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Abstract: Melanoma is a highly aggressive tumor with a strong dependence on intracellular signaling
pathways. Almost half of all melanomas are driven by mutations in the v-Raf murine sarcoma
viral oncogene homolog B (BRAF) with BRAFV600E being the most prevalent mutation. Recently
developed targeted treatment directed against mutant BRAF and downstream mitogen-activated
protein kinase (MAPK) MAP2K1 (also termed MEK1) have improved overall survival of melanoma
patients. However, the MAPK signaling pathway is far more complex than a single chain of
consecutively activated MAPK enzymes and it contains nested-, inherent feedback mechanisms,
crosstalk with other signaling pathways, epigenetic regulatory mechanisms, and interacting small
non-coding RNAs. A more complete understanding of this pathway is needed to better understand
melanoma development and mechanisms of treatment resistance. Network reconstruction, analysis,
and modelling under the systems biology paradigm have been used recently in different malignant
tumors including melanoma to analyze and integrate ‘omics’ data, formulate mechanistic hypotheses
on tumorigenesis, assess and personalize anticancer therapy, and propose new drug targets. Here we
review the current knowledge of network modelling approaches in cancer with a special emphasis
on melanoma.

Keywords: mitogen-activated protein kinase signaling; BRAF oncogene; targeted cancer therapy;
checkpoint inhibitors; feedback regulation; systems biology

1. Introduction

Melanoma is one of the most aggressive malignancies with a high mutational burden [1]. This is in
part due to a large number of ultraviolet (UV)-induced mutations of a tumor that most often arise from
intermittently or chronically sun-exposed areas [2]. However, apart from these mostly silent mutations
a number of mutations have been identified that are currently regarded as oncogenic, or driver
mutations, that have fostered large studies on small molecule inhibitors that may be used to target the
protein products of mutated oncogenes or mutationally activated oncogenic pathways [3]. By far the
most important mutated oncogene in melanoma is the v-Raf murine sarcoma viral oncogene homolog
B (BRAF), with the BRAF V600E mutation being the most relevant mutation representing 40-50% of all
mutated melanomas and 80% of the BRAF-mutated tumors [4-6]. The second most important mutated
oncogene is the neuroblastoma RAS viral oncogene homolog (NRAS) which is mutated in close to 30%
of all melanomas [4-6]. More recently discovered mutations in the neurofibromin 1 (NF1) gene account
for 10% of all melanomas [5]. One common theme of all these three mutations is that they are involved
in signaling through the mitogen-activated protein kinase (MAPK) pathway, a central pathway in
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oncogenic signaling [7,8]. The BRAF V600E mutation, which was indeed one of the first mutations
discovered in melanoma has led to the discovery of specific BRAF inhibitor vemurafenib [9-11].
Further specific BRAF inhibitors have gained approval for treatment of BRAF-mutant melanoma
such as dabrafenib and encorafenib [3,12]. A further improvement in patient treatment regarding
response rates and overall survival came with a combination of BRAF inhibitors and inhibitors of BRAF
downstream kinases mitogen-activated protein kinase kinases 1/2 (MAP2K1/2), also termed MEK1/2,
which are inhibited by allosteric inhibitors such as cobimetinib, trametininb, and binimetinib [3,12,13].
Combination therapy addressing the MAPK pathway is now a mainstay of targeted melanoma
therapy [3].

