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Introduction

Melanoma is the most serious and aggressive 
form of skin cancer and the sixth most common 
cancer in North America. The incidence of mela-
noma has been continuously increasing in the last 
decades, and faster than any other cancers. It is 
estimated that 76,100 Americans will be diag-
nosed with melanoma and 9710 will die from the 
disease in 2014 [1].

Melanoma is a high-grade, poorly differentiat-
ed malignant tumor of melanin pigment-produc-
ing cells (melanocytes) with poor prognosis in the 
metastatic stage, accounting for more than 70 % 
of the skin cancer related deaths. Melanomas 
may arise from the mucosal epithelium cover-
ing the respiratory, alimentary, and genitourinary 
tracts (55, 24, and 18 % of cases, respectively), 
all of which contain melanocytes, as well as from 
the skin. Mucosal melanomas are rare, account 
for approximately 1 % of all melanomas and gen-
erally carry a worse prognosis than those arising 
from cutaneous sites. Rare sites of origin include 
the urinary tract, gall bladder, and small intestine. 

However, due to the rarity of mucosal melanoma, 
the understanding of these malignancies and their 
optimal clinical management remains limited [2]. 
Instead, there are four major subtypes of invasive 
cutaneous melanoma: superficial spreading, nod-
ular melanoma, lentigo maligna, and acral len-
tiginous. For patients with cutaneous melanoma, 
the prognosis is related to the location and depth 
of the primary tumor, and the presence or absence 
of locoregional and distant metastatic disease [3].

Malignant melanoma arises from the neoplas-
tic transformation of epidermal melanocytes re-
sulting from complex interaction between genet-
ic and environmental factors [4, 5]. Sun exposure 
is widely considered as the critical environmental 
risk factor for cutaneous malignant melanoma, 
which originates as a consequence of deleterious 
interactions between ultraviolet (UV) radiations 
and the melanocyte genome [6]. In fact, UV ra-
diations may contribute to melanoma develop-
ment through combined genotoxic and mitogenic 
effects in melanocytes.

Melanoma is the most dangerous form of skin 
cancer in the white population, being largely 
resistant to conventional therapies at advanced 
stages. The management of patients with ad-
vanced melanoma represents a significant chal-
lenge considering that, historically, chemother-
apy and immunologic therapies have produced 
only modest results in the treatment of metastatic 
melanoma. Patients with metastatic melanomas 
have a median survival rate that typically rang-
es from 6 to 10 months [7]. Although new lines 
of targeted therapy and immunotherapy were 
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introduced recently, clinical responses are still 
either too transient or limited to restricted subsets 
of patients as it is hard to target the elusive meta-
static phenotype. Currently, prevention and early 
detection represent the only effective strategies 
to reduce the incidence of this tumor. Despite 
improvements in early melanoma diagnosis, the 
5-year survival rate remains low in advanced 
disease [8]. Understanding the molecular mecha-
nisms underlying this disease might be the key 
factor for the development of novel therapeutic 
strategies.

Molecular Biology of Melanoma

Tumor growth is the result of genetic and/or 
epigenetic alterations in key genes, regulating 
processes such as apoptosis, proliferation, cell 
cycle, survival, senescence, and DNA damage 
repair. These changes lead to the synthesis of 
biologically modified proteins by promoting an 
increase of the tumor progression. At the initial 
stage, the genetic modifications can be germline 
and the detection of cancer susceptibility genes 
plays a key role to identify and monitor patients 
at risk of developing melanoma. For this reason, 
the prognosis is closely associated with the early 
diagnosis.

An increasing understanding of melanocyte 
biology and melanoma pathogenesis is leading 
to the development of targeted therapies and the 
potential for major improvements in the care of 
patients with advanced melanoma. This section 
provides an overview of the key genes and as-
sociated pathways involved in the acquisition of 
the malignant melanoma phenotype.

Genetic Risk Factors

The melanomas are genetically and phenotypi-
cally heterogeneous tumors harboring various 
genetic alterations, as revealed by recent clinical, 
epidemiological, and genetic studies. In 2005, 
Curtin et al. [9] proposed a molecular classifi-
cation based on the sites where the melanoma 
occurs, the genetic alterations and the sun ex-

posure history. BRAF, NRAS, and KIT are three 
well-known oncogenes involved in melanoma 
pathogenesis. A high frequency of activating 
BRAF mutations (80 %) was detected in nevi, in-
dicating that these alterations occur early during 
melanoma progression, leading to the activation 
of the cell proliferation followed by induction of 
senescence [10]. Recent evidence showed that 
the BRAF V600E mutation was found in the ma-
jority of melanomas [11]. Targeting of mutated 
BRAF kinase has recently been shown to signifi-
cantly improve overall survival of patients with 
metastatic melanoma, highlighting the impor-
tant role of this oncogene in melanoma biology 
[12]. Mutations in BRAF were significantly more 
common in melanomas located in areas without 
chronic sun-induced damage. Melanomas arising 
in chronically sun-damaged skin, mucosal sur-
faces, and acral skin were characterized by wild-
type BRAF and wild-type NRAS, but exhibited 
alterations in KIT and, frequently, increased copy 
number of the genes encoding for cyclin-depen-
dent kinase 4 (CDK4) and cyclin D1 (CCND1), 
downstream components of the RAS–BRAF 
pathway [9].

