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A B S T R A C T

Melanoma is an aggressive malignancy originating from pigment-producing melanocytes. The development of targeted therapies (MAPK pathway inhibitors) and
immunotherapies (immune checkpoint inhibitors) led to a substantial improvement in overall survival of patients. However, the long-term eﬃcacy of such treatments
is limited by side eﬀects, lack of clinical eﬀects and the rapidly emerging resistance to treatment. A number of molecular mechanisms underlying this resistant
phenotype have already been elucidated.
In this review, we summarise currently available treatment options for metastatic melanoma and the known resistance mechanisms to targeted therapies. A focus
will be placed on “phenotype switching” as a mechanism and driver of drug resistance, together with an overview of novel approaches to circumvent resistance. A
large body of recent data and literature suggests that tumour progression and phenotype switching could be better controlled and development of resistance
prevented or at least delayed, by combining drugs targeting fast- and slow-proliferating cells.

1. Introduction
Melanoma is a malignancy that develops from melanocytes, the
melanin-producing cells [1]. Despite being a rare type of skin cancer, it
is responsible for the vast majority of skin cancer-related deaths [2].
Additionally, metastatic melanoma is one of the most highly mutated,
heterogeneous and lethal types of cancer [3]. The most prominent
mutations in melanoma aﬀect the serine/threonine kinase BRAF (50%),
the small GTPase NRAS (25%), or the tumour suppressor and negative
regulator of RAS, neuroﬁbromin 1 (NF1) (14%), which all lead to an
increased proliferation and survival [3]. Until recently, the treatment
options for advanced stage melanoma patients were limited to conventional chemotherapeutic drugs with an overall low eﬃcacy and
limited response rate (RR) [4]. Only in the past few years, the progression-free (PFS) and overall survival (OS) of melanoma patients has
markedly improved by the introduction of targeted and immunotherapies [5]. Despite the substantial progress that has been made
in the clinical management of advanced melanoma, treatment failures,
severe side eﬀects and intrinsic as well as acquired resistances against
all forms of current therapies warrant continued research eﬀorts to ﬁnd
more eﬃcient, durable and potentially personalised treatment options.
The identiﬁcation of mechanisms underlying the switch from a drug
sensitive to a drug resistant phenotype has been the focus of melanoma
research in the past few years. This review provides an overview of past
and present treatments and summarises mechanisms of resistance to
targeted therapies and highlights new potential drug targets that have

emerged in recent studies on metabolic eﬀects, slow cycling tumour
cells, phenotypic switching, as well as ER-stress, autophagy and
miRNA-mediated resistance mechanisms.
2. Therapeutic options for melanoma patients
Current therapeutic options for melanoma patients mainly consist of
surgical excision, chemotherapy, immunotherapy, and targeted therapy
[6]. These therapies can be administered as single agents or in combination depending on the stage of the disease, location and genetic
proﬁle of the tumour, as well as the general health and the age of the
patient (Fig. 1).
The main curative treatment for accessible and early stage cutaneous melanoma tumours is surgery. Metastatic melanoma, however,
is very unlikely to be cured by surgery due to the often high number of
metastases, low accessibility and the diﬃcult detection of small metastatic lesions by commonly used imaging tools [7]. Chemotherapy,
consisting of temozolomide (TMZ) and dacarbazine (DTIC), is commonly used in late stage melanoma patients with progressive, refractory, or relapsed disease [8] (Fig. 1). In addition, high doses of
interferon α-2b (IFNα-2b) and interleukin-2 (IL-2), which have been
FDA-approved as single agents in 2011 and 1998, respectively, are
applied to resected stage II/III patients, and in some cases to stage IV
melanoma patients albeit with limited success [9,10]. A major progress
in treatment of several solid cancers was made by monoclonal antibodies that function as immune checkpoint inhibitors [11–13]
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Fig. 1. Approved treatment options for patients with unresectable metastatic melanoma. The ﬁrst-line treatment for melanoma
patients highly depends on the BRAF mutation status as well as how quickly the disease
progresses. BRAF-mutant melanoma patients
can receive targeted therapies or immunotherapies as ﬁrst-line treatment. As
treatment responses to single-agent immunotherapy may take longer, targeted
therapies with BRAFi monotherapy or in
combination with MEKi are preferred if an
early response is needed in BRAF-mutant
patients. On the other hand, melanoma patients with BRAF wild type tumours usually
receive immunotherapies as ﬁrst-line treatment. Patients that do not respond to BRAFi
as ﬁrst-line treatment can receive immunotherapies as second line treatment, and
vice-versa. Additionally, non-targeted therapies can be administered as second line
treatment using chemotherapeutic agents such as dacarbazine or temozolomide. Additionally, melanoma tumours can be treated locally using oncolytic virus-based
therapy (T-VEC).

combination of Encorafenib (BRAFi)/Binimetinib (MEKi), that appears
to eﬃciently delay resistance. BRAF-mutant patients showed a further
improvement in PFS and OS compared to Vemurafenib monotherapy
[25]. Moreover, recent clinical data show promising results in stage III
melanoma patients treated with adjuvant immune- or targeted therapies. For instance, adjuvant pembrolizumab as well as adjuvant dabrafenib/trametinib combination therapy led to a signiﬁcantly lower risk
of recurrence in stage III BRAFmutant melanoma patients [26,27].
The beneﬁts of MAPKi and immune checkpoint inhibitor-based
therapies fuelled the interest in combining these two therapeutic regimens to achieve more durable therapy responses in melanoma patients.
Although checkpoint inhibitors have shown promising eﬀects in BRAFiresistant tumours [5], treating patients with immunotherapy after targeted therapy and thus after development of resistance is rather ineﬃcient, as the tumours appear to be less responsive to immunotherapy
due to the depletion of intra-tumoral T cells, CD8 T cell exhaustion, as
well as lack of antigen presentation [28,29]. Consequently, the beneﬁts
of starting patient treatment with targeted therapy followed by immunotherapy or vice versa, as well as the emerging irresponsiveness,
remain to be determined and are currently being investigated in ongoing clinical trials [5].

(Fig. 1). The cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4)
inhibitor (ipilimumab) and programmed cell death protein 1 (PD-1)
inhibitors (pembrolizumab and nivolumab) show an increased overall
response rate (RR), median PFS and OS in melanoma patients. Albeit
the convincing results in about 30% of advanced stage patients, most
patients either do not respond to immunotherapies or have severe side
eﬀects, which make a cessation of treatment necessary [14]. Oncolytic
viruses have recently been integrated in anti-tumour therapies due to
their capacity of directly lysing tumour cells, leading to the release of
soluble antigens and interferons that drive antitumor immunity [15].
Currently, the attenuated herpes simplex virus-based oncolytic virus
talimogene laherparepvec (T-VEC) is the only approved oncolytic virus
for cancer treatment and has been FDA-approved in 2015 as local
treatment of unresectable advanced stage melanoma [5,15] (Fig. 1).
Although the use of oncolytic viruses in combination with targeted
therapies or immunotherapies has shown promising results, only limited data on optimal dosing and scheduling of the diﬀerent therapies
exists, and an appropriate patient eligibility for T-VEC-based mono- or
combination therapy is still lacking [16].
The identiﬁcation of mutations in the serine/threonine kinase
BRAF, which result in the constitutive activation of the MAPK pathway
in > 50% of melanoma patients, has fuelled the generation of targeted
therapies with small molecule inhibitors acting on mutated BRAF [17]
(Fig. 1). Vemurafenib was the ﬁrst FDA approved BRAF inhibitor
(BRAFi) to be administered in patients with advanced stage melanoma
from 2011 onwards, as it showed improved PFS and OS and signiﬁcant
tumour reduction compared to chemotherapy [18]. Two years later,
another BRAF-speciﬁc inhibitor, dabrafenib was FDA-approved, which
had fewer side eﬀects and higher potency than vemurafenib [4,19].
Although these inhibitors initially showed an excellent response with
signiﬁcant reduction of tumour burden, long-term success is still scarce
because of the development of drug resistance, which will be further
discussed below [20].
Due to the frequent BRAFi-induced reactivation of the MAPK
pathway, MEK inhibitors (MEKi) have been developed (Fig. 1). Trametinib, which blocks MEK1/2, was the ﬁrst MEKi for metastatic
melanoma to receive FDA approval in 2013 [21]. The combined administration of BRAFi and MEKi (Dabrafenib/Trametinib or Vemurafenib/Cobimetinib) extends the PFS compared to BRAFi monotherapy
[22,23]. However, once again and similar to BRAFi monotherapy, patients also become irresponsive to the combined treatment within several months of treatment [20,24]. The most recent FDA-approved targeted therapy for advanced stage un-resectable melanoma is the

3. Mechanisms of resistance to targeted therapy
3.1. Re-activation of the MAPK pathway
Although BRAFi and MEKi eﬃciently inhibit the MAPK pathway by
reducing ERK activation and thus stalling cell proliferation in cells
harbouring mutated BRAF, MAPK pathway reactivation occurs in up to
80% of BRAFi-resistant tumours, indicating that tumour cells highly
depend on the MAPK pathway and rapidly adapt to its inhibition [30].
The main mechanisms leading to MAPK reactivation and sustained ERK
signalling involve alterations in BRAF, NRAS, MEK, and neuroﬁbromin
1 (NF1) [31,32] (Fig. 2). Additionally, the expression of the RAF isoform, CRAF (RAF1), can reduce the sensitivity to BRAFi and drive resistance via direct MEK activation or via paradoxical transactivation of
RAF dimers and subsequent ERK signalling [33]. Also, the kinase COT,
also known as TPL2 or MAP3K8, which directly activates MEK/ERK
signalling in a RAF-independent manner, is often elevated in BRAFiresistant tumours [34]. As BRAF depletion leads to an increase in COT
protein levels, it was suggested that BRAF might antagonize COT expression levels by altering COT protein stability [35]. Subsequently,
COT expression is suﬃcient to re-activate MAPK signalling by directly
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Fig. 2. Common mechanisms of resistance to targeted therapies. Reactivation of the MAPK pathway (80% of resistance cases) and alternative pathways most
commonly occurs via mechanisms involving activating mutations in genes involved in proliferation and survival, RAF-mediated resistance mechanisms, loss of
tumour suppressor genes, as well as the tumour microenvironment.

