macrophage 
abundance correlates with melanoma thickness, but corre-
lation of density with cancer survival and mortality is 
unclear.40 Two main phenotypes of TAM exist, likely on a 
spectrum and have opposing roles in tumor progression. 
M1-like TAMs, or classically activated TAMs, have been 
identified as having antitumor functions and thus are tar-
geted by anticancer therapies and gene targeted studies. 
M2-like TAMS, or alternatively activated TAMs, promote 
tumor growth by facilitating angiogenesis, cancer cell in-
vasion, and metastasis. In recent years, research has fo-
cused on the immunosuppressive role of colony stimulating 
factor 1 (CSF1), its receptor CSF1r, and their relation to 
M2-like TAMS. One particular study showed CSF1 ex-
pression by melanoma cells may interfere with immune at-
tack by IFN-secreting T cells when activated. The results 
of this study suggest that simultaneous inhibition of CSF1 

and the CSF1R pathways could increase antitumor effec-
tiveness of ‘CD8 T-cell function and immune checkpoint in-
hibitors’, which function less effectively in high intra-
tumoral T-cell concentrations.40 In order to address the 
cancer associated immunosuppression in the micro-
environment, combining PD1 inhibitors with CSF1R in-
hibitors may improve the clinical response of melanoma 
and decrease resistance to either treatment alone. 

CONCLUSION

The use of mutation specific pharmacotherapy in mela-
noma has grown along with the understanding that resist-
ance to targeted therapies can lead to the simultaneous 
emergence of resistant clones at many separate body sites, 
despite an initially positive therapeutic response. In this 
review, we discussed the complexity in pharmacological 
manipulation of melanoma with c-Kit, BRAF, MEK, and/or 
mTOR mutant cell lines. We also discussed melanoma eva-
sion of cell death through modalities of RCD such as apopto-
sis, autophagy, and necroptosis. Lastly, we recognized the 
importance of immunomodulation though manipulation of 
the body’s natural killing mechanisms, i.e. inducing cyto-
toxic T cell response to tumor cells and checkpoint inhibition. 
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The melanoma mechanisms of cell death are summarized 
in Table 1.

Our hope is to identify resistance processes in order to 
improve the tumor response of current molecular and 
immunotherapy. As we begin to recognize tumor cell acti-
vation of alternate pathways, evasion of programmed cell 
death, and manipulation of the tumor microenvironment, 
it is increasingly important to grasp the complexity of per-
sonalized therapy in melanoma. 

CONFLICT OF INTEREST STATEMENT 

None declared.

REFERENCES

1. Mattia G, Puglisi R, Ascione B, Malorni W, Carè A, Matarrese P. 
Cell death-based treatments of melanoma:conventional treat-
ments and new therapeutic strategies. Cell Death Dis 2018;9:112.

2. Whiteman DC, Green AC, Olsen CM. The growing burden of in-
vasive melanoma: projections of incidence rates and numbers of 
new cases in six susceptible populations through 2031. J Invest 
Dermatol 2016;136:1161-71.

3. Carvajal RD. Targeting KIT for treatment of advanced 
melanoma. Melanoma Lett Winter 2011;29.

4. Amann VC, Ramelyte E, Thurneysen S, Pitocco R, Bentele-Jaberg 
N, Goldinger SM, et al. Developments in targeted therapy in 
melanoma. Eur J Surg Oncol 2017;43:581-93.

5. Smalley KS, Sondak VK. Melanoma--an unlikely poster child for 
personalized cancer therapy. N Engl J Med 2010;363:876-8.

6. Cheng L, Lopez-Beltran A, Massari F, MacLennan GT, Montironi 
R. Molecular testing for BRAF mutations to inform melanoma 
treatment decisions: a move toward precision medicine. Mod 
Pathol 2018;31:24-38. 

7. Hayward NK, Wilmott JS, Waddell N, Johansson PA, Field MA, 
Nones K, et al. Whole-genome landscapes of major melanoma 
subtypes. Nature 2017;545:175-80.