The initial mediator of senescence seems to 
be p16INK4a, which blocks the CCND1/CDK4 
complexes and inhibits cell proliferation. More-
over, although KIT mediates the cell cycle activ-
ity, its effect seems to be limited to a subset of 
melanomas. PTEN phosphatase loss activates the 
PI3K/AKT signaling pathway by overcoming 
the BRAFV600E-mediated senescence. Therefore, 
PTEN loss could evade senescence mediated by 
p16INK4 loss, promoting melanoma progression 
via the PI3K/AKT cascade. Indeed, the deregula-
tion of PI3K/AKT pathway is considered a late 
event in melanoma progression [13]. AKT ac-
tivation was detected in about 60 % of sporadic 
melanomas thereafter to gene amplification or to 
inactivation of PTEN, which negatively regulates 
the PI3K/AKT pathway [14, 15]. The presence 
of both PTEN and BRAF mutations has been re-
ported in 17 % of melanomas ([16]; Fig. 16.1).

Also, several studies identified less frequent 
mutations in other genes, such as PREX2 (phos-
phatidylinositol-3,4,5-trisphosphatedependent 
Rac exchange factor 2), encoding for a nega-
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tive regulator of PTEN [17], PPP6C, encoding 
for a serine/threonine phosphatase, and RAC1, 
encoding for a GTPase of the RAS superfam-
ily. Noteworthy, melanomas that were mutated 
for both BRAF and NRAS exhibited more fre-
quent mutations in PPP6C, while melanomas 
that were wild-type for both BRAF and NRAS 
showed more frequent mutations in RAC1 [18, 
19]. Furthermore, germline mutations in the 
genes encoding for CDK4 and CDKN2A (cy-
clin-dependent kinase inhibitor 2A), involved 
in regulation of the cell cycle, have been shown 
to confer a high malignant melanoma risk [20, 
21]. In addition, the identification of genetic vari-
ants with low/intermediate allele frequency con-
ferring a moderate risk of cancer represents an 
important scientific approach to discover novel 
melanoma-predisposing genes [22]. Therefore, 
frequent germline allelic variants in the Casp8, 
MTAP, MATP, MC1R (melanocortin 1 recep-
tor) and ASIP genes have been identified as 
low-risk susceptibility genes or as modifiers of 
high-risk susceptibility genes [23, 24]. Recently, 
an increase of the risk of developing melanoma 
was associated with a germline mutation in the 
MITF (microphthalmia-associated transcription 
factor) gene, involved in control of melanocyte 
homeostasis [25–28]. Functional genomic stud-
ies showed that MITF regulates the transcription 
of several genes involved in DNA replication and 
repair, though the molecular mechanisms have 
remained to be elucidated yet [29]. These genes 
are involved in melanoma progression by con-
ferring metastatic genome stabilization during 
the metastatic process [30]. Recently, in addition 

to the commonly mutated genes BRAF, NRAS, 
PTEN, TP53 and p16, new oncogene candidates 
such as MAPK1/2, ERBB4, GRIN2A, MMP8 and 
GRM3 were identified [31–33]. Their particular 
role in melanoma biology is currently under in-
vestigation through in vitro and in vivo experi-
ments, but requires further validation in clinical 
studies. In the future, these new gene candidates 
could provide more individualized treatment ap-
proaches for metastatic melanoma patients [34].

The RAS/RAF/MEK/ERK Signaling 
Pathway

In recent years, the most important advance has 
been the discovery that the mitogen activated 
protein kinase (MAPK) cascade is the pivotal 
signaling pathway in melanoma progression 
and development. In fact, the novel therapeutic 
approaches rely on the inhibition of some mem-
bers of this cascade. BRAF and MEK molecular 
pathways appear to be key players in this field. 
The RAS/RAF/MEK/ERK cascade is activated 
by various receptors, including c-KIT, FGF re-
ceptor, and c-MET. Dysregulation of signaling 
can occur at various levels, from alterations at 
the receptor level to changes in the intracellular 
signaling cascade, resulting in aberrant cell pro-
liferation and/or apoptosis [35]. The RAS family 
is made up of small G proteins divided into three 
different isoforms: NRAS, HRAS, and KRAS. 
The members consist of a catalytic domain that 
mediates the guanine nucleotide binding and 
hydrolysis and of an hypervariable region con-

Fig. 16.1  Distribution of somatic gene mutations in melanoma patients

 



214 D. Fanale et al.

taining the membrane targeting domain required 
for its activation. Mutations in NRAS, the most 
common in melanoma, were detected in 33 % of 
primary and 26 % of metastatic tumors, and are 
correlated with sun exposure and nodular lesions 
[36, 37]. The most frequent NRAS mutations are 
substitutions of glutamine at position 61 by a ly-
sine or an arginine (Q61K, Q61R) [38]. HRAS 
point mutations have only been found in benign 
lesions that does not progress to melanoma [39]. 
No mutations of KRAS have been described in 
melanoma.