Since melanoma is a highly immunogenic tumor, activation of the immune system towards
melanoma cells has been a major aim of modern melanoma therapy in recent years [3,14,15]. While
most cell-based therapies, e.g., via activated pulsed dendritic cells or adoptive T cell transfer have failed
so far (clinical trials are still ongoing), two molecules expressed by naive and activated T-cells stand
out as targets in more recent studies, cytotoxic T-lymphocyte 4 antigen (CTLA-4) and programmed
death 1 (PD-1) [14]. T cell activation needs the activity of co-stimulatory molecules such as CD28 on
T cells, bound and activated by B7-1/2 molecules (CD80/CD86) on antigen-presenting cells and tumor
cells. However, over-activation of this pathway in T cells is avoided by the expression and activation
of the so-called checkpoint molecules CTLA-4 and PD-1, which interact with B7-1/2 and PD-L1 or
PD-L2 binding, respectively. While anti-CTLA-4 antibody treatment leads to immune activation in
central lymphoid organs, anti-PD-1 or anti-PD-1L antibodies reactivate (normalize) peripheral tumor
immunity in the tissue microenvironment [15]. This knowledge has finally led to a new immune-based
therapeutic approach using monoclonal antibodies directed against CTLA-4 and PD-1/PD-L1, which
have been approved for a variety of different cancers such as melanoma, lung cancer, head and neck
cancer, and renal cell carcinoma, with ongoing research to find new immune targets [16]. Treatment
response rates differ between both approaches, mainly because of the different modes of action and
impact and central versus peripheral immune modulation.

Interestingly, a combination of both, targeted and immunotherapy, appears to be the most
promising approach at the moment and clinical trials are ongoing, combining vemurafenib and
cobimetinib with atezolizumab, a monoclonal antibody against PD-L1 in melanoma [17]. Overall
there are currently more than 1000 clinical trials ongoing combining immunotherapy approaches
with different other treatment modalities including targeted therapy, chemotherapy and radiotherapy
(www.clinicaltrials.org). However, despite using either targeted treatment or immune-based therapies,
recurrence rates are still high and affect the vast majority of patients. This may in part be due to the
fact that the complex interplay between different pathways, reactivation of transcriptomic patterns
and tumor heterogeneity are poorly understood up to now.

In the present review, we put an emphasis on oncogenic signaling in cutaneous melanoma,
pathway interactions, ‘omics’ data and putative mechanisms of treatment resistance and Systems
Biology approaches that may help to understand these mechanisms, with references to some other
tumor entities.

2. Principles of Mitogen-Activated Protein Kinase (MAPK) and Cellular Homolog of v-Kit
Hardy-Zuckerman 4 Feline Sarcoma Viral Oncogene (c-KIT) Signaling in Melanoma

2.1. BRAF Signaling

The most common BRAF mutation BRAF V600E is a strong activator of the MAPK signal
transduction pathway (Figure 1). The serine/threonine kinase BRAF acts directly upstream of the
MAP2K1/2, also termed mitogen-activated extracellular signal-regulated kinases 1/2 (MEK1/2),
which then activate extracellular signal-regulated kinases 1/2 (ERK1/2) [7,8,18]. Early targeting
approaches addressing this pathway using sorafenib were not successful, but recently developed
more specific BRAF inhibitors led to high response rates, leading to a median overall survival of
24 months when combined with MEK1/2 inhibitors and response rates of up to 65%. Furthermore,
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much less frequent mutations, such as BRAF V600K and BRAF V600R, also respond to specific BRAF
inhibitors. Interestingly, combination treatment with MEK1/2 inhibitors reduces side-effects that have
been linked to paradoxical MAPK pathway activation via CRAF by BRAF inhibitors in normal cells
carrying the wildtype BRAF allele [19]. This paradoxical activation of the RAS/RAF pathway in case
of wild type BRAF leads to the development of keratoakanthomas and squamous cell carcinomas in
a significant percentage of cases. The underlying mechanisms are not completely understood, but
involve conformational changes of the wild type BRAF molecule which then associates with and
activates CRAF and the downstream MAPK kinase pathway [20].