RTKs can result in an accumulation of RTKs on the cell surface, which
increases the ﬂux through proliferation and survival pathways, allowing the cell to bypass the inhibition of ERK signalling [42].

activating MEK and is most likely responsible for the de-novo resistance
to BRAFi in ~10% of BRAFmutant melanomas [35]. Furthermore, BRAF
allele ampliﬁcation or splice variants, present in up to 30% of patients
with BRAFi resistant tumours, were shown to lead to enhanced RAF
dimerisation and MEK association due to increased BRAF S729 phosphorylation [36]. In order to reduce the paradoxical BRAFi-induced
ERK activation, a new generation of so-called paradox-breaking BRAFi
is currently being tested [37].

3.3. Tumour microenvironment
The tumour microenvironment is another important factor in drug
resistance, as stromal cells have been shown to promote intrinsic resistance to BRAFi through secretion of growth factors and subsequently
activating the MAPK or PI3K pathways [43–45] (Fig. 2). Besides, melanoma progression has been linked to an increased abundance of the
extracellular matrix (ECM) proteins such as collagen, which can confer
stiﬀer and more rigid properties to the ECM that favour tumour cell
proliferation [46]. The overall density of melanocytes throughout life
appears to be controlled, among others, by the Hippo signalling
pathway, which plays a role in controlling organ size in animals by
negatively regulating YAP (Yes-associated protein) and TAZ (transcriptional coactivator with PDZ-binding motif) activity [47,48].

3.2. Activation of substitutive pathways
Apart from MAPK signalling, the PI3K-mTOR pathway is most
commonly activated in drug resistant melanomas (Fig. 2). Increased
PI3K signalling can be due to loss of function via gene mutation or
deletion of PTEN in 10% of melanomas, or the activation of receptor
tyrosine kinases (RTKs) [38–41]. Remarkably, the increased RTK levels
can also originate from reduced proteolytic shedding of cell surface
receptors in MAPKi-treated cells [42]. The reduced levels of circulating
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plasticity), a concept that is also supported by previous studies [28,68].
High levels of i.e. AXL, EGFR, and WNT5A have been associated with
the resistant phenotype in melanoma and could be a potential mechanism of resistance [68]. These genes are expressed sporadically on
single cell level prior to drug exposure, thus the cells that are capable of
temporarily upregulating these genes in presence of BRAFi are more
likely to become resistant [68,71,72]. The transient transcriptional
state is converted to a stably resistant state upon drug-induced epigenetic reprogramming, which is initiated by the SOX10-mediated dediﬀerentiation, and thereby activating several transcription factors,
including TEAD [68]. SOX10 is known to regulate neural crest development in melanocytes [73], whereas TEADs play a role in regulating
invasion in melanoma [74]. These data suggest that the transition to the
stably resistant state is characterised by a generalised de-diﬀerentiation
followed by activation of several diﬀerent new signalling pathways,
which confer survival advantages in the presence of drugs.

Interestingly, collagen stiﬀness appears to be regulated by ﬁbroblastsecreted TGF-β, which in turn regulates nuclear YAP localisation as well
as melanoma cell adhesion [46,49]. Consequently, YAP/TAZ and their
transcriptional binding partner TEAD (TEF transcription factors/TEA
domain) are connected to the de-diﬀerentiated and invasive phenotype
and have further been shown to initiate tumour progression and metastasis, as well as confering drug resistance to targeted therapies in
melanoma [50–52]. The involvement of this important signalling
pathway in evading targeted therapies will be discussed in more detail
in the section on “phenotype switching”.
3.4. Autophagy and ER stress
Tumour cells can adapt to drug-induced stress by upregulating autophagy, which was increased in 74% of patients treated either with
BRAFi monotherapy or in combination with a MEKi, resulting in lower
RR and PFS [53–55]. The mechanisms leading to a BRAFi-mediated
autophagy induction include ER stress and TAM (TYRO3, AXL, MER)
receptor pathway activation [56–58]. Thus, the application of the autophagy inhibitor hydrochloroquine (HCQ) was able to re-sensitize resistant cells to BRAFi [53,59]. Furthermore, an excessive increase in ER
stress-mediated autophagy can lead to cancer cell death [60]. HA15, a
thiazole benzenesulfonamide-based compound that speciﬁcally targets
the chaperone BiP/GRP78/HSPA5 caused increased ER stress and
subsequently apoptosis and autophagy, which was shown to trigger cell
death of both BRAFi-sensitive and -resistant cells [60]. Compounds
triggering autophagy and/or apoptosis alone or in combination with
targeted therapies might therefore constitue a promising group of new
treatment approaches.

4. Phenotype switching
Melanoma cells are not only capable of rapidly adapting to therapies
by acquiring mutations, but they also tend to switch their molecular
and cellular phenotype in an epithelial-to-mesenchymal transition
(EMT)- like manner, in order to bypass drug treatment. The most
common phenotypic changes that melanoma cells undergo to escape
inhibition are linked to the expression of the master transcription factor
MITF and the RTK AXL and implicate, among others, diﬀerentiation/dediﬀerentiation, changes in proliferation rates, and metabolic rewiring
(Fig. 3). MITF is a melanocyte lineage-speciﬁc transcription factor that
is required for melanoblast survival, it plays important roles in melanocyte development from neural crest precursors, and it regulates the
expression of pigment-producing enzymes and proteins participating in
melanosome export in response to environmental triggers (e.g. UV) and
extracellular signals (e.g. melanocyte stimulating hormone, MSH) [75].
AXL, on the other hand, belongs to the TAM (TYRO3, AXL, MERTK)
family of RTKs, which are commonly expressed on macrophages and
which are activated in response to the Growth arrest-speciﬁc 6 (GAS6),
thus playing a role in inﬂammatory responses [57]. Several recent
studies have attributed an important role to AXL in melanoma, as its
level are often elevated and inversely correlate with MITF expression

3.5. miRNA-mediated resistance mechanisms
MicroRNAs (miRNAs) are ~22 nucleotide short non-coding RNA
molecules known to regulate the expression of genes and proteins involved in the MAPK as well as other resistance-associated pathways
[61,62]. In this context, miR-509-3p, miR-204-5p, and miR-211-5p are
rapidly upregulated in response to short-term BRAFi treatment [63,64].
miR-204-5p and miR-211-5p whose expression is induced by the transcription factors signal transducer and activator of transcription 3
(STAT3) and Microphthalmia-associated transcription factor (MITF),
respectively, appear to confer BRAFi resistance by reactivating the
MAPK or PI3K/AKT pathway, while the exact eﬀect of drug-induced
and resistance-associated miR-509-3p upregulation remains to be elucidated [63–65]. Additionally, miR-550a-3-5p, which acts as a tumour
suppressor in several diﬀerent cancers, is downregulated in resistant
melanomas, and it has the potential to reverse BRAF-mediated resistance by directly targeting YAP, which can mediate drug resistance
[50]. A more exhaustive list of miRNAs involved in drug resistance can
be found elsewhere [65,66].
3.6. Therapy-mediated selection of resistant tumour cell subpopulations
Intra-tumour heterogeneity, which mostly results from genetic and
epigenetic variations, is considered to impact on disease evolution and
progression [67]. Consequently, drug resistance can arise by a “Darwinian-type” selection of pre-existing subclones with cancer stem celllike properties that are able to withstand drug treatment [68]. Alternatively, cancer cells can become resistant by acquiring genetic mutations or by rewiring the epigenome or metabolome under drug treatment-mediated selection pressure, in a “Lamarckian-type process”
[69,70]. It is unclear whether the observed adaptations of cancer cells
arise from selection of pre-existing subclones or rather by tumour cell
plasticity or both. Schaﬀer et al. have observed that cells do not accumulate mutations that would provide a selective advantage in presence
of the BRAFi, but rather that cells develop resistance to BRAFi by
temporary and reversible adaptations to selective pressure (cell

Fig. 3. MITF-linked phenotype switching. Proliferation rate based on the molecular phenotype and MITF levels (diﬀerentiation). Melanoma tumours are
highly heterogeneous with subpopulations of cells expressing high or low MITF
levels, whichs usually respond well to targeted therapies. However, during drug
treatment, tumours can switch their phenotype to an MITFhigh or AXLhigh slow
proliferating state in order to bypass BRAFi.
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they are important mediators of metabolic switches in response to drug
resistance (Fig. 3). While de-diﬀerentiated, slow-cycling and drug-resistant melanoma cells often display a MITFlow/JARID1Bhigh ratio, differentiated, slow cycling and therapy-resistant melanoma cells often
have a MITFhigh/PGC1αhigh ratio [87,88]. Also, upon BRAFi treatment,
oxidative phosphorylation (OXPHOS) and reactive oxygen species
(ROS) are increased in a PGC1α-mediated manner, which is directly
triggered by MITF [89]. Usually, cells with high OXPHOS also have
high amounts of ROS, thus slow cycling cells are more sensitive to drugs
that promote oxidative stress [90]. Hence, a combination of BRAFi with
drugs promoting oxidative stress might combat resistance in these slowcycling cells. In contrast, reduced OXPHOS levels were observed as an
immediate response to BRAFi, leading to the phosphorylation of the
pyruvate dehydrogenase (PDH) complex as well as to upregulation of
ROS in BRAFV600E and BRAFwt/NRASmutant cells [91]. This BRAFi-induced increase in ROS production could be impaired when using ROS
scavenger compounds [91]. As PDH is only phosphorylated upon shortterm BRAFi and not in BRAFi-resistant melanoma cells, adaptive metabolic rewiring might occur during prolonged drug treatment. Also,
BRAFi-resistant cells with high ROS levels have acquired vulnerability
towards histone deacetylase inhibitors (HDACi), which are known to
further increase ROS levels [92]. Therefore, a sequential treatment with
BRAFi that induce increased ROS, followed by HDACi (Vorinostat),
which further increase ROS levels, might more eﬃciently induce cell
death and eradication of resistant melanoma cells [92].