The family of serine/threonine kinases RAF 
consists of three isoforms, ARAF, BRAF, and 
CRAF (RAF-1), activated by the small GTPases 
RAS. Activating mutations in BRAF are present 
in approximately 40–60 % of advanced melano-
mas [40, 41]. In 80–90 % of cases, this activat-
ing mutation consists of the substitution of glu-
tamic acid for valine at amino acid 600 (V600E 
mutation) with most of the remainder consisting 
of an alternate substitution (lysine for valine) at 
the V600 locus (V–K) that accounts about 16 % 
of mutations in melanoma [42–44]. The latter 
and other less common mutations were found 
at slightly higher rates in melanomas arising 
in older patients. Advanced melanomas with a 
mutation in BRAF appear to have some clinical 
differences that are associated with a more ag-
gressive clinical course. Patients with BRAF 
mutations are younger and have greater number 
of nevi. Current results from melanoma cohorts 
showed that NRAS and BRAF mutations are al-
most always mutually exclusive [45–47], indicat-
ing that the occurrence of each mutation may be 
specific to certain subtypes of melanoma [46]. 
The V600E mutation creates a constitutively ac-
tive status for BRAF, independent of a previous 
activation by RAS and upstream extracellular 
stimulus, determining an increased proliferation 
and promoting a checkpoint for malignant trans-
formation. However, BRAF requires the coop-
eration of other determinants to drive melanoma 
progression. BRAF can regulate various aspects 
of the cell survival. Activated BRAF promotes 
IκB degradation, while inhibition of BRAF sen-
sitizes cells to apoptosis[48]. BRAF can also con-
trol cell growth by regulating p27kip1 levels [49]. 

Recently, NRAS/BRAF signaling activation was 
shown to mediate the epithelial-to-mesenchymal 
transition (EMT) in advanced melanoma [50].

BRAF together with other two isoforms ac-
tivates via phosphorylation a second protein 
known as mitogen-activated protein kinase 
(MEK), which in turn activates downstream ex-
tracellular signal-regulated kinase (ERK). The 
ERK signaling pathway can regulate various mol-
ecules important for tumorigenesis, survival, and 
senescence. Conversely, the inhibition of RAS, 
BRAF, or MEK blocks ERK activity and inhibits 
the growth of melanoma cells both in vitro and 
in vivo [51]. In wild-type BRAF or NRAS cells, 
ERK activation is low in comparison to mutant 
cells and can control proteins involved in extra-
cellular adherence, cell motility, and angiogen-
esis [52]. In melanoma cells, ERK can inhibit the 
cell cycle regulator p27kip1 and also alter in vitro 
invasion capability by regulating the production 
of matrix metalloproteinase-1 (MMP-1) [53, 54].

Current and Emerging Approaches  
in Melanoma Treatment

After melanoma diagnosis, the next step is to de-
termine the tumor stage, the extent of its spread 
and its aggressiveness. Staging is important to 
plan the most appropriate treatment. Surgical 
excision is the treatment of choice for early lo-
calized cutaneous melanoma and is curative in 
most cases. Therefore, an appropriate excision is 
important to lessen the risk of a local recurrence. 
Although patients with localized disease can be 
treated successfully with surgical resection in 
the majority of cases, some individuals develop 
disseminated disease [55]. The recurrence rates 
remain high for stage III disease, with relapse-
free survival rates of 63, 32, and 11 % for stages 
IIIA, IIIB, and IIIC, respectively. The prognosis 
for melanoma patients with distant metastases is 
poor, and the vast majority of those with stage IV 
melanoma will die from disease [56].The identi-
fication of specific oncogenic-driving mutations 
and the evolving knowledge of the molecular bi-
ology of melanoma have led to notable advances 
in the treatment of metastatic melanoma. It aims 
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to prolong survival, to block the spread of metas-
tases and to prevent the development of new sites 
of disease. Approaches that can provide clini-
cally important benefits for appropriately chosen 
subsets of patients with metastatic melanoma can 
include surgical excision, immunotherapy, tar-
geted inhibition of the MAP kinase pathway, and 
radiation therapy to sites of metastases, depend-
ing upon the localization and the extent of me-
tastases. Although cytotoxic chemotherapy was 
widely used prior to the development of targeted 
therapies, it does not have an established role for 
patients with metastatic melanoma [57]. Instead, 
the radiation therapy may be used to reduce 
tumor mass, to prevent recurrence, and to treat 
those sites of metastases, such as brain, which are 
difficult to be treated by surgery [58]. There are 
three main categories of drug treatment: chemo-
therapy, targeted therapy, and immunotherapy. 
This section provides an overview of current and 
emerging treatment options for melanoma pa-
tients (Table 16.1).