Vemurafenib
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Feedback Encorafenib Small
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Trametinib inhibitors
Binimetinib

Figure 1. Schematic representation of the MAPK pathway in melanoma. Neuroblastoma RAS viral
oncogene homolog (NRAS) and v-Raf murine sarcoma viral oncogene homolog B (BRAF) are the
most commonly mutated oncogenes in melanoma and are strong activators of the MAPK pathway.
Within this pathway negative feedback occurs towards mitogen-activated protein kinase kinase 1/2
(MEK1/2), BRAF and son of sevenless homolog (SOS). BRAF and MEK1/2 may by targeted by specific
small molecule inhibitors. The activated MAPK pathway further activates transcription factors such
as Ets-1, Elk-1, c-Fos, and CREB-1. Abbreviations: RTK, receptor tyrosine kinase; Shc, Src homology
2 domain containing adaptor protein; Grb-2, growth factor receptor bound protein 2; SOS, son of
sevenless homolog. Ets-1, V-Ets avian erythroblastosis virus E26 oncogene; Elk-1, ETS-like gene 1;
c-Fos, Fos proto-oncogene, AP-1 transcription factor subunit; CREB-1, CAMP responsive element
binding protein 1.

Interestingly, there is a third mechanism of BRAF activation in case of kinase-mutated,
impaired BRAF activity [21]. These specific mutants bind better than wild type BRAF to upstream
RAS—guanosine-5'-triphosphate (GTP) with subsequent strong activation of wildtype CRAF leading to
increased ERK activity. ERK activation by these mutants is less efficient than that by classical activation
of BRAF mutants and thereby induces insufficient feedback to inhibit RAS.

According to more recent next-generation sequencing studies, mutations in the BRAF gene
are associated with mutated up- or downstream molecules which act as tumor suppressors, e.g.,
cyclin-dependent kinase inhibitor 2A (CDKN2A) (p16, p14ARF), TP53, and phosphatase and tensin
homolog (PTEN) [4,5]. Roughly 20% of melanomas have mutations in the CDKN2A gene, and more
than 10% mutations of p14ARF (a splice variant of CDKN2A). TP53 and PTEN mutations are present in
19% and 12%, respectively, of melanomas [5]. Their role in different experimental mouse model for
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melanoma development has been shown in the past, and p16 mutations have been associated with
rare familial melanoma cases [22-24].

2.2. RAS Signaling

NRAS is second in the percentage of recurrently mutated genes in melanoma and accounts for close
to 30% of mutated melanomas in a mutually exclusive way with BRAF [5]. There are, however, cases
where mutations in both genes may co-occur, which may be due to the presence of different subclones
in an individual sample, which may impact on treatment response and resistance [25]. Kirsten rat
sarcoma viral oncogene homolog (KRAS)and Harvey rat sarcoma viral oncogene homolog (HRAS) may
also be mutated in melanoma, but only in a very small percentage of cases (~1%). Activated NRAS
further activates downstream effectors such as BRAF and phosphatidylinositol 3-kinase (PI3K) and
thereby contributes to tumorigenesis. NRAS has been largely regarded as an undruggable target [26].
Indeed, interference with protein farnesylation, a major mechanism for membrane targeting and
activation of NRAS, as well as inhibition of SOS1-mediated nucleotide exchange of RAS, were without
success in clinical settings [26]. This might be due to the fact that other mechanisms are active either
alone or in combination with these mechanisms that might compensate for this targeted inhibition [27].
RAS targeting might work via inhibition of activated lysine methyltransferases, as has been shown for
pancreatic cancer [28]. The underlying mechanism involves the inhibition of lysine methyltransferase
SET and MYND domain Containing 3 (SMYD3), which acts on MAP3K?2 at lysine 260.

NRAS-mutated melanomas were shown to respond to MEK1/2 inhibition in a small percentage of
cases, which has, however, not led to an approval for treatment of melanoma patients carrying
NRAS mutations. For example, binimetinib, the most recent approved MEK1/2 inhibitor for
melanoma treatment for combination therapy with a BRAF inhibitor, was able to induce at least
a partial response in 20% of melanoma patients with NRAS mutations [29]. Overall, there are
no currently available small molecule inhibitors that have reasonable activity in NRAS-mutated
melanomas. Currently used downstream MEK1/2 inhibitors target wild type MEK1. Since MEK1/2
are mutated in a small percentage of melanomas this further adds to the challenge of treating NRAS-
and MEK1 /2-mutated melanomas.