patterns in BRAFi-resistant melanomas [71,72,76,77]. In the following
paragraphs, we provide an overview of most important phenotypic
switches in melanoma that are often associated with MITF and AXL
expression patterns.
4.1. Diﬀerentiation/De-diﬀerentiation
The invasive and de-diﬀerentiated phenotype is a prerequisite of
cancer metastasis. It has been demonstrated that melanoma cells have a
de-diﬀerentiated phenotype during the process of invasion and metastasis formation, which is characterised by low pigmentation and reduced proliferation. Once the cells reach the secondary site where the
metastatic growth is formed, cells switch back to a diﬀerentiated,
highly pigmented and proliferative phenotype [78]. These observations
indicate that the switch to a diﬀerentiated phenotype is most probably
induced by factors from the microenvironment (e.g. endothelin 3
(EDN3)) [79]. MITF expression heterogeneity is a commonly observed
phenomenon with high and low MITF expressing subpopulations of
cells, which have been suggested to confer diﬀerent phenotypes, as well
as modulate sensitivity to drug treatment [80,81] (Fig. 3). Recently,
Tsoi and colleagues have identiﬁed four distinct diﬀerentiation states in
melanoma thus providing evidence for the development of drug resistance through a stepwise de-diﬀerentiation process with intermediate transcriptional programs, further highlighting the plasticity of
melanoma cells. The four phenotypes (undiﬀerentiated, neural crest
like, transitory, melanocytic) have overlapping characteristics and can
be deﬁned by the expression of a deﬁned set of genes (e.g. MITF, AXL)
[80]. Subsequently, melanoma cells can bypass targeted therapies by
transitioning from one phenotype to another, accompanied by diﬀerential MITF expression. While the role of MITF in diﬀerentiation is well
described, more and more studies link MITF expression levels to the cell
proliferation rate.

4.4. Roles of MITF and AXL in phenotype switching
Single cell sequencing has revealed that melanoma tumours display
high intra-tumour heterogeneity and contain both MITFhigh and
MITFlow cells [71,72]. The switch from a MITFhigh/AXLlow to MITFlow/
AXLhigh has been described as a mechanism of resistance to targeted
therapy in a subset of melanoma patients as well as in in vitro cell
culture systems [86,93].
In order to explain the heterogeneous eﬀects of MITF, the so-called
rheostat model was introduced, which among others, describes the
diﬀerent MITF-driven phenotypes [94] (Fig. 3). Subsequently, some
studies reported that a MITFhigh state is associated with MAPKi therapy
resistance and poor prognosis [95,96], whereas others show that a
MITFlow state in combination with high expression levels of several
RTKs (e.g. AXL) is responsible for therapy resistance [76,93]. MITFhigh
tumours were shown to be responsive to MAPKi, however, tumours that
were initially MITFlow upregulate MITF upon treatment, causing the
development of resistance [96].
The paired-box transcription factor (PAX3)-mediated overexpression of MITF is implicated in reversible early drug resistance [96]
(Fig. 4). Very recently, the same group showed that BRAF regulates
MITF levels via the transcription factors PAX3 and BRN2, providing an
explanation for the dynamic MITF levels in patients in response to
targeted therapy [97]. Targeting the MITF “build-up” via PAX3 depletion could postpone the development of resistance, and re-sensitize
melanoma cells to MAPKi, which inhibit PAX3 via SMAD2/4 and the
salt-inducible kinase (SKI) [96]. SMAD2/4 phosphorylation is induced
by TGF-β, and leads to the formation of SMAD2/4/SKI repressor complex, which supresses the expression of PAX3 and thus the expression of
MITF [96]. On the other hand, drug-resistant melanoma cells and patient biopsies are rather characterised by a MITFlow, AXLhigh, and
NFκBhigh phenotype [86]. Short-term overexpression of mutant BRAF in
melanocytes induced an MITFlow/NFκBhigh/AXLhigh phenotype, which
was partially reversed using an IκBα super-repressor, suggesting that
AXL is induced by NF-κB signalling [86]. Overexpressing MITF interferes with the BRAF and MEK mutation-induced AXL expression and
TNFα-mediated NFκB induction led to reduced MITF expression and
activity, further supporting the role of MITF and AXL in phenotype
switching [86].
BRAFi resistance can also be mediated via the AXL/AKT axis in

4.2. Proliferation rate
Current cancer therapies mainly target fast proliferating cells,
leaving slow-proliferating cells largely undamaged. Consequently, these
slowly proliferating cells often become enriched during treatment and
gain proliferative characteristics, causing tumour relapse [82] (Fig. 3).
The switch to a slow proliferating phenotype is often mediated via
histone demethylase-mediated chromatin remodelling factors, such as
Jumonji/ARID domain-containing protein 1B (JARID1B) that can be
regulated by hypoxia and several cytokines, and which lead to an increased ﬂux through the PI3K/AKT pathway [83,84]. Although a recent
study has reported that inducible MITF downregulation reﬂects, rather
than causes EMT-like changes, and that low MITF levels result in dediﬀerentiation but not necessarily in reduced proliferation or phenotype switching [85], several other studies have linked MITF levels to
phenotype switching [71,72] (Fig. 3). These slow cycling melanoma
cells tend to be de-diﬀerentiated and treatment-resistant, which is
characterised by a MITFlow/JARID1Bhigh gene expression proﬁle [84].
Additionally, MITF levels show inverse correlation with other markers
of the slow cycling, invasive and drug-resistant phenotype, such as AXL
or NF-kB [86]. In this context, combinatorial targeting of fast and slow
cycling melanoma cells using a combination of MAPKi and an AXL
antibody-drug conjugate (AXL-107-MMAE) has shown promising results [76]. Taken together, as slow-cycling cells display invasive properties and play a role in drug resistance as well as in early tumour relapse in early stage melanoma patients, their enrichment during
treatment could be prevented by combining therapies that target both
fast and slowly proliferating cells [76,82] (Fig. 3).
4.3. Metabolic rewiring
MITF and JARID1B, do not only have an impact on the cell proliferation rate, but together with PPARG coactivator 1 alpha (PGC1α),
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4.5. YAP-mediated phenotype switch
Hippo signalling is often reduced in cancer, leading to an accumulation of YAP/TAZ complexes in the nucleus and augmented cell proliferation and survival via increased ERK1/2 activity [51,79]. YAPmediated BRAFi resistance mechanisms have been reported in melanoma as the overexpression of YAP can restore BRAFi-mediated ERK
inhibition in drug-sensitive melanoma cell lines [51] (Fig. 4). YAP-induced BRAFi-resistance is mediated via the YAP/TAZ/TEAD axis, favoring an invasive, de-diﬀerentiated and slow cycling phenotype
[46,51]. Verteporﬁn is a drug that blocks YAP function in BRAFi-resistant melanoma cancer stem cells by inhibiting the interaction between YAP and TEAD, and thereby reducing nuclear YAP/TAZ levels,
ERK1/2 signalling and ﬁnally tumour growth [51,98]. Combination of
BRAF and YAP inhibition could be another promising approach to
overcome drug resistance mechanisms in melanoma (Fig. 4,Fig. 5).
Additionally, ﬁbroblast-secreted TGF-β can induce a switch from a
YAP/PAX3/MITF to a YAP/SMAD/TEAD signalling cascade, which is
supported by the fact that TGF-β can inhibit PAX3, hence reduce the
binding of YAP to the MITF promoter and favoring a MITFlow-TEADregulated invasive phenotype [46,74,99,100] (Fig. 4). While YAP
binding to the MITF promoter decreases in presence of TGF-β, it increases at the promoters of the TEAD target genes, connective tissue
growth factor (CTGF), Cysteine rich protein 61 (CYR61), and AXL, also
establishing a diﬀerentiated slow cycling phenotype [46,101]. A study
in hepatocellular carcinoma (HCC) cells revealed AXL mediated YAPdependent oncogenic functions, e.g. increased anchorage-independent
growth, tumour formation, invasion and migration [101]. The AXL
promoter region contains four putative TEAD-binding sites, 1200 bp
upstream of the AXL transcription start site (TSS), and the binding of
YAP and TEAD to the AXL promoter was conﬁrmed by ChIP and luciferase assays in HCC cells [101]. AXL has also been described to activate the PI3K/AKT and MAPK/ERK pathways, hence high YAP levels
induce AXL expression that in turn induces ERK1/2 and AKT activity
[101] (Fig. 5).
Moreover, the vasoconstrictor peptide endothelin 1 (EDN1) was
shown to promote colorectal cancer (CRC) growth by activating YAP/
TAZ signalling through the G-protein coupled receptors endothelin receptor A and B (EDNRA and EDNRB), which have an impact on cell
growth [93,102]. EDNRA activation via EDN1 has been reported to
initiate the expression of TEAD-targets, CTGF and CYR61 [103]. Additionally, endothelial cells can promote pigmentation through EDNRB
activation [104], and EDN1 has been demonstrated to induce melanogenesis by activating MITF [105]. Interestingly, the expression of EDN1
maintains MITFhigh as well as AXLhigh cell populations through EDNRB
and EDNRA respectively, and thereby regulates phenotype heterogeneity in melanoma [93] (Fig. 4).
Taken together, phenotype switching is of critical importance in
emergence of resistance to BRAFi. Despite the high heterogeneity in
resistance mechanisms, current data obtained from studies on melanoma and other cancers suggest that YAP signalling mediates the switch
from one phenotype to another. Several groups have linked MITF and
AXL to diﬀerent molecular phenotypes [71,72], however, the regulation of these distinct phenotypes has been poorly understood. Recent
studies in melanoma have linked EDN1 signalling to MITF and AXL
expression levels [93], as well as tumour microenvironment-mediated
YAP/PAX3 and YAP/TEAD signalling to the MITFhigh and MITFlow
phenotypes, respectively [46]. Studies performed in other cancers (e.g.
HCC and CRC), highly suggest a link between EDN1, AXL, and YAP
signalling, which could also be an important regulatory network in
melanoma worth exploring further (Fig. 4). Fig. 5 summarises the key
molecular pathways that are involved in melanoma drug resistance
mediated by phenotype switching and other mechanisms covered in
this review (Fig. 5).