Chemotherapy

Conventional chemotherapy is based on the use 
of alkylating agents such as fotemustine, dacar-
bazine, and temozolomide which trigger cytotox-
ic effects able to inhibit or slow the cancer cell 
growth by blocking cell replication. However, 
these drugs showed objective response rates of 
approximately 10–15 %, with no improvement of 
overall survival [59, 60]. Other cytotoxic agents, 
including taxanes, have been tested in melanoma 
with response rates similar to that of dacarbazine. 

Trials of polychemotherapy and combinations 
with cytokines, in the 1980s and 1990s, yielded 
better response rates for multi-agent regimens, 
but no improvement in overall survival. There-
fore, cytotoxic chemotherapy generally is not 
used as the initial treatment for patients with 
advanced disease [60]. More recent researches 
have led to the development of immunotherapy, 
using an anti-CTLA4 monoclonal antibody, and 
to targeted therapies (BRAF or MEK inhibition), 
which prolong progression free and overall sur-
vival compared with chemotherapy. Thus, these 
cytotoxic drugs are actually used for patients 
harboring non-BRAF mutated melanomas or for 
patients who developed resistance to previous 
treatments.

New Targeted Therapies in Melanoma

Targeted therapy is a form of treatment in which 
drugs (or other substances) are developed with 
the aim of destroying cancer cells by leaving nor-
mal cells intact. These drugs are designed to in-
terfere with the specific molecules that drive the 
growth and spread of the tumor, and are associ-
ated with fewer side effects compared to chemo-
therapy and radiation therapy.

The recent characterization of the molecu-
lar alterations in melanoma led to the develop-
ment of personalized targeted therapies, which 
have revolutionized the treatment for advanced 
melanoma. These treatment options are designed 
to target tumors according to their molecular 
diversity and activated intracellular signaling 
pathways [61]. The BRAF/MEK/ERK signal-

Table 16.1  Summary of the clinical development for melanoma patients
Class Drug Target Clinical research 

advancement
Positive Outcomes FDA approval

Targeted therapy Vemurafenib BRAF Phase III RR, PFS, OS Yes
Dabrafenib BRAF Phase III RR, PFS Yes
Trametinib MEK Phase III RR, PFS, OS Yes
Selumetinib MEK Phase II – No
Imatinib KIT Phase II RR No

Immunotherapy Ipilimumab CTLA-4 Phase III OS Yes
Nivolumab PD-1 Phase I RR No
Lambrolizumab PD-1 Phase I RR, PFS No
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ing pathway has attracted considerable attention 
as a target for anticancer therapy, due to its high 
frequency of mutations and its important role in 
melanoma [57]. Furthermore, less frequent ac-
tivating KIT mutations were detected in a small 
portion of patients (15–20 %) with acral lentigi-
nous or mucosal melanomas [62, 63] and with 
melanoma arising in areas of chronic skin damage 
[64]. For this reason, there are two main classes 
of agents used in targeted therapies for mela-
noma: (1) drugs targeting melanoma cells with 
alterations in the BRAF/MEK signaling pathway 
(BRAF and MEK inhibitors) and (2) drugs tar-
geting melanoma cells with alterations in the c-
KIT gene. Three agents have showed significant 
clinical benefit and have been approved for use in 
patients with BRAF mutations: the BRAF inhibi-
tors, vemurafenib and dabrafenib, and the MEK 
inhibitor trametinib ([65, 66]; Fig. 16.2).

Other pathways have also been investigated 
in melanoma to identify new potential targets for 
therapy.

Some researchers argued that the PI3K–AKT–
mTOR pathway could be involved in melanoma 
genesis. Indeed, AKT3 could be deregulated 

and PTEN decreased in melanomas, as reported 
above. Pre-clinical studies showed that rapamy-
cin, an mTOR inhibitor, decreases the prolifera-
tion of melanoma cells [67]. These molecular 
alterations seem to play a role in the resistance 
to BRAF and MEK inhibitors. However, the use 
of the mTOR inhibitors, temsirolimus and evero-
limus, in melanoma patients has not shown a 
significant activity [68, 69]. These controversial 
results from pre-clinical and clinical studies may 
be attributed to a hyper-activation of AKT as a 
compensatory mechanism.

Tumor angiogenesis has also been involved in 
melanoma proliferation and progression. Bevaci-
zumab, the anti-VEGF monoclonal antibody, was 
studied both alone and in combination with che-
motherapy or interferon-alpha-2b. Even though 
some responses were observed, it has not been 
demonstrated yet whether VEGF-targeted thera-
py plays a role in improving clinical outcomes 
[70–74].