8. Moon KR, Choi YD, Kim JM, Jin S, Shin MH, Shim HJ, et al. 
Genetic alterations in primary acral melanoma and acral melano-
cytic nevus in Korea: common mutated genes show distinct cyto-
morphological features. J Invest Dermatol 2018;138:933-45.

9. Hodi FS, Corless CL, Giobbie-Hurder A, Fletcher JA, Zhu M, 
Marino-Enriquez A, et al. Imatinib for melanomas harboring mu-
tationally activated or amplified KIT arising on mucosal, acral, 
and chronically sun-damaged skin. J Clin Oncol 2013;31:3182-90.

10. Guo J, Si L, Kong Y, Flaherty KT, Xu X, Zhu Y, et al. Phase II, 
open-label, single-arm trial of imatinib mesylate in patients with 
metastatic melanoma harboring c-Kit mutation or amplification. 
J Clin Oncol 2011;29:2904-9.

11. Gounder MM, Maki RG. Molecular basis for primary and secon-
dary tyrosine kinase inhibitor resistance in gastrointestinal stro-
mal tumor. Cancer Chemother Pharmacol 2011;67 Suppl 1:S25- 
43.

12. Boni A, Cogdill AP, Dang P, Udayakumar D, Njauw CN, Sloss CM, 
et al. Selective BRAFV600E inhibition enhances T-cell recog-
nition of melanoma without affecting lymphocyte function. 
Cancer Res 2010;70:5213-9.

13. Manzano JL, Layos L, Bugés C, de Los Llanos Gil M, Vila L, 
Martínez-Balibrea E, et al. Resistant mechanisms to BRAF in-
hibitors in melanoma. Ann Transl Med 2016;4:237.

14. Ryu S, Youn C, Moon AR, Howland A, Armstrong CA, Song PI. 
Therapeutic inhibitors against mutated BRAF and MEK for the 
treatment of metastatic melanoma. Chonnam Med J 2017;53: 
173-7.

15. Welsh SJ, Rizos H, Scolyer RA, Long GV. Resistance to combina-
tion BRAF and MEK inhibition in metastatic melanoma: where 
to next? Eur J Cancer 2016;62:76-85.

16. Grimaldi AM, Simeone E, Festino L, Vanella V, Strudel M, 
Ascierto PA. MEK inhibitors in the treatment of metastatic mela-
noma and solid tumors. Am J Clin Dermatol 2017;18:745-54.

17. Lugowska I, Koseła-Paterczyk H, Kozak K, Rutkowski P. 
Trametinib: a MEK inhibitor for management of metastatic 
melanoma. Onco Targets Ther 2015;8:2251-9.

18. Cobimetinib for metastatic melanoma. Aust Prescr 2017;40:30-1.
19. Kim DW, Patel SP. Profile of selumetinib and its potential in the 

treatment of melanoma. Onco Targets Ther 2014;7:1631-9.
20. Long GV, Stroyakovskiy D, Gogas H, Levchenko E, de Braud F, 

Larkin J, et al. Dabrafenib and trametinib versus dabrafenib and 
placebo for Val600 BRAF-mutant melanoma: a multicentre, dou-
ble-blind, phase 3 randomised controlled trial. Lancet 2015;386: 
444-51.

21. Karbowniczek M, Spittle CS, Morrison T, Wu H, Henske EP. 
MTOR is activated in the majority of malignant melanomas. J 
Invest Dermatol 2008;128:980-7.

22. Kong Y, Si L, Li Y, Wu X, Xu X, Dai J, et al. Analysis of mTOR 
gene aberrations in melanoma patients and evaluation of their 
sensitivity to PI3K-AKT-mTOR pathway inhibitors. Clin Cancer 
Res 2016;22:1018-27.

23. Vera Aguilera J, Rao RD, Allred JB, Suman VJ, Windschitl HE, 
Kaur JS, et al. Phase II study of Everolimus in metastatic malig-
nant melanoma (NCCTG-N0377, alliance). Oncologist 2018;23: 
887-e94.