Fig. 4. Potential mechanisms regulating the MITF/AXL ratio and phenotype
switching. A low MITF/AXL ratio has been linked to BRAFi-resistance in melanoma, however, the exact mechanisms leading to a switch from a diﬀerentiated, proliferative, MITFhigh/AXLlow to a de-diﬀerentiated, invasive,
MITFlow/AXLhigh phenotype are not fully understood. The scheme summarises
promising recent data obtained in studies on melanoma and other cancers (e.g.
HCC and CRC) that give insight into the potential regulation of this phenotype
switch including the role of the tumour microenvironment (e.g. collagen stiﬀness), YAP and EDN signalling.

PTENWT melanoma cells or via ERK signalling in PTENmutant melanoma
cells [38]. MAPK signalling appears to be reactivated in all BRAFi resistant cell lines regardless of PTEN status, whereas AKT signalling is
only reactivated in PTENWT cells. Additionally, the resistant melanoma
cell models with PTENWT exhibited signiﬁcantly higher AXL-driven
AKT activity compared to their corresponding parental cells. On the
other hand, resistant melanoma cell lines with PTEN deﬁciency showed
low AKT activity, which suggests that AKT-mediated BRAFi resistance
is only occurring in melanoma cells with PTENWT [38].
Although, the exact mechanism of how cells switch from one phenotype to the other is not yet fully understood, a low MITF/AXL ratio
predicts early resistance to several targeted therapies. In this context,
targeting AXLhigh subpopulations of cells using an AXL antibody drug
conjugate (AXL-107-MMAE) might be beneﬁcial for MITF-low, BRAFand NRAS-mutant tumours and a combination of MAPKi and AXLi
could support the elimination of resistant melanoma cells [76]. Although it is generally accepted that either way of the inverse correlation
of MITF and AXL expression levels is an important denominator of cell
plasticity, recent studies in melanoma and other cancers also suggest
YAP-mediated mechanisms to drive switching from one phenotype to
another.
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Fig. 5. Novel treatment options for melanoma patients. The potential phenotype switch-mediator, YAP, is often upregulated in BRAFi-resistant melanomas, and could
be inhibited using drugs such as verteportin, or miRNAs such as miR-550-3-5p. Similarly, the receptor tyrosine kinase AXL, whose expression inversely correlates
with MITF, is not only involved in phenotype switching but is also upregulated in BRAFi-resistant cells. The AXL antibody-drug conjugate AXL-107-MMAE in
combination with BRAFi/MEKi showed promising results in BRAFi-resistant tumours, thus it might be used as a novel targeted therapy for melanoma tumours.
Additionally, increasing cancer cell lethality in BRAFi-resistant cells by increasing ROS levels using HDACi represents another novel therapeutic approach.

5. Conclusion

restrictions. IK is funded by the PRIDE Doctoral Research Program by
Fond National de la Recherche (Luxembourg) in the scope of the
Doctoral Teaching Unit - CANBIO (PRIDE15/10675146/CANBIO).

Melanoma is the posterchild of modern cancer treatment eﬀorts.
The development of BRAFi and MEKi as targeted treatment options for
patients with BRAF-mutant tumours as well as the introduction of immune checkpoint inhibitors contributed profoundly to an increased
overall survival of patients with metastatic melanoma. Nevertheless,
development of resistance to treatment in most patients remains a
major clinical issue. To this date, a myriad of resistance mechanisms to
targeted therapies have been described, ranging from acquired activating mutations to adaptive processes of cell plasticity in response to
treatment-induced pressure. Interestingly, the dynamic phenotype
switches involving various fundamental cellular processes (cell proliferation rate, diﬀerentiation, and metabolic rewiring) allow melanoma cells to robustly resist current therapies. These processes are
generally linked to the master regulator MITF, whose expression levels
inversely correlate with the RTK AXL. Here, we summarised insights
into potential mechanisms regulating phenotype switching. Current
data suggest that targeting de-diﬀerentiated and slowly proliferating
AXLhigh cells in combination with BRAFi could have a signiﬁcant impact
on the overall survival of melanoma patients. Also, the inhibition of the
ECM stiﬀness-induced and YAP-mediated switch between a MITFhigh
and AXLhigh phenotype could be prevented by modulating YAP signalling.
Drugs targeting the phenotypic switch will require thorough and
elaborate clinical testing before more personalised and eﬃcient treatments can be oﬀered to melanoma patients. Nevertheless, before such
drugs come into clinical practice, other kinase inhibitors that are currently in clinical use in diﬀerent cancers will be further tested and
might induce more durable treatment outcomes in patients with advanced stage melanoma when combined with current targeted therapies.

References
[1] A.H. Shain, B.C. Bastian, From melanocytes to melanomas, Nat. Rev. Cancer 16
(2016) 345–358, https://doi.org/10.1038/nrc.2016.37.
[2] C. Garbe, K. Peris, A. Hauschild, P. Saiag, M. Middleton, L. Bastholt, J. Grob,
J. Malvehy, ScienceDirect diagnosis and treatment of melanoma. European consensus-based interdisciplinary guideline e update 2016, Eur. J. Cancer 63 (2016)
201–217, https://doi.org/10.1016/j.ejca.2016.05.005.
[3] TCGA, Genomic classiﬁcation of cutaneous melanoma, Cell (2015), https://doi.
org/10.1016/j.cell.2015.05.044.
[4] A. Millet, R. Ballotti, Compounds Triggering ER Stress Exert Anti- Melanoma
Eﬀects and Overcome BRAF Inhibitor Compounds Triggering ER Stress Exert BRAF
Inhibitor Resistance, (2016), pp. 1–15, https://doi.org/10.1016/j.ccell.2016.04.
013.
[5] J.J. Luke, K.T. Flaherty, A. Ribas, G.V. Long, Targeted agents and immunotherapies: optimizing outcomes in melanoma, Nat. Rev. Clin. Oncol. 14
(2017) 463–482, https://doi.org/10.1038/nrclinonc.2017.43.
[6] B. Domingues, J. Lopes, P. Soares, H. Populo, Melanoma treatment in review,
ImmunoTargets Ther. 7 (2018) 35–49, https://doi.org/10.2147/ITT.S134842.
[7] S. Bhatia, S.S. Tykodi, J.A. Thompson, Treatment of metastatic melanoma: an
overview, Oncology (Williston Park) 23 (2009) 488–496 http://www.ncbi.nlm.
nih.gov/pubmed/19544689%5Cnhttp://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=PMC2737459.
[8] C. Kim, C.W. Lee, L. Kovacic, A. Shah, R. Klasa, K.J. Savage, Long-term survival in
patients with metastatic melanoma treated with DTIC or temozolomide,
Oncologist (2010), https://doi.org/10.1634/theoncologist.2009-0237.
[9] A.M.M. Eggermont, S. Suciu, P. Rutkowski, W.H. Kruit, C.J. Punt, R. Dummer,
F. Salès, U. Keilholz, G. De Schaetzen, A. Testori, Long term follow up of the
EORTC 18952 trial of adjuvant therapy in resected stage IIB-III cutaneous melanoma patients comparing intermediate doses of interferon-alpha-2b (IFN) with
observation: ulceration of primary is key determinant for IFN-sensitivity, Eur. J.
Cancer 55 (2016) 111–121, https://doi.org/10.1016/j.ejca.2015.11.014.
[10] R. Bright, B.J. Coventry, N. Eardley-Harris, N. Briggs, Clinical response rates from
interleukin-2 therapy for metastatic melanoma over 30 years' experience, J.
Immunother. 40 (2017) 21–30, https://doi.org/10.1097/CJI.0000000000000149.
[11] R.H.I. Andtbacka, H.L. Kaufman, F. Collichio, T. Amatruda, N. Senzer, J. Chesney,
K.A. Delman, L.E. Spitler, I. Puzanov, S.S. Agarwala, M. Milhem, L. Cranmer,
B. Curti, K. Lewis, M. Ross, T. Guthrie, G.P. Linette, G.A. Daniels, K. Harrington,
M.R. Middleton, W.H. Miller, J.S. Zager, Y. Ye, B. Yao, A. Li, S. Doleman, A. Van
Der Walde, J. Gansert, R.S. Coﬃn, Talimogene laherparepvec improves durable
response rate in patients with advanced melanoma, J. Clin. Oncol. 33 (2015)
2780–2788, https://doi.org/10.1200/JCO.2014.58.3377.
[12] R.W. Jenkins, D.A. Barbie, K.T. Flaherty, Mechanisms of resistance to immune

Acknowledgements
We thank the numerous colleagues whose work has contributed to
our current understanding of drug resistance in melanoma and apologise to those whose work could not be cited here due to space


%%$5HYLHZVRQ&DQFHU  ²

I. Kozar, et al.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

[27]

[28]

[29]

[30]

[31]