BRAF Inhibitors
About half of all melanomas harbor activat-
ing mutations in the BRAF gene. As mentioned 

Fig. 16.2  Biological effects of targeted therapy, BRAF, MEK, and KIT inhibitors, in the intracellular pathways
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before, the two most commonly observed BRAF 
mutations are V600E and V600K, which account 
for 95 % of these mutations. These changes pro-
duce an altered BRAF protein that drives mela-
noma cells to grow and divide quickly [43]. The 
presence of a V600 mutation predicts responsive-
ness to BRAF and MEK inhibitors as they are not 
likely to act in melanomas harboring the wild-
type BRAF gene [75].

The first agent developed to target oncogenic 
BRAF in melanomas was sorafenib (BAY 43-
9006), a multikinase inhibitor that inhibits BRAF 
(wild-type or V600E), but also PDGFR, VEGFR, 
and c-KIT [76, 77]. As a monotherapy, sorafenib 
showed limited clinical activity and proved to 
be inefficient in the treatment of unresectable or 
metastatic melanoma. This lack of activity is like-
ly explained by lack of specificity for BRAF [78].

  During the last decade, many BRAF inhibi-
tors have been discovered and most of them ex-
hibited potent antitumor activity, especially on 
tumors that harbor V600E mutations, with little 
cross-reactivity for wild-type BRAF and CRAF 
[79]. Some of these compounds have been en-
tered clinical trials and displayed encouraging re-
sults. The best validated drugs that appear to have 
the highest affinity for the catalytic domain of the 
BRAF kinase, exhibiting unprecedented survival 
benefits in advanced melanoma, are vemurafenib 
and dabrafenib. Clinical trials have demonstrated 
that the first potent and effective drug targeting 
mutated BRAF in melanoma was vemurafenib 
[80, 81]. Vemurafenib is a potent inhibitor that 
selectively binds to mutant BRAF proteins con-
taining V600E amino acid substitutions, pre-
venting constitutive activation of the MAPK 
pathway, and resulting in antitumor effects of 
cell proliferation inhibition and apoptosis induc-
tion [82, 83]. This drug was approved by the US 
Food and Drug Administration (FDA) in 2011 for 
the treatment of BRAFV600E mutant melanomas 
that cannot be removed by surgery and only for 
those patients who have tested positive for the 
BRAF mutation [84]. In phase 1 and 2 clinical 
trials, vemurafenib showed an objective response 
rate  > 50 % in patients suffering from mela-
noma. These results were confirmed in a phase 
3 clinical trial, which compared vemurafenib to 

dacarbazine. It showed an improvement of both 
response rate (RR) and survival outcomes, pro-
gression-free survival (PFS) and overall survival 
(OS) [85]. Based on these results, vemurafenib 
was approved by FDA in 2011 in those patients 
with BRAF V600E mutation. The most common 
side effects are joint pain, fatigue, hair loss, rash, 
itching, sensitivity to the sun, and nausea. Less 
common but serious side effects can occur, such 
as heart rhythm problems, liver function test im-
pairment, severe allergic reactions, and severe 
skin or eye side effects [86]. Some people may 
develop new skin cancers called squamous cell 
carcinomas. These cancers are usually less seri-
ous than melanoma and they can be definitively 
treated by surgery [87].

Despite these excellent results, a subset of 
BRAFV600E-mutant patients was found initially 
resistant to vemurafenib (intrinsic resistance) 
and most of the others developed secondary re-
sistance. Almost all tumors showed reactivation 
of the MAP kinase pathway or upregulation of 
parallel signaling pathways with increased ERK 
phosphorylation at the time of resistance and re-
stored cell survival [88]. The MAPK pathway 
may also be activated when BRAFV600E splice 
variants lacking the RAS-binding domain de-
velop. These variants dimerize in the absence 
of RAS activation by reactivating the pathway 
[89]. Both PTEN and cyclin D1 are involved 
in mechanisms of intrinsic resistance. Patients 
whose tumors exhibit both BRAF mutations and 
PTEN dysfunction showed a lower response rate 
than dabrafenib. In addition, cell lines with both 
cyclin D1 amplification as well as BRAF muta-
tion do not undergo apoptosis when exposed to 
BRAF inhibitors [90, 91]. Different mechanisms 
involved in acquired and secondary resistance 
have been reported [92]. Multiple genetic chang-
es may contribute to this event, and research is 
currently ongoing to further clarify patterns of 
resistance to improve the clinical outcome of 
the patients [93]. Insights into mechanisms of 
resistance aim to potential drug combinations 
to overcome this important clinical problem, by 
promoting the concept of dual inhibition of the 
MAPK pathway. In this perspective, other BRAF 
inhibitor agents are developing [94].
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Dabrafenib is another new generation BRAF 
inhibitor showing significant activity in patients 
with advanced melanoma compared with dacar-
bazine chemotherapy both in terms of RR and 
PFS. The difference in OS was not statistically 
significant. Dabrafenib was approved by the 
FDA in 2013 for the treatment of patients with 
advanced melanoma containing the BRAFV600E 
mutation. This drug is not indicated for the treat-
ment of patients harboring wild-type BRAF, but 
only for those patients who have tested positive 
for the BRAF mutation [93]. Dabrafenib belongs 
to the same class of vemurafenib, working with 
a similar efficiency, but it seems to be more ef-
ficient in melanomas with brain metastasis [95, 
96]. Like vemurafenib, dabrafenib decreases 
phosphorylated ERK and causes cell cycle ar-
rest. In pre-clinical studies, dabrafenib has dem-
onstrated to be almost 20 times more selective 
at inhibiting BRAFV600E-mutants than wild-type 
BRAF in several cancer cell lines. In addition, 
dabrafenib shows inhibitory effects in cell lines 
containing other activating BRAF mutations, in-
cluding V600K and V600D [97].