Oncogenic signaling through RAS (NRAS, HRAS, or KRAS) has been in the focus of recent
research because they are often mutated in a variety of cancers and have been widely regarded as
undruggable [26]. This is in part due to the fact that the activation pathway has not been clear-cut
in the past. In a recent report, it was demonstrated that overexpressed and mutated, and thereby
activated, KRAS localized to the cell membrane and formed dimers with subsequent activation
(phosphorylation) of ERK1/2 [7]. By introducing an artificial dimerization domain into the KRAS
construct and addition of a small molecule that supported dimerization it could be further shown that
dimerization and activation were independent of overexpression of the oncogene. Moreover, a mutant
CAAX (C, cysteine; A, aliphatic amino acid; X, any amino acid) RAS membrane-targeting domain
abolished MAPK pathways activation. Together, these experiments showed that both membrane
targeting and dimerization is important for RAS activation apart from the known binding of GTP.

2.3. Signalling through Receptor Tyrosine Kinases

The receptor tyrosine kinase (RTK) c-KIT is recurrently mutated in a small percentage of
melanomas [5]. However, its prevalence in mucosal and acral melanomas is significantly higher (up
to 20%) [30]. Mutations are located in the intracellular juxtamembrane domain and two intracellular
kinase domains. The most prevalent mutation KIT L576P, which was found in 30% of all cases leads
to downstream activation of both MAPK and PI3K/Akt pathways. Although initial studies have
shown some response to KIT inhibitor imatinib for KIT L576P and KIT K642E, later larger clinical
trials were disappointing, including other KIT inhibitors such as dasatinib or nilotinib [31]. Overall,
in contrast to gastrointestinal tumors, c-KIT appears at present not to be a promising target in melanoma.
RTKs are mainly involved in the development of tumors of epithelial origin and hematological
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malignancies [32]. The family of RTKs comprises 20 subfamilies with a total of 58 members. Genetic
aberrations include mutations, deletions, translocations, and amplifications. Well-known examples
of mutated oncogenic members are found in the epidermal growth factor receptor/Erb-B2 receptor
tyrosine kinases (EGFR/ERBB) family involved in lung adenocarcinoma and other non-small cell
lung carcinomas, breast cancer, and colorectal and gastric cancer. In melanoma, ERBB2 mutations
have been recently described in a small percentage of 1% of cutaneous melanomas [33]. Secreted
ERBB3 has been shown to support metastasis in melanoma without being affected by mutations [34].
The platelet-derived growth factor (PDGR) family member PDGFR« is mutated in a small percentage
of gastrointestinal stroma tumors. Several members of the fibroblast growth factor receptor (FGFR)
family such as FGFR1-3 were found to be mutated in squamous cell lung carcinoma, breast cancer,
endometrial, gastric, ovarian and urothelial cancers. Melanomas which are wild type for BRAF, NRAS,
and NF1 show amplifications of KIT, platelet-derived growth factor receptor o (PDGFRA), and vascular
endothelial growth factor receptor 2 (VEGFR2) in 10-20% of cases [5]. For a more detailed view on
this group of oncogenic signaling molecules the reader is referred to the above mentioned recently
published comprehensive review [32].

3. Signaling through Other Mutated Pathways

Apart from NRAS, BRAF, and KIT, there is a series of further recurrent mutations in other
pathways (Figure 2). The impressing number of currently available sequencing studies has
consolidated our knowledge of the melanoma mutational landscape [4-6,35]. Melanoma is one
of the tumors with the highest mutational burden (more than 10 non-synonymous mutations per
megabase per tumor) [1]. In addition to the above mentioned genes, earlier reports of melanoma
high-throughput sequencing studies provided some additional candidates for melanoma oncogenes.
Evidence was provided for mutations in matrix metalloproteinases (MMPS8), receptor tyrosine kinases
and or G-protein coupled receptors (GPCR) [36-39]. GPCRs are also involved in resistance to BRAF
and MEK1/2 inhibitors [40]. GPCRs with a role in melanoma biology appear to be melanocortin type
1 receptor, endothelin receptor, metabotropic glutamate receptors-1, 3, and 8, and platelet-activating
factor receptor [37,39]. The ionotropic glutamate receptor GRIN2A and the metabotropic glutamate
receptor GRM3 were found to be mutated in 25% and 16%, respectively, of melanoma samples,
but without recurrent mutations for GRIN2A and with only a small percentage of recurrent GRM3
mutations. The clinical significance of these findings remains to be determined.