1038/onc.2017.391.
[32] M.S. Stark, V.F. Bonazzi, G.M. Boyle, J.M. Palmer, J. Symmons, C.M. Lanagan,
C.W. Schmidt, A.C. Herington, R. Ballotti, P.M. Pollock, N.K. Hayward, miR-514a
regulates the tumour suppressor NF1 and modulates BRAFi sensitivity in melanoma, Oncotarget 6 (2015) 17753–17763, https://doi.org/10.18632/oncotarget.
3924.
[33] N.A. Doudican, S.J. Orlow, Inhibition of the CRAF/prohibitin interaction reverses
CRAF-dependent resistance to vemurafenib, Oncogene 36 (2017) 423–428,
https://doi.org/10.1038/onc.2016.214.
[34] T. Gruosso, C. Garnier, S. Abelanet, Y. Kieﬀer, V. Lemesre, D. Bellanger, I. Bieche,
E. Marangoni, X. Sastre-Garau, V. Mieulet, F. Mechta-Grigoriou, MAP3K8/TPL-2/
COT is a potential predictive marker for MEK inhibitor treatment in high-grade
serous ovarian carcinomas, Nat. Commun. (2015), https://doi.org/10.1038/
ncomms9583.
[35] C.M. Johannessen, J.S. Boehm, S.Y. Kim, S.R. Thomas, L. Wardwell, L.A. Johnson,
C.M. Emery, N. Stransky, A.P. Cogdill, J. Barretina, G. Caponigro, H. Hieronymus,
R.R. Murray, K. Salehi-Ashtiani, D.E. Hill, M. Vidal, J.J. Zhao, X. Yang, O. Alkan,
S. Kim, J.L. Harris, C.J. Wilson, V.E. Myer, P.M. Finan, D.E. Root, T.M. Roberts,
T. Golub, K.T. Flaherty, R. Dummer, B.L. Weber, W.R. Sellers, R. Schlegel,
J.A. Wargo, W.C. Hahn, L.A. Garraway, COT drives resistance to RAF inhibition
through MAP kinase pathway reactivation, Nature (2010), https://doi.org/10.
1038/nature09627.
[36] M.J. Vido, K. Le, E.J. Hartsough, A.E. Aplin, BRAF splice variant Resistance to RAF
inhibitor requires enhanced MEK association, Cell Rep. (2018) 1501–1510,
https://doi.org/10.1016/j.celrep.2018.10.049.
[37] Z. Karoulia, E. Gavathiotis, P.I. Poulikakos, New perspectives for targeting RAF
kinase in human cancer, Nat. Rev. Cancer 17 (2017) 676–691, https://doi.org/10.
1038/nrc.2017.79.
[38] Q. Zuo, J. Liu, L. Huang, Y. Qin, T. Hawley, C. Seo, G. Merlino, Y. Yu, AXL/AKT
axis mediated-resistance to BRAF inhibitor depends on PTEN status in melanoma,
Oncogene 37 (2018) 3275–3289, https://doi.org/10.1038/s41388-018-0205-4.
[39] M. Irvine, A. Stewart, B. Pedersen, S. Boyd, R. Keﬀord, H. Rizos, Oncogenic PI3K/
AKT promotes the step-wise evolution of combination BRAF/MEK inhibitor resistance in melanoma, Oncogenesis 7 (2018) 72, , https://doi.org/10.1038/
s41389-018-0081-3.
[40] G. Cesi, D. Philippidou, I. Kozar, Y.J. Kim, F. Bernardin, G. Van Niel, A. WieneckeBaldacchino, P. Felten, E. Letellier, S. Dengler, D. Nashan, C. Haan, S. Kreis, A new
ALK isoform transported by extracellular vesicles confers drug resistance to melanoma cells, Mol. Cancer 17 (2018) 145, , https://doi.org/10.1186/s12943-0180886-x.
[41] R.B. Corcoran, T. Andre, C.E. Atreya, J.H.M. Schellens, T. Yoshino, J.C. Bendell,
A. Hollebecque, A.J. McRee, S. Siena, G. Middleton, K. Muro, M.S. Gordon,
J. Tabernero, R. Yaeger, P.J. O'dwyer, Y. Humblet, F. de Vos, A.S. Jung, J.C. Brase,
S. Jaeger, S. Bettinger, B. Mookerjee, F. Rangwala, E. van Cutsem, Research article
combined BRAF, EGFR, and MEK inhibition in patients with BRAFV600E-mutant
colorectal cancer, Cancer Discov. 8 (2018) 428–443, https://doi.org/10.1158/
2159-8290.CD-17-1226.
[42] M.A. Miller, M.J. Oudin, R.J. Sullivan, S.J. Wang, A.S. Meyer, H. Im,
D.T. Frederick, J. Tadros, L.G. Griﬃth, H. Lee, R. Weissleder, K.T. Flaherty,
F.B. Gertler, D.A. Lauﬀenburger, Reduced proteolytic shedding of receptor tyrosine kinases is a post-translational mechanism of kinase inhibitor resistance,
Cancer Discov. 6 (2016) 383–399, https://doi.org/10.1158/2159-8290.CD-150933.
[43] R. Straussman, T. Morikawa, K. Shee, Tumor microenvironment induces innate
RAF-inhibitor resistance through HGF secretion, Nature 487 (2012) 500–504,
https://doi.org/10.1038/nature11183.Tumor.
[44] O. Kodet, B. Dvořánková, B. Bendlová, V. Sýkorová, I. Krajsová, J. Štork, J. Kučera,
P. Szabo, H. Strnad, M. Kolář, Č. Vlček, K. Smetana, L. Lacina, Microenvironmentdriven resistance to B-Raf inhibition in a melanoma patient is accompanied by
broad changes of gene methylation and expression in distal ﬁbroblasts, Int. J. Mol.
Med. 41 (2018) 2687–2703, https://doi.org/10.3892/ijmm.2018.3448.
[45] F. Ahmed, N.K. Haass, Microenvironment-driven dynamic heterogeneity and
phenotypic plasticity as a mechanism of melanoma therapy Resistance, Front.
Oncol. 8 (2018) 1–7, https://doi.org/10.3389/fonc.2018.00173.
[46] Z. Miskolczi, M.P. Smith, E.J. Rowling, J. Ferguson, J. Barriuso, C. Wellbrock,
Collagen abundance controls melanoma phenotypes through lineage-speciﬁc microenvironment sensing, Oncogene 37 (2018) 3166–3182, https://doi.org/10.
1038/s41388-018-0209-0.
[47] M.R. Roh, Z. Zheng, H.S. Kim, H.C. Jeung, S.Y. Rha, K.Y. Chung, Diﬀerence of
interferon-α and interferon-β on melanoma growth and lymph node metastasis in
mice, Melanoma Res. 23 (2013) 114–124, https://doi.org/10.1097/CMR.
0b013e32835e7713.
[48] U. Ehmer, J. Sage, Control of proliferation and cancer growth by the hippo signaling pathway, Mol. Cancer Res. 14 (2016) 127–140, https://doi.org/10.1158/
1541-7786.MCR-15-0305.
[49] B. Hinz, The extracellular matrix and transforming growth factor-β1: tale of a
strained relationship, Matrix Biol. 47 (2015) 54–65, https://doi.org/10.1016/j.
matbio.2015.05.006.
[50] M.H. Choe, Y. Yoon, J. Kim, S.G. Hwang, Y.H. Han, J.S. Kim, MiR-550a-3-5p acts
as a tumor suppressor and reverses BRAF inhibitor resistance through the direct
targeting of YAP article, Cell Death Dis. 9 (2018), https://doi.org/10.1038/
s41419-018-0698-3.
[51] M.L. Fisher, D. Grun, G. Adhikary, W. Xu, R.L. Eckert, Inhibition of YAP function
overcomes BRAF inhibitor resistance in melanoma cancer stem cells, Oncotarget 8
(2017) 110257–110272, https://doi.org/10.18632/oncotarget.22628.
[52] J.S.A. Warren, Y. Xiao, J.M. Lamar, YAP/TAZ activation as a target for treating