Since dabrafenib and vemurafenib appear to 
have similar clinical activity, the choice between 
two agents likely relies on other factors includ-
ing their toxicity profiles. Common side effects 
include thickening of the skin (hyperkeratosis), 
headache, fever, joint pain, non-cancerous skin 
tumors, hair loss, and hand-foot syndrome (red-
ness, pain, and irritation of the hands and feet). 
Although it also can cause squamous cell carci-
nomas of the skin, these may occur less often than 
with vemurafenib. Some other more serious side 
effects that can occur with dabrafenib include 
severe fevers, dehydration, kidney failure, eye 
problems, and increased blood glycemic levels. 
However, unlike the vemurafenib, dabrafenib-
does not induce photosensitivity [87].

MEK Inhibitors
As mentioned before, downstream of RAF in the 
MAPK cascade, there are the MEK and ERK ki-
nases. Since RAF moves from the cytoplasm to 
the cell membrane during cellular signaling, the 
new activated complex triggers the signal cascade 
via consecutive phosphorylations through MEK1 

and MEK2. This, in turn, activates ERK 1 and 
2 which are able to enter the nucleus and inter-
act with several transcription factors to promote 
cellular growth and differentiation [98]. Multiple 
in vitro studies demonstrated that mutated BRAF 
signaling is mediated via MEK and ERK [99]. 
Therefore, inhibition of MEK is another option 
for targeting the MAPK pathway and several 
studies are currently evaluating the role of MEK 
inhibitors in patients with BRAF-mutant meta-
static melanoma [100]. MEK inhibition is asso-
ciated with improved response rate, progression-
free survival, and overall survival in patients with 
BRAF-mutated metastatic melanoma.

Pre-clinical studies of the MEK inhibitor, 
PD0325901, and its precursor, CI-1040, showed 
direct inhibition of ERK in cell lines and reduced 
tumor growth in animal models, but they were 
not brought forward due to their toxicity in early 
phase trials [101, 102].

Selumetinib was the first allosteric selective 
MEK inhibitor to be evaluated in a phase II clini-
cal trial in patients with metastatic melanoma. 
This agent determined a 12 % objective response 
rate in patients with BRAF mutant tumors, 
whereas no response was observed in wild-type 
tumors, enhancing the importance of selecting a 
specific patient population [103].

Trametinib and MEK162 are potent, highly 
specific inhibitors of MEK1/MEK2 that provide 
responses in 20 % of the melanomas harboring a 
BRAF mutation [104, 105]. MEK162 showed 
activity in patients with advanced melanoma and 
a NRAS mutation. MEK inhibition showed effi-
cacy in NRAS-mutated patients, for whom there 
is no specific targeted therapy [104].

Trametinib was recently approved by the 
FDA for the treatment of patients with unresect-
able or metastatic melanoma harboring BRAF 
V600E or V600K mutations, because in the 
phase III METRIC trial it achieved a significant 
improvement of RR, PFS, and OS when com-
pared to dacarbazine or paclitaxel. It is not in-
dicated for the treatment of patients who have 
received previously a BRAF inhibitor therapy 
[106]. Common side effects include rash, diar-
rhea, and swelling. Rare but serious side effects 
can include heart damage, loss of vision, lung 
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side effects, and skin infections. Combination 
therapy with a BRAF inhibitor may improve the 
efficacy and reduce BRAF inhibition-associated 
side effects, including skin toxicity [107]. There 
are no clinical trials comparing vemurafenib, 
dabrafenib, and trametinib with each other, how-
ever, data suggest that the BRAF inhibitors, ve-
murafenib and dabrafenib, are more active than 
the MEK inhibitor trametinib. The combination 
of dabrafenib and trametinib appears to have a 
superior response rate and progression free sur-
vival than dabrafenib alone with less skin toxic-
ity, however, comparison of the efficacy of the 
combination with dabrafenib alone awaits the 
completion of ongoing phase III trials [108]. 
Moreover, there are no randomized trials that 
compare targeted therapy with immunotherapy.