24. Hirayama Y, Gi M, Yamano S, Tachibana H, Okuno T, Tamada 
S, et al. Anti-PD-L1 treatment enhances antitumor effect of ever-
olimus in a mouse model of renal cell carcinoma. Cancer Sci 2016; 
107:1736-44.

25. Wang Y, Wang XY, Subjeck JR, Shrikant PA, Kim HL. Temsiroli-
mus, an mTOR inhibitor, enhances anti-tumour effects of heat 
shock protein cancer vaccines. Br J Cancer 2011;104:643-52.

26. Xie X, White EP, Mehnert JM. Coordinate autophagy and mTOR 
pathway inhibition enhances cell death in melanoma. PLoS One 
2013;8:e55096.

27. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis 
P, et al. Molecular mechanisms of cell death: recommendations 
of the nomenclature committee on Cell death 2018. Cell Death 
Differ 2018;25:486-541.

28. Adewale FO, Basiru AO, Ayorinde OO, Israel OI, Oluwafemi OA. 
Regulation of apoptotic and necroptotic cell death in skin cancer. 
J Cancer Biol Res 2017;5:1108-17.

29. Wong RS. Apoptosis in cancer: from pathogenesis to treatment. 
J Exp Clin Cancer Res 2011;30:87.

30. Avery-Kiejda KA, Bowden NA, Croft AJ, Scurr LL, Kairupan CF, 
Ashton KA, et al. P53 in human melanoma fails to regulate target 
genes associated with apoptosis and the cell cycle and may con-



142

Melanoma Cell Death Mechanisms 

tribute to proliferation. BMC Cancer 2011;11:203.
31. Vucic D, Stennicke HR, Pisabarro MT, Salvesen GS, Dixit VM. 

ML-IAP, a novel inhibitor of apoptosis that is preferentially ex-
pressed in human melanomas. Curr Biol 2000;10:1359-66.

32. Glick D, Barth S, Macleod KF. Autophagy: cellular and molecular 
mechanisms. J Pathol 2010;221:3-12.

33. Duffy A, Le J, Sausville E, Emadi A. Autophagy modulation: a tar-
get for cancer treatment development. Cancer Chemother 
Pharmacol 2015;75:439-47.

34. Cheng Y, Ren X, Hait WN, Yang JM. Therapeutic targeting of au-
tophagy in disease: biology and pharmacology. Pharmacol Rev 
2013;65:1162-97.

35. Egger ME, Huang JS, Yin W, McMasters KM, McNally LR. Inhibi-
tion of autophagy with chloroquine is effective in melanoma. J 
Surg Res 2013;184:274-81.

36. Kaczmarek A, Vandenabeele P, Krysko DV. Necroptosis: the re-

lease of damage-associated molecular patterns and its physio-
logical relevance. Immunity 2013;38:209-23.

37. Geserick P, Wang J, Schilling R, Horn S, Harris PA, Bertin J, et 
al. Absence of RIPK3 predicts necroptosis resistance in malignant 
melanoma. Cell Death Dis 2015;6:e1884.

38. Caldarola G, Carbone A, Arena V, Pennacchia I, De Waure C, 
Vianale G, et al. Tumour necrosis factor-related apoptosis-induc-
ing ligand (TRAIL): a possible pathogenic role in chronic plaque 
psoriasis. G Ital Dermatol Venereol 2016;151:17-24.

39. Karlsson AK, Saleh SN. Checkpoint inhibitors for malignant mel-
anoma: a systematic review and meta-analysis. Clin Cosmet 
Investig Dermatol 2017;10:325-39.

40. Neubert NJ, Schmittnaegel M, Bordry N, Nassiri S, Wald N, 
Martignier C, et al. T cell-induced CSF1 promotes melanoma re-
sistance to PD1 blockade. Sci Transl Med 2018;10:eaan3311.