checkpoint inhibitors, Br. J. Cancer 118 (2018) 9–16, https://doi.org/10.1038/
bjc.2017.434.
C. Robert, J. Schachter, G.V. Long, A. Arance, J.J. Grob, L. Mortier, A. Daud,
M.S. Carlino, C. McNeil, M. Lotem, J. Larkin, P. Lorigan, B. Neyns, C.U. Blank,
O. Hamid, C. Mateus, R. Shapira-Frommer, M. Kosh, H. Zhou, N. Ibrahim,
S. Ebbinghaus, A. Ribas, Pembrolizumab versus ipilimumab in advanced melanoma, N. Engl. J. Med. 372 (2015) 2521–2532, https://doi.org/10.1056/
NEJMoa1503093.
R.M. Abdul-Karim, C.L. Cowey, Challenging the standard of care in advanced
melanoma: focus on pembrolizumab, Cancer Manag. Res. 9 (2017) 433–442,
https://doi.org/10.2147/CMAR.S92546.
P.K. Bommareddy, M. Shettigar, H.L. Kaufman, Integrating oncolytic viruses in
combination cancer immunotherapy, Nat. Rev. Immunol. (2018) 1–16, https://
doi.org/10.1038/s41577-018-0014-6.
A. Ribas, R. Dummer, I. Puzanov, A. VanderWalde, R.H.I. Andtbacka, O. Michielin,
A.J. Olszanski, J. Malvehy, J. Cebon, E. Fernandez, Oncolytic virotherapy promotes intratumoral T cell inﬁltration and improves anti-PD-1 immunotherapy,
Cell 170 (2017) 1109–1119.e10.
P.A. Ascierto, J.M. Kirkwood, J.J. Grob, E. Simeone, A.M. Grimaldi, M. Maio,
G. Palmieri, A. Testori, F.M. Marincola, N. Mozzillo, The role of BRAF V600 mutation in melanoma, J. Transl. Med. 10 (2012) 1–9, https://doi.org/10.1186/
1479-5876-10-85.
P.B. Chapman, A. Hauschild, C. Robert, J.B. Haanen, P. Ascierto, J. Larkin,
R. Dummer, C. Garbe, A. Testori, M. Maio, D. Hogg, P. Lorigan, C. Lebbe,
T. Jouary, D. Schadendorf, A. Ribas, S.J. O'Day, J.A. Sosman, J.M. Kirkwood,
A.M.M. Eggermont, B. Dreno, K. Nolop, J. Li, B. Nelson, J. Hou, R.J. Lee,
K.T. Flaherty, G.A. McArthur, Improved survival with vemurafenib in melanoma
with BRAF V600E mutation, N. Engl. J. Med. 364 (2011) 2507–2516, https://doi.
org/10.1056/NEJMoa1103782.
A.M. Menzies, G.V. Long, R. Murali, Dabrafenib and its potential for the treatment
of metastatic melanoma, Drug Des. Devel. Ther. 6 (2012) 391–405, https://doi.
org/10.2147/DDDT.S38998.
Z. Xue, D.J. Vis, A. Bruna, T. Sustic, S. van Wageningen, A.S. Batra, O.M. Rueda,
E. Bosdriesz, C. Caldas, L.F.A. Wessels, R. Bernards, MAP3K1 and MAP2K4 mutations are associated with sensitivity to MEK inhibitors in multiple cancer models,
Cell Res. (2018) 1–11, https://doi.org/10.1038/s41422-018-0044-4.
Z. Eroglu, A. Ribas, Combination therapy with BRAF and MEK inhibitors for
melanoma: latest evidence and place in therapy, Ther. Adv. Med. Oncol. 8 (2016)
48–56, https://doi.org/10.1177/1758834015616934.
P. Ascierto, G. McArthur, B. Dreno, V. Atkinson, G. Liszkay, A. Giacomo,
M. Mandala, L. Demidov, D. Stroyakovskiy, L. Thomas, L. Cruz-Merino,
C. Dutriaux, C. Garbe, Y. Yan, M. Wongchenko, I. Chang, J. Hsu, D. Koralek,
I. Rooney, A. Ribas, J. Larkin, Cobimetinib combined with vemurafenib in advanced BRAFV600-mutant melanoma (coBRIM): updated eﬃcacy results from a
randomised, double-blind, phase 3 trial, Lancet Oncol. 17 (2016) 1248–1260,
https://doi.org/10.1016/S1470-2045%2816%2930122-X.
A.M. Menzies, G.V. Long, Dabrafenib and Trametinib, alone and in combination
for BRAF-mutant metastatic melanoma, Clin. Cancer Res. (2014), https://doi.org/
10.1158/1078-0432.CCR-13-2054.
H.E. Brighton, S.P. Angus, T. Bo, J. Roques, A.C. Tagliatela, D.B. Darr, K. Karagoz,
N. Sciaky, M.L. Gatza, N.E. Sharpless, G.L. Johnson, J.E. Bear, New mechanisms of
resistance to MEK inhibitors in melanoma revealed by intravital imaging, Cancer
Res. 78 (2018) 542–557, https://doi.org/10.1158/0008-5472.CAN-17-1653.
M. Shirley, Encorafenib and Binimetinib: ﬁrst global approvals, Drugs 78 (2018)
1277–1284, https://doi.org/10.1007/s40265-018-0963-x.
A.M.M. Eggermont, C.U. Blank, M. Mandala, G.V. Long, V. Atkinson, S. Dalle,
A. Haydon, M. Lichinitser, A. Khattak, M.S. Carlino, S. Sandhu, J. Larkin, S. Puig,
P.A. Ascierto, P. Rutkowski, D. Schadendorf, R. Koornstra, L. Hernandez-Aya,
M. Maio, A.J.M. van den Eertwegh, J.-J. Grob, R. Gutzmer, R. Jamal, P. Lorigan,
N. Ibrahim, S. Marreaud, A.C.J. van Akkooi, S. Suciu, C. Robert, Adjuvant pembrolizumab versus placebo in resected stage III melanoma, N. Engl. J. Med. (2018),
https://doi.org/10.1056/NEJMoa1802357.
G.V. Long, A. Hauschild, M. Santinami, V. Atkinson, M. Mandalà, V. ChiarionSileni, J. Larkin, M. Nyakas, C. Dutriaux, A. Haydon, C. Robert, L. Mortier,
J. Schachter, D. Schadendorf, T. Lesimple, R. Plummer, R. Ji, P. Zhang,
B. Mookerjee, J. Legos, R. Keﬀord, R. Dummer, J.M. Kirkwood, Adjuvant
Dabrafenib plus Trametinib in stage III BRAF-mutated melanoma, N. Engl. J. Med.
(2017), https://doi.org/10.1056/NEJMoa1708539.
W. Hugo, H. Shi, L. Sun, M. Piva, C. Song, X. Kong, G. Moriceau, A. Hong,
K.B. Dahlman, D.B. Johnson, J.A. Sosman, A. Ribas, R.S. Lo, Non-genomic and
immune evolution of melanoma acquiring MAPKi resistance, Cell 162 (2015)
1271–1285, https://doi.org/10.1016/j.cell.2015.07.061.
W. Hugo, J.M. Zaretsky, L. Sun, C. Song, B.H. Moreno, S. Hu-Lieskovan, B. BerentMaoz, J. Pang, B. Chmielowski, G. Cherry, E. Seja, S. Lomeli, X. Kong, M.C. Kelley,
J.A. Sosman, D.B. Johnson, A. Ribas, R.S. Lo, Genomic and transcriptomic features
of response to anti-PD-1 therapy in metastatic melanoma, Cell 165 (2016) 35–44,
https://doi.org/10.1016/j.cell.2016.02.065.
G. Moriceau, W. Hugo, A. Hong, H. Shi, X. Kong, C.C. Yu, R.C. Koya, A.A. Samatar,
N. Khanlou, J. Braun, K. Ruchalski, H. Seifert, J. Larkin, K.B. Dahlman,
D.B. Johnson, A. Algazi, J.A. Sosman, A. Ribas, R.S. Lo, Tunable-combinatorial
mechanisms of acquired Resistance limit the eﬃcacy of BRAF/MEK Cotargeting
but result in melanoma drug addiction, Cancer Cell 27 (2015) 240–256, https://
doi.org/10.1016/j.ccell.2014.11.018.
P. Dietrich, S. Kuphal, T. Spruss, C. Hellerbrand, A.K. Bosserhoﬀ, Wild-type KRAS
is a novel therapeutic target for melanoma contributing to primary and acquired
resistance to BRAF inhibition, Oncogene 37 (2018) 897–911, https://doi.org/10.



%%$5HYLHZVRQ&DQFHU  ²

I. Kozar, et al.

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]
[63]

[64]

[65]

[66]

[67]

[68]

[69]

metastatic cancer, Cancers (Basel) 10 (2018), https://doi.org/10.3390/
cancers10040115.
J.M.M. Levy, S. Zahedi, A.M. Griesinger, A. Morin, K.D. Davies, D.L. Aisner,
B.K. Kleinschmidt-DeMasters, B.E. Fitzwalter, M.L. Goodall, J. Thorburn,
V. Amani, A.M. Donson, D.K. Birks, D.M. Mirsky, T.C. Hankinson, M.H. Handler,
A.L. Green, R. Vibhakar, N.K. Foreman, A. Thorburn, Autophagy inhibition
overcomes multiple mechanisms of resistance to BRAF inhibition in brain tumors,
Elife 6 (2017) 1–24, https://doi.org/10.7554/eLife.19671.
K. Zhang, X. Zhang, Z. Cai, J. Zhou, R. Cao, Y. Zhao, Z. Chen, D. Wang, W. Ruan,
Q. Zhao, G. Liu, Y. Xue, Y. Qin, B. Zhou, L. Wu, T. Nilsen, Y. Zhou, X.-D. Fu, A
novel class of microRNA-recognition elements that function only within open
reading frames, Nat. Struct. Mol. Biol. (2018), https://doi.org/10.1038/s41594018-0136-3.
S. Martin, A.M. Dudek-Peric, A.D. Garg, H. Roose, S. Demirsoy, S. Van Eygen,
F. Mertens, P. Vangheluwe, H. Vankelecom, P. Agostinis, An autophagy-driven
pathway of ATP secretion supports the aggressive phenotype of
BRAFV600Einhibitor-resistant metastatic melanoma cells, Autophagy 13 (2017)
1512–1527, https://doi.org/10.1080/15548627.2017.1332550.
G. Xue, R. Kohler, F. Tang, D. Hynx, Y. Wang, F. Orso, V. Prêtre, R. Ritschard,
P. Hirschmann, P. Cron, T. Roloﬀ, R. Dummer, M. Mandalà, S. Bichet, C. Genoud,
A.G. Meyer, M.G. Muraro, G.C. Spagnoli, D. Taverna, C. Rüegg, T. Merghoub,
D. Massi, H. Tang, M.P. Levesque, S. Dirnhofer, A. Zippelius, B.A. Hemmings,
A. Wicki, mTORC1/autophagy-regulated MerTK in mutant BRAFV600 melanoma
with acquired resistance to BRAF inhibition, Oncotarget 8 (2017) 69204–69218,
https://doi.org/10.18632/oncotarget.18213.
J. Han, J. Bae, C.Y. Choi, S.P. Choi, H.S. Kang, E.K. Jo, J. Park, Y.S. Lee,
H.S. Moon, C.G. Park, M.S. Lee, T. Chun, Autophagy induced by AXL receptor
tyrosine kinase alleviates acute liver injury via inhibition of NLRP3 inﬂammasome
activation in mice, Autophagy 12 (2016) 2326–2343, https://doi.org/10.1080/
15548627.2016.1235124.
X. Liu, J. Wu, H. Qin, J. Xu, The role of autophagy in the resistance to BRAF
inhibition in BRAF-mutated melanoma, Target. Oncol. (2018) 1–10, https://doi.
org/10.1007/s11523-018-0565-2.
M.L. Goodall, T. Wang, K.R. Martin, M.G. Kortus, A.L. Kauﬀman, J.M. Trent,
S. Gately, J.P. MacKeigan, Development of potent autophagy inhibitors that sensitize oncogenic BRAF V600E mutant melanoma tumor cells to vemurafenib,
Autophagy 10 (2014) 1120–1136, https://doi.org/10.4161/auto.28594.
M.L. Cerezo, A. Lehraiki, A. Millet, F. Rouaud, M. Plaisant, E. Jaune, T. Botton,
C. Ronco, P. Abbe, H. Amdouni, T. Passeron, V. Hofman, B. Mograbi, A.-S. DabertGay, D. Debayle, D. Alcor, N. Rabhi, J.-S. Bastien Annicotte, L. Hé, M. GonzalezPisﬁl, C. Robert, S. Moré, A. Vigouroux, P. Gual, M.M.U. Ali, C. Bertolotto,
P. Hofman, R. Ballotti, R. Benhida, S. Phane Rocchi, Compounds triggering ER
stress exert anti-melanoma eﬀects and overcome BRAF inhibitor resistance compounds triggering ER stress exert anti-melanoma eﬀects and overcome BRAF inhibitor resistance, Cancer Cell 29 (2016) 805–819, https://doi.org/10.1016/j.
ccell.2016.04.013.
L. Fattore, C.F. Ruggiero, M.E. Pisanu, D. Liguoro, A. Cerri, S. Costantini,
F. Capone, M. Acunzo, G. Romano, G. Nigita, D. Mallardo, C. Ragone,
M.V. Carriero, A. Budillon, G. Botti, P.A. Ascierto, R. Mancini, G. Ciliberto,
Reprogramming miRNAs global expression orchestrates development of drug resistance in BRAF mutated melanoma, Cell Death Diﬀer. (2018), https://doi.org/
10.1038/s41418-018-0205-5.
L. Gebert, I. MacRae, Regulation of microRNA function in animals, Nat. Rev. Mol.
Cell Biol. 20 (2018) 21–37 https://www.ncbi.nlm.nih.gov/pubmed/30108335.
M. Díaz-Martínez, L. Benito-Jardon, L. Alonso, L. Koetz-Ploch, E. Hernando,
J. Teixido, miR-204-5p and miR-211-5p contribute to BRAF inhibitor resistance in
melanoma, Cancer Res. 78 (2018) 1017–1030, https://doi.org/10.1158/00085472.CAN-17-1318.
M. Vitiello, A. Tuccoli, R. D'Aurizio, S. Sarti, L. Giannecchini, S. Lubrano,
A. Marranci, M. Evangelista, S. Peppicelli, C. Ippolito, I. Barravecchia,
E. Guzzolino, V. Montagnani, M. Gowen, E. Mercoledi, A. Mercatanti, L. Comelli,
S. Gurrieri, L.W. Wu, O. Ope, K. Flaherty, G.M. Boland, M.R. Hammond, L. Kwong,
M. Chiariello, B. Stecca, G. Zhang, A. Salvetti, D. Angeloni, L. Pitto, L. Calorini,
G. Chiorino, M. Pellegrini, M. Herlyn, I. Osman, L. Poliseno, Context-dependent
miR-204 and miR-211 aﬀect the biological properties of amelanotic and melanotic
melanoma cells, Oncotarget 8 (2017) 25395–25417, https://doi.org/10.18632/
oncotarget.15915.
I. Kozar, G. Cesi, C. Margue, D. Philippidou, S. Kreis, Impact of BRAF kinase inhibitors on the miRNomes and transcriptomes of melanoma cells, Biochim.
Biophys. Acta Gen. Subj. 1861 ( (2017) 2980–2992, https://doi.org/10.1016/j.
bbagen.2017.04.005.
L. Fattore, S. Costantini, D. Malpicci, C.F. Ruggiero, P.A. Ascierto, C.M. Croce,
R. Mancini, G. Ciliberto, MicroRNAs in melanoma development and resistance to
target therapy, Oncotarget 8 (2015) 22262–22278, https://doi.org/10.18632/
oncotarget.14763.
D. Zingg, L. Sommer, Rare, yet relevant tumor cells - a new twist to melanoma cell
plasticity, Pigment Cell Melanoma Res. 31 (2018) 7–9, https://doi.org/10.1111/
pcmr.12643.
S.M. Shaﬀer, M.C. Dunagin, S.R. Torborg, E.A. Torre, B. Emert, C. Krepler,
M. Beqiri, K. Sproesser, P.A. Braﬀord, M. Xiao, E. Eggan, I.N. Anastopoulos,
C.A. Vargas-Garcia, A. Singh, K.L. Nathanson, M. Herlyn, A. Raj, Rare cell variability and drug-induced reprogramming as a mode of cancer drug resistance,
Nature 546 (2017) 431–435, https://doi.org/10.1038/nature22794.
J. Wang, S.K. Huang, D.M. Marzese, S.C. Hsu, N.P. Kawas, K.K. Chong, G.V. Long,
A.M. Menzies, R.A. Scolyer, S. Izraely, O. Sagi-Assif, I.P. Witz, D.S.B. Hoon,
Epigenetic changes of EGFR have an important role in BRAF inhibitor-resistant