c-KIT Inhibitors
A small portion of melanomas exhibit activat-
ing c-KIT mutations that help them develop and 
grow. These changes are more common in mela-
nomas that arise in certain parts of the body (acral 
or mucosal melanomas). Some drugs used for 
the treatment of other cancers, such as imatinib 
mesylate and nilotinib, are known to target cells 
with changes in c-KIT. The KIT receptor tyrosine 
kinase is a transmembrane protein consisting of 
extracellular and intracellular domains. Most KIT 
mutations are located in exon 11, which encodes 
for the juxtamembrane domain, and in exon 13, 
which encodes for a kinase domain [64]. In the 
subgroups of patients with melanoma on chronic 
sun damaged skin, acral lentiginous or mucosal 
melanoma the incidence of KIT mutations or am-
plification is up to 25 % [109]. It has been dem-
onstrated in vitro that imatinib mesylate inhibits 
proliferation and induces apoptosis in melanoma 
cells with hyperactivation of c-KIT. These bio-
logical effects go through the increase of p27KIP 
and inhibition of the ERK, PI3K/AKT, and STAT 
signaling pathways [110]. For patients without a 
BRAF V600 mutation but with a KIT mutation, 
the use of a KIT inhibitor may provide an im-
portant treatment option. Phase II studies using 
imatinib in unselected groups of patients with 
advanced melanoma showed no clinical efficacy 
[111, 112]. However, phase II clinical trials per-

formed on patients with c-KIT mutations showed 
objective response rates in 33 % of cases [113]. 
Furthermore, results from a phase II trial showed 
that imatinib could be effective when tumors har-
bor KIT mutations, but not if KIT only is ampli-
fied [114].

Immunotherapy

Several evidences reported that melanoma is an 
immunogenic tumor but metastatic melanoma 
cells have developed mechanisms to escape 
from immunosurveillance and to survive. Im-
munological strategies based on the use of drugs 
with effects on immune system to stop or slow 
the growth of cancer cells could improve the 
prognosis of metastatic melanoma [115]. The ap-
proaches that have allowed to provide clinically 
important benefit for patients with disseminated 
melanoma in appropriately selected patients in-
clude immunotherapy with high-dose interleu-
kin-2 (IL-2), immunotherapy with ipilimumab, 
a monoclonal antibody targeting cytotoxic T-
lymphocyte antigen-4 (CTLA-4), and immuno-
therapy with monoclonal anti-PD-1 antibody.

In 1998, the FDA approved the use of the im-
mune molecule IL-2 as a treatment option for 
advanced melanoma. IL-2 was first identified as 
a T cell growth factor in 1976. Subsequently, re-
combinant IL-2 was shown to have potent, dose-
dependent immunomodulatory and antitumor ac-
tivity in a number of murine tumor models [116]. 
These observations led to the development of 
high-dose IL-2 regimens for clinical use. IL-2 is a 
form of immunotherapy that has allowed to help 
some people with metastatic melanoma when 
administered in high doses, leading to complete 
disappearance of the disease or tumor growth ar-
rest for a prolonged period. However, high dose 
IL-2 can cause serious side effects, including low 
blood pressure, irregular heart rhythms, accu-
mulation of fluid in the lungs, fever, and rarely 
death. For this reason, treatment with high dose 
IL-2 is generally reserved for younger patients 
who have good heart and lung function [117].

Conversely, the immune molecule interferon 
alpha (IFN-α) was used only after surgery as a 
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adjuvant immunotherapy, or in combination with 
other agents used for treatment of advanced mel-
anoma. However, most of clinical trials based on 
this immune system activation did not translate 
into clinically significant objective response rates 
and any improvement in overall survival [118]. 
This led to the targeting of T-cell signaling path-
ways, initially CTLA-4 and more recently pro-
grammed death 1 (PD-1) and its ligand PD-L1 
(Fig. 16.3).

Immunotherapy Targeting CTLA-4
CTLA-4 is expressed on the surface of activated 
CD4 + and CD8 + T-cells and binds B7 molecules 
on antigen-presenting cells (APC), repressing T-

cell activation. After T-cell activation, CTLA-4 is 
recruited to the plasma membrane where it plays 
an autoregulatory role, attenuating T-cell activa-
tion and proliferation, thereby maintaining effec-
tive antitumor immunity [119].