One of the most challenging findings was the detection of mutations in the ERBB4 gene [36].
ERBB4 was mutated in up to 20% of all tested samples in this study, but showed no recurrent mutations.
ERBB4 is a member of the EGFR family, which is known to play a role in experimental melanoma
models. However, early clinical trials using the pan-EGFR inhibitor lapatinib were not promising.
Moreover, subsequent studies showed that the percentage of ERBB4-mutated samples was indeed
much lower in an independent cohort (around 3%), and the higher percentage found in the first study
might have been due to a sampling bias of melanoma cell cultures versus melanoma tissues [41].

PREX2, a RAC exchange factor, has been found to be mutated in 14% of melanoma samples,
again without recurrent mutations [42]. Although some functional data in a mouse model showed
that mutant PREX2 made immortalized melanocytes more aggressive affecting the survival rates of
melanocyte-injected mice, the functional role of mutated PREX2 remains elusive. Finally, RACI was
found to be recurrently mutated at the same position (RACI P29S) in melanoma samples in three
independent studies [4,5,43] with a mutation rate of 5%. RAC1 is a member of the Rho Family of small
GTPases. Functionally, mutated RAC1 may increase the proliferation of melanoma cells. However,
small molecule inhibitors against RAC1 have not been tested in clinical trials up to now, which might
be due to the relatively small percentage of melanoma patients affected by this mutation.

Overall, the top 10 mutated genes in the mentioned study of the Cancer Genome Atlas Network
were BRAF, NRAS, PTEN, NF1, TP53, CDKN2A, RAC1, ARID2, DDX3X, and PPP6C, with only BRAF,
NRAS, RAC1, and PPP6C showing recurrent mutations [5]. In addition, serine threonine kinase STK19,
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which phosphorylates and thereby activates NRAS, has been shown to be recurrently mutated in
melanomas in an earlier study [4]. This further emphasizes the fact that the activated MAPK pathway
may indeed be the most relevant mechanism for melanoma biology.

Some new aspects were provided by sequencing of the upstream region of the telomerase reverse
transcriptase (TERT) gene [41]. TERT promoter variations were found in 33% of primary melanomas
and 85% of metastatic lesions, but were distributed over several different positions [44]. TERT
mutations are an early event in melanoma development. So-called intermediate lesions between
benign precursor lesions and invasive melanomas were shown to be positive for TERT mutations in
close to 80% [45].
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NF1* CaM PI3K |/
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MEK1/2" / \, Bt X
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Figure 2. Schematic representation of signaling pathways with activating and inactivating mutations
or gene amplifications in melanoma. In large-scale sequencing studies using next-generation
sequencing a number of activating and inactivating mutations and gene amplifications of genes
encoding for intracellular signaling molecules could be identified, apart from BRAF and NRAS.
A schematic representation of these molecules and pathways is shown. Protein products
of mutated or amplified genes are indicated by asterisks. ~Abbreviations: ITGA, integrin
alpha; GRIN2A, glutamate [NMDA] receptor subunit epsilon-1; VEGFR2, vascular endothelial
growth factor receptor 2; KIT, v-Kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog;
ERBB4, Erb-B2 receptor tyrosine kinase 4, GRM3, glutamate receptor, metabotropic 3; RACI,
Ras-related C3 botulinum toxin substrate 1; NF1, neurofibromin 1; STK19, serine/threonine-protein
kinase 19; PI3K, phosphatidylinositol 4,5-bisphosphate 3-kinase; PKB, protein kinase B; PREX2,
phosphatidylinositol-3,4,5-trisphosphate-dependent Rac exchange factor 2; PTEN, phosphatase and
tensin homolog; PAK, p2l-activated kinase 1; CaM, calmodulin; mTOR, mechanistic target of
rapamycin; MAP2K1/2 (MEK1/2), mitogen-activated protein kinase kinase 1/2; Erk1/2, extracellular
signal-regulated kinase 1/2; JNK, c-Jun N-terminal kinase, VCL, vinculin; PPP6C, protein phosphatase
6 catalytic subunit; AURKA, aurora kinase A.