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]



cutaneous melanomas, J. Invest. Dermatol. 135 (2015) 532–541, https://doi.org/
10.1038/jid.2014.418.
Y. Su, W. Wei, L. Robert, M. Xue, J. Tsoi, A. Garcia-Diaz, B. Homet Moreno, J. Kim,
R.H. Ng, J.W. Lee, R.C. Koya, B. Comin-Anduix, T.G. Graeber, A. Ribas, J.R. Heath,
Single-cell analysis resolves the cell state transition and signaling dynamics associated with melanoma drug-induced resistance, Proc. Natl. Acad. Sci. (2017),
https://doi.org/10.1073/pnas.1712064115.
J. Müller, O. Krijgsman, J. Tsoi, L. Robert, W. Hugo, C. Song, X. Kong, P.A. Possik,
P.D.M. Cornelissen-Steijger, M.H.G. Foppen, K. Kemper, C.R. Goding,
U. McDermott, C. Blank, J. Haanen, T.G. Graeber, A. Ribas, R.S. Lo, D.S. Peeper,
Low MITF/AXL ratio predicts early resistance to multiple targeted drugs in melanoma, Nat. Commun. 5 (2014), https://doi.org/10.1038/ncomms6712.
I. Tirosh, B. Izar, S.M. Prakadan, M.H.W. Ii, D. Treacy, J.J. Trombetta, A. Rotem,
C. Rodman, C. Lian, G. Murphy, M. Fallahi-sichani, K. Dutton-regester, J. Lin,
S.W. Kazer, A. Gaillard, K.E. Kolb, Dissecting the multicellular exosystem of metastatic melanoma by single-cell RNA-seq, Science (80-) 352 (2016) 189–196,
https://doi.org/10.1126/science.aad0501.Dissecting.
Y. Aoki, N. Saint-Germain, M. Gyda, E. Magner-Fink, Y.H. Lee, C. Credidio,
J.P. Saint-Jeannet, Sox10 regulates the development of neural crest-derived melanocytes in Xenopus, Dev. Biol. 259 (2003) 19–33, https://doi.org/10.1016/
S0012-1606(03)00161-1.
A. Verfaillie, H. Imrichova, Z.K. Atak, M. Dewaele, F. Rambow, G. Hulselmans,
V. Christiaens, D. Svetlichnyy, F. Luciani, L. Van Den Mooter, S. Claerhout,
M. Fiers, F. Journe, G.E. Ghanem, C. Herrmann, G. Halder, J.C. Marine, S. Aerts,
Decoding the regulatory landscape of melanoma reveals TEADS as regulators of
the invasive cell state, Nat. Commun. 6 (2015) 1–16, https://doi.org/10.1038/
ncomms7683.
C. Levy, M. Khaled, D.E. Fisher, MITF: master regulator of melanocyte development and melanoma oncogene, Trends Mol. Med. 12 (2006) 406–414, https://doi.
org/10.1016/j.molmed.2006.07.008.
J. Boshuizen, L.A. Koopman, O. Krijgsman, A. Shahrabi, E.G. Van Den Heuvel,
M.A. Ligtenberg, D.W. Vredevoogd, K. Kemper, T. Kuilman, J.Y. Song,
N. Pencheva, J.T. Mortensen, M.G. Foppen, E.A. Rozeman, C.U. Blank,
M.L. Janmaat, D. Satijn, E.C.W. Breij, D.S. Peeper, P.W.H.I. Parren, Cooperative
targeting of melanoma heterogeneity with an AXL antibody-drug conjugate and
BRAF/MEK inhibitors, Nat. Med. 24 (2018) 203–212, https://doi.org/10.1038/
nm.4472.
M.P. Smith, S. Rana, J. Ferguson, E.J. Rowling, K.T. Flaherty, J.A. Wargo,
R. Marais, C. Wellbrock, A PAX3/BRN2 rheostat controls the dynamics of BRAF
mediated MITF regulation in MITF high /AXL low melanoma, Pigment Cell
Melanoma Res. (2018), https://doi.org/10.1111/pcmr.12741.
S. Pinner, P. Jordan, K. Sharrock, L. Bazley, L. Collinson, R. Marais, E. Bonvin,
C. Goding, E. Sahai, Intravital imaging reveals transient changes in pigment production and Brn2 expression during metastatic melanoma dissemination, Cancer
Res. 69 (2009) 7969–7977, https://doi.org/10.1158/0008-5472.CAN-09-0781.
I.S. Kim, S. Heilmann, E.R. Kansler, Y. Zhang, M. Zimmer, K. Ratnakumar,
R.L. Bowman, T. Simon-Vermot, M. Fennell, R. Garippa, L. Lu, W. Lee,
T. Hollmann, J.B. Xavier, R.M. White, Microenvironment-derived factors driving
metastatic plasticity in melanoma, Nat. Commun. 8 (2017), https://doi.org/10.
1038/ncomms14343.
J. Tsoi, L. Robert, K. Paraiso, C. Galvan, K.M. Sheu, J. Lay, D.J.L. Wong, M. Ateﬁ,
R. Shirazi, X. Wang, D. Braas, C.S. Grasso, N. Palaskas, A. Ribas, T.G. Graeber,
Multi-stage diﬀerentiation deﬁnes melanoma subtypes with diﬀerential vulnerability to drug-induced iron-dependent oxidative stress, Cancer Cell 33 (2018)
890–904.e5, https://doi.org/10.1016/j.ccell.2018.03.017.
N. Alrabadi, N. Gibson, K. Curless, L. Cheng, M. Kuhar, S. Chen, S.J.P. Warren,
A.K. Alomari, Detection of driver mutations in BRAF can aid in diagnosis and early
treatment of dediﬀerentiated metastatic melanoma, Mod. Pathol. (2018), https://
doi.org/10.1038/s41379-018-0161-0.
M. Perego, M. Maurer, J.X. Wang, S. Shaﬀer, A.C. Müller, K. Parapatics, L. Li,
D. Hristova, S. Shin, F. Keeney, S. Liu, X. Xu, A. Raj, J.K. Jensen, K.L. Bennett,
S.N. Wagner, R. Somasundaram, M. Herlyn, A slow-cycling subpopulation of
melanoma cells with highly invasive properties, Oncogene 37 (2018) 302–312,
https://doi.org/10.1038/onc.2017.341.
A. Roesch, M. Fukunaga-Kalabis, E.C. Schmidt, S.E. Zabierowski, P.A. Braﬀord,
A. Vultur, D. Basu, P. Gimotty, T. Vogt, M. Herlyn, A temporarily distinct subpopulation of slow-cycling melanoma cells is required for continuous tumor
growth, Cell (2010), https://doi.org/10.1016/j.cell.2010.04.020.
A. Roesch, A. Vultur, I. Bogeski, H. Wang, K.M. Zimmermann, D. Speicher,
C. Körbel, M.W. Laschke, P.A. Gimotty, S.E. Philipp, E. Krause, S. Pätzold,
J. Villanueva, C. Krepler, M. Fukunaga-Kalabis, M. Hoth, B.C. Bastian, T. Vogt,
M. Herlyn, Overcoming intrinsic multidrug resistance in melanoma by blocking
the mitochondrial respiratory chain of slow-cycling JARID1Bhighcells, Cancer Cell
23 (2013) 811–825, https://doi.org/10.1016/j.ccr.2013.05.003.
K. Vlčková, J. Vachtenheim, J. Réda, P. Horák, L. Ondrušová, Inducibly decreased
MITF levels do not aﬀect proliferation and phenotype switching but reduce differentiation of melanoma cells, J. Cell. Mol. Med. 22 (2018) 2240–2251, https://
doi.org/10.1111/jcmm.13506.
D.J. Konieczkowski, C.M. Johannessen, O. Abudayyeh, J.W. Kim, Z.A. Cooper,
A. Piris, D.T. Frederick, M. Barzily-Rokni, R. Straussman, R. Haq, D.E. Fisher,
J.P. Mesirov, W.C. Hahn, K.T. Flaherty, J.A. Wargo, P. Tamayo, L.A. Garraway, A
melanoma cell state distinction inﬂuences sensitivity to MAPK pathway inhibitors,
Cancer Discov. 4 (2014) 816–827, https://doi.org/10.1158/2159-8290.CD-130424.
R. Haq, J. Shoag, P. Andreu-Perez, S. Yokoyama, H. Edelman, G.C. Rowe,
D.T. Frederick, A.D. Hurley, A. Nellore, A.L. Kung, J.A. Wargo, J.S. Song,