Ipilimumab, a novel antibody blocking 
CTLA-4, is a fully human immunoglobulin that 
inhibits this negative feedback, potentiating the 
T-cell-mediated immune response. No drug or 
combination of drugs showed an impact on over-
all survival until 2011, when ipilimumab was 
approved for clinical use by the FDA following 
the publication of results of a pivotal phase III 
trial [120]. Major weaknesses of this treatment 
were the low rate of objective response (10 %), a 

Fig. 16.3  Mechanism of action of immunotherapy, anti-CTLA-4, and anti-PD-1 monoclonal antibodies, in melanoma
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small percentage of patients achieving long-term 
disease control, and the serious side effects. It 
was first compared to the gp100 peptide vaccine 
with an improvement of OS by 3.6 months. Then 
it was added to dacarbazine and this combina-
tion was compared to dacarbazine alone with a 
subsequent improvement of OS by 2.1 months. 
These findings suggest that ipilimumab exerts its 
function against melanoma regardless a peptide-
mediated vaccination. However, the effects of 
ipilimumab on OS seem to not only be mediated 
by tumor responses, but also perhaps by pro-
longed stable diseases, regression after an initial 
progression and regression of target lesions in the 
presence of new lesions. Ipilimumab toxicity dif-
fers from that of other antibody-based therapies 
[121]. These are mainly immune-related adverse 
effects. The most common of them include ef-
fects in the gastrointestinal tract, skin and liver. 
The initial observation of toxic deaths was not 
reported in the most recent phase III trial with 
dacarbazine, since the toxicity management pro-
tocols were standardized for this drug [122, 123]. 
Tremelimumab, the other anti-CTLA-4 antibody 
in clinical development, did not show a statisti-
cally significant survival rate in its pivotal tri-
als, although this result may have been affected 
by the availability of ipilimumab in the United 
States at the time of that trial [124].

Immunotherapy Targeting PD-1  
and PD-L1
The programmed death 1 (PD-1) receptor, ex-
pressed at the surface of activated T cells, is a 
negative regulator of T cells [125]. It was first 
isolated in 1992 by Ishida and Honjo and initially 
cloned as a molecule overexpressed in apoptotic 
cells [126]. Its role as a negative regulator of the 
immune response was demonstrated and studied 
in PD-1−/− knockout mice that showed a variety 
of autoimmune diseases [127]. Unlike CTLA-
4, PD-1 receptor ligand (PD-L1) is directly ex-
pressed on tumor cells. When PD-L1 binds to its 
receptor, the T cell ability to target the tumor cell 
is inhibited. The difference between the CTLA-4/
B7 and PD-1/PD-L1 interactions is linked to the 
phase of T-cell response: the priming phase for 
the first one and the effector phase for the lat-

ter. According to this difference, it was argued 
that PD-1 blockade could prevent tissue damage. 
Anti-PD-1 and anti-PD-L1 antibodies directly 
activate cancer-specific T cells [128]. Nivolumab 
(also known as BMS-936558) is a fully human 
anti-PD-1 antibody being explored in lung, 
melanoma, and renal cancers, demonstrating an 
approximately 30 % objective response rate in 
melanoma. Interestingly, tumor PD-L1 expres-
sion might provide a basis for selecting patients 
for the treatment, as none of patients with tumors 
negative for PD-L1 showed a response. Inter-
stitial pneumonitis is the most serious immune 
complication of this agent, with deaths resulting 
from this complication. Immune toxicities were 
seen with these agents but at a lesser rate and re-
duced severity compared to other immunomodu-
lating molecules such as ipilimumab [129].

The anti-PD-L1 antibody MDX-1105 (also 
known as BMS-936559) exhibited objective re-
sponses (17 %) in melanoma. Thus far, both the 
response and toxicity rates were lower than those 
reported with anti-PD-1 antibodies [130]. Re-
cently, monoclonal anti-PD-1 antibody lambroli-
zumab (MK-3475) was evaluated in metastatic or 
unresectable melanomas. Objective response rate 
was obtained in 38 % of patients and the respons-
es were durable in the majority of patients [131].

Conclusions

Recent advances in the molecular biology field 
have allowed for the development of treatments 
able to improve, for the first time, the overall 
disease-free survival of metastatic melanoma 
patients. Advances in the use of immunotherapy 
and targeted therapy have been shown to poten-
tially improve survival and have become the pre-
ferred approaches for most patients with meta-
static melanoma. However, clinical responses are 
still either too transient or limited to restricted 
patient subsets. The complete cure of metastatic 
melanoma therefore remains a challenge in the 
clinic. For instance, new molecular targets need 
to be identified to help the subset of patients who 
do not harbor BRAF mutations and overcome 
the limitations of the current therapeutic agents. 
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Moreover, combinations of targeted therapies are 
required and are being studied to prevent or delay 
the resistance mechanisms.

In the last few years, the treatment strategy 
for patients with metastatic malignant melanoma 
has been changed by the results of clinical tri-
als on BRAF inhibitors and immunomodulators. 
Therefore, actually oncologists can treat a half 
of melanoma patients with BRAF inhibitors in-
stead of chemotherapy as they harbor a BRAF 
activating mutation. For the other ones who are 
BRAF wild-type, ipilimumab represents the best 
option, so that the use of chemotherapy is limited 
to those patients refractory to targeted therapy.
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