4. Treatment Resistance to MAPK Inhibition

The vast majority of cases with treatment resistance, either as primary resistance or secondary
resistance, involve MAPK and PI3K pathways. In one of the first studies that addressed this
issue using next-generation sequencing technology, it was shown that the genetic aberrations of
vemurafenib resistance included NRAS mutations, BRAF amplifications, MEK1/2, PIK3CA, and
PTEN mutations, as well as microphthalmia-associated transcription factor (MITF) amplifications [46].
Subsequent in vitro assays showed that treatment of BRAF-mutant PTEN-deficient melanoma cells
with a combined vemurafenib and PI3K inhibitor was more efficient regarding anti-proliferative
activity than single-agent treatment.

In a study that used a high-throughput knockdown screen of 15,000 genes, a series of G-protein
coupled receptors was shown to mediate resistance against BRAF-, MEK1/2- or ERK1/2 inhibitor
treatment in melanoma cell lines [40]. The downstream signaling effects of these receptors involved
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adenylate cyclase, cAMP, protein kinase A (PKA), and finally MITF gene transcription. Resistance
could be overcome by use of histone deacetylase inhibitors that inhibited the MITF gene transcription
and thereby MITF-induced resistance.

In contrast to these findings, resistance may also be conferred by a MITF-low expression
phenotype as determined by two recently published studies [47,48]. In the first study, it was
demonstrated that primary treatment resistance against BRAF and MEK1/2 inhibitors was associated
with a MITF-low/NF-«kB-high phenotype with reduced expression of MITF, melan-A (MLANA),
premelanosome protein (PMEL), tyrosinase-related protein 1 (TYRPI), neuropilin 1 (NRP1), and
enhanced expression of AXL. These findings further support the notion that MITF may by
pro-tumorigenic at high and low expression levels. Similar results were obtained in the second
independent study that identified an explicit MITF-low/ AXL-high phenotype [48].

The tumor microenvironment may also confer resistance to MAPK inhibitor treatment by
secretion of macrophage-derived tumor necrosis factor-a (TNF-x) [49]. It was suggested that the
TNF- mediated on-treatment resistance in melanoma cells is mediated by IkB kinase IKK signaling
and MITF expression. However, evidence has also been provided that TNF may downmodulate MITF
expression and TNF per se may induce a de-differentiated phenotype [50,51]. Overall, the impact of
MITF-high or MITF-low phenotypes on MAPK resistance is still a matter of debate [52].

In a PCR-based resistance screen to dabrafenib or vemurafenib, BRAF splice variants, MEK1/2,
NRAS, and AKT1 were sequenced [53]. More than half of all patients showed BRAF splice variants,
NRAS mutations, BRAF amplifications, and MEK1/2 mutations under treatment resistance, and 80% of
patients showed a re-activation of MAPK signaling as determined by expression analysis of MAPK
gene signatures.

Mechanisms of double drug resistance (vemurafenib/cobimetinib) included BRAF amplifications,
NRAS mutations, CDKN2A deletions, and PTEN loss-of-function mutations [54]. Double drug resistant
cell lines were shown to be drug addicted to both substances, and removal of both drugs led to rapid
cell death. Interestingly, drug addiction could be overcome by a triple combination of BRAF and
MEK1/2 inhibition together with an ERK1/2 inhibitor. ERK1/2 inhibitor alone recovered cell growth
of otherwise dying cells. This might argue for a drug holiday in targeted melanoma treatment but
needs further investigations. Drug resistance mediated by pathway over-activation was also found
in an earlier study of single-agent vemurafenib-treated melanoma cells [55]. Treatment resistance
may involve different developmental trajectories leading to different treatment resistance mutational
patterns in one patient [56]. Individual disease-progression biopsies may thus not necessarily indicate
global resistance patterns, in line with the clinical observation of mixed tumor responses under
targeted treatment.