%%$5HYLHZVRQ&DQFHU  ²

I. Kozar, et al.

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

D.E. Fisher, Z. Arany, H.R. Widlund, Oncogenic BRAF regulates oxidative metabolism via PGC1α and MITF, Cancer Cell 23 (2013) 302–315, https://doi.org/10.
1016/j.ccr.2013.02.003.
T. Petrachi, A. Romagnani, A. Albini, C. Longo, G. Argenziano, G. Grisendi,
M. Dominici, A. Ciarrocchi, K. Dallaglio, Therapeutic potential of the metabolic
modulator phenformin in targeting the stem cell compartment in melanoma,
Oncotarget (2016), https://doi.org/10.18632/oncotarget.14321.
Z. Tan, X. Luo, L. Xiao, M. Tang, A.M. Bode, Z. Dong, Y. Cao, The role of PGC1 in
cancer metabolism and its therapeutic implications, Mol. Cancer Ther. 15 (2016)
774–782, https://doi.org/10.1158/1535-7163.MCT-15-0621.
M. Cierlitza, H. Chauvistre, I. Bogeski, X. Zhang, A. Hauschild, M. Herlyn,
D. Schadendorf, T. Vogt, A. Roesch, Mitochondrial oxidative stress as a novel
therapeutic target to overcome intrinsic drug resistance in melanoma cell subpopulations, Exp. Dermatol. 24 (2015) 155–157, https://doi.org/10.1111/exd.
12613.Mitochondrial.
G. Cesi, G. Walbrecq, A. Zimmer, S. Kreis, C. Haan, ROS production induced by
BRAF inhibitor treatment rewires metabolic processes aﬀecting cell growth of
melanoma cells, Mol. Cancer 16 (2017) 1–16, https://doi.org/10.1186/s12943017-0667-y.
L. Wang, R. Leite de Oliveira, S. Huijberts, E. Bosdriesz, N. Pencheva, D. Brunen,
A. Bosma, J.Y. Song, J. Zevenhoven, G.T. Los-de Vries, H. Horlings, B. Nuijen,
J.H. Beijnen, J.H.M. Schellens, R. Bernards, An acquired vulnerability of drugresistant melanoma with therapeutic potential, Cell 173 (2018) 1413–1425.e14, ,
https://doi.org/10.1016/j.cell.2018.04.012.
M.P. Smith, E.J. Rowling, Z. Miskolczi, J. Ferguson, L. Spoerri, N.K. Haass,
O. Sloss, S. McEntegart, I. Arozarena, A. von Kriegsheim, J. Rodriguez, H. Brunton,
J. Kmarashev, M.P. Levesque, R. Dummer, D.T. Frederick, M.C. Andrews,
Z.A. Cooper, K.T. Flaherty, J.A. Wargo, C. Wellbrock, Targeting endothelin receptor signalling overcomes heterogeneity driven therapy failure, EMBO Mol.
Med. 9 (2017) 1011–1029, https://doi.org/10.15252/emmm.201607156.
S. Carreira, J. Goodall, L. Denat, M. Rodriguez, P. Nuciforo, K.S. Hoek, A. Testori,
L. Larue, C.R. Goding, Mitf regulation of Dia1 controls melanoma proliferation and
invasiveness, Genes Dev. 20 (2006) 3426–3439, https://doi.org/10.1101/gad.
406406.
M.P. Smith, J. Ferguson, I. Arozarena, R. Hayward, R. Marais, A. Chapman,
A. Hurlstone, C. Wellbrock, Eﬀect of SMURF2 targeting on susceptibility to MEK
inhibitors in melanoma, J. Natl. Cancer Inst. 105 (2013) 33–46, https://doi.org/
10.1093/jnci/djs471.
M.P. Smith, H. Brunton, E.J. Rowling, J. Ferguson, I. Arozarena, Z. Miskolczi,
J.L. Lee, M.R. Girotti, R. Marais, M.P. Levesque, R. Dummer, D.T. Frederick,

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]



K.T. Flaherty, Z.A. Cooper, J.A. Wargo, C. Wellbrock, Inhibiting drivers of nonmutational drug tolerance is a salvage strategy for targeted melanoma therapy,
Cancer Cell 29 (2016) 270–284, https://doi.org/10.1016/j.ccell.2016.02.003.
M.P. Smith, S. Rana, J. Ferguson, E.J. Rowling, K.T. Flaherty, J.A. Wargo,
R. Marais, C. Wellbrock, A PAX3/BRN2 rheostat controls the dynamics of BRAF
mediated MITF regulation in MITFhigh/AXLlow melanoma, Pigment Cell Melanoma
Res. 0–3 (2018), https://doi.org/10.1111/pcmr.12741.
C. Wang, X. Zhu, W. Feng, Y. Yu, K. Jeong, W. Guo, Y. Lu, G.B. Mills, Verteporﬁn
inhibits YAP function through up-regulating 14-3-3σ sequestering YAP in the cytoplasm, Am. J. Cancer Res. 6 (2016) 27–37.
M. Fujii, T. Toyoda, H. Nakanishi, Y. Yatabe, A. Sato, Y. Matsudaira, H. Ito,
H. Murakami, Y. Kondo, E. Kondo, T. Hida, T. Tsujimura, H. Osada, Y. Sekido,
TGF-β synergizes with defects in the Hippo pathway to stimulate human malignant mesothelioma growth, J. Exp. Med. 209 (2012) 479–494, https://doi.org/10.
1084/jem.20111653.
S.G. Szeto, M. Narimatsu, M. Lu, X. He, A.M. Sidiqi, M.F. Tolosa, L. Chan, K. De
Freitas, J.F. Bialik, S. Majumder, S. Boo, B. Hinz, Q. Dan, A. Advani, R. John,
J.L. Wrana, A. Kapus, D.A. Yuen, YAP/TAZ are mechanoregulators of TGF- -Smad
signaling and renal ﬁbrogenesis, J. Am. Soc. Nephrol. 27 (2016) 3117–3128,
https://doi.org/10.1681/ASN.2015050499.
M.Z. Xu, S.W. Chan, A.M. Liu, K.F. Wong, S.T. Fan, J. Chen, R.T. Poon, L. Zender,
S.W. Lowe, W. Hong, J.M. Luk, AXL receptor kinase is a mediator of YAP-dependent oncogenic functions in hepatocellular carcinoma, Oncogene 30 (2011)
1229–1240, https://doi.org/10.1038/onc.2010.504.
Z. Wang, P. Liu, X. Zhou, T. Wang, X. Feng, Y.P. Sun, Y. Xiong, H.X. Yuan,
K.L. Guan, Endothelin promotes colorectal tumorigenesis by activating YAP/TAZ,
Cancer Res. 77 (2017) 2413–2423, https://doi.org/10.1158/0008-5472.CAN-163229.
C.M. Weng, C.C. Yu, M.L. Kuo, B.C. Chen, C.H. Lin, Endothelin-1 induces connective tissue growth factor expression in human lung ﬁbroblasts by ETAR-dependent JNK/AP-1 pathway, Biochem. Pharmacol. 88 (2014) 402–411, https://
doi.org/10.1016/j.bcp.2014.01.030.
C. Regazzetti, G.M. De Donatis, H.H. Ghorbel, N. Cardot-Leccia, D. Ambrosetti,
P. Bahadoran, B. Chignon-Sicard, J.P. Lacour, R. Ballotti, A. Mahns, T. Passeron,
Endothelial cells promote pigmentation through endothelin receptor B activation,
J. Invest. Dermatol. 135 (2015) 3096–3104, https://doi.org/10.1038/jid.2015.
332.
P. Zhang, Endothelin-1 Enhances the Melanogenesis via MITF-GPNMB.pdf, 46
(2013), pp. 364–369.