A combined large-scale study analyzing exome, transcriptome and methylome data revealed
a number of classical resistance mutations such as gain-of-function mutations or amplifications of
BRAF V600E/K, NRAS, KRAS, MEK1, PIK3CA, AKT1, and AKT3, and loss-of-function mutations in
phosphoinositide-3-kinase regulatory subunit 2 (PIK3R2), dual specificity phosphatase 4 (DUSP4),
CDKN2A, and PTEN in combined treatment (BRAF/MEK inhibition) resistant melanoma cells [57].
Transcriptome analysis revealed a series of up-regulated genes encoding for c-MET, IL-8, and
macrophage markers CD163 and CD163L1 in treatment-resistant samples. The different gene
expression patterns showed a correlation with methylation at specific CpG clusters. In in vitro
experiments, resistance could be reversed by treatment of cells with hepatocyte growth factor receptor
(c-MET) inhibitor crizotinib. Moreover, treatment of cells with a glycogen synthase kinase 3 3 (GSK3f3)
inhibitor reactivated b-catenin-lymphoid enhancer binding factor 1 (LEF1) expression and re-sensitized
melanoma cell lines to BRAF and BRAF/MEK1/2 inhibition.

Driver mutations (BRAF/NRAS) in primary melanomas and corresponding metastatic lesions are
concordant in the vast majority of cases [58]. As mentioned above, driver mutations in post-treatment
recurrence appear to be based on a limited number of different molecular mechanisms such an



Cancers 2019, 11, 465 8 of 18

amplification of mutant BRAF or a switch to NRAS mutations, or mutational activation of the PI3K-Akt
pathway [46,54].

It is still a matter of debate, whether treatment resistance is due to overgrowth of pre-existing
resistant clones or secondary mechanisms, or both. A recent study used an experimental setting where
a pre-existing vemurafenib-resistant tumor cell clone was injected into mice together with a significantly
larger number of vemurafenib-sensitive melanoma cells [59]. Under vemurafenib treatment, the resistant
cells formed detectable tumors but no tumors under control no-treatment conditions. Resistant melanoma
cells activated the PI3K/AKT/mTOR pathway. Inhibition of this pathway reduced tumor growth.
A treatment-induced secretome supported tumor growth of the drug-resistant cancer cell clones.
Downregulation of cJUN transcription factor family member fos-related antigen 1 (FRA1) was associated
with the expression of the tumor-promoting secretome for melanoma cells.

5. The ‘Omics’ Approach in Melanoma and Treatment Sensitivity

As described above, progression of melanoma and acquisition of resistance phenotypes to
pharmacological treatment is a consequence of the deregulation of molecular pathways like MAPK
cascades via mutation, gene amplification, abnormal gene expression, or epigenetic changes. However,
these pathways do not exert their function in isolation. Rather, they cross-talk to each other by sharing
signal mediators or through more complex mechanisms like combined transcriptional regulation,
thereby establishing tightly entangled regulatory networks. The deregulation of these networks
induces specific cancer phenotypes like malignant cell growth, tumor progression, treatment resistance,
and metastasis.

Large data sets are now available due to the development of high- throughput data
generation technologies like microarray technology and next-generation sequencing, proteomics, and
phosphoproteomics that help to reconstruct and decode these networks. The inspection of these
datasets making use of advanced bioinformatics pipelines can be used to find ensembles of genes
collectively deregulated, for example, in a population of patients displaying resistance to a given
therapy. By inspecting the pathways and cellular processes in which these genes are involved by
pathway enrichment analysis, one can associate the patient populations and their gene signature to
given, supposedly deregulated pathways.

In one of the first studies in this field, transcriptomic microarray data were used to identify gene
patterns of early melanoma development and tumor progression [60]. In this study, gene expression
profiles of non-metastatic and isogenic metastatic A375 melanoma cells were compared. The major
difference between both profiles was based on the overexpression of RhoC, a well-known GTPase
that activates downstream signaling pathways of the actin-based cytoskeleton. Interestingly, RhoC
does not directly signal into the MAPK pathway. In a later study, a series of 31 melanoma samples,
mostly metastases, was analyzed using microarray technology [61]. Authors identified two major
clusters of melanoma lesions representing different aggressiveness. Gens patterns mainly differed in
the expression of adhesion and matrix molecules such as integrin 31, integrin 33, syndecan, vinculin,
and fibronectin.

Most of these data in earlier studies were derived from melanoma cell lines or from metastatic
lesions. We performed a large-scale transcriptomic analysis by use of microarray technology on
microdissected material of tissue biopsies from primary melanomas and metastatic lesions [62]. By this
means, we identified a series of overexpressed genes that related to cell cycle activation overexpressed
in metastatic lesions e.g., cell division cycle 6 (CDC6), cyclin dependent kinase 1 (CDK1), septin 6
(SEPT6), mitosin (CENPF), and kinesin family member 2C (KIF2C). Cdc6 and Cdk1 are well-known
downstream targets of MAPK signaling. By use of mathematical modelling of transcriptomic data,
a performance of more than 85% for correct classifications of primary melanomas and metastases was
reached. Gene expression patterns could also distinguish primary melanomas of different thickness,
supporting the notion that gene expression profiles may support clinical classifications.
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A further transcriptomic analysis was provided by a group that analyzed microdissected fresh
frozen material of 18 melanocytic nevi, 20 primary melanomas, and 20 metastatic melanomas using
microarray technology [63]. The findings of differentially expressed genes were subsequently verified
in a 280 sample tissue microarray. Melanoma samples could be grouped based on gene expression
pattern using principle component analysis. Among upregulated genes were preferentially expressed
antigen in melanoma (PRAME) and osteopontin (SPP1), also found in other publications [64], and
immune genes such as C-X-C motif chemokine ligand 9 (CXCL9), S100 calcium binding protein
A9 (5100A9), melanoma cell adhesion molecule (MCAM), and cell cycle genes such as CDK2 and
CDK4 [65].

In the currently most comprehensive analysis of melanoma transcriptomes, 329 samples were
analyzed by RNA-seq analysis [5]. Authors identified three robust clusters termed ‘immune’ (n = 168),
‘keratin’ (n = 102), and ‘MITF-low’ (n = 18) which refers to predominant gene expression signatures
in these samples. Patients in the immune cluster had more favorable prognosis than those of the
other clusters. The keratin cluster showed high expression of keratin, pigmentation, and epithelial
genes, supporting the notion that melanoma cells express at least some keratin genes. In particular,
the identification of an immune signature may have consequences regarding currently widely used
treatment modalities with immune checkpoint inhibitors. Recently, we performed an RNA-seq study
using laser-microdissected tissues from 23 benign melanocytic nevi and 57 primary melanomas [64].
This was indeed the first RNA-seq study that used laser-microdissected tissues in order to largely
avoid contamination with epidermal keratinocytes and immune cells of the tissue microenvironment.
We identified two transcriptomic types of melanomas with some gene signatures already present
in benign nevi. N1/M1 lesions showed pigmentation-type and MITF gene signatures and a high
percentage of NRAS mutations in M1 melanomas. N2/M2 lesions showed an inflammatorytype similar
to the above described immune cluster and an AXL gene signature, with an equal distribution of wild
type and mutated BRAF and a low prevalence of NRAS mutations in M2 melanomas. Analysis by
pseudotime dynamics (Wanderlust software) of nevus and melanoma samples showed a switch-like
downregulation of immune genes indicative of an immune-escape mechanism in late-stage, highly
proliferative melanomas.

6. Systems Biology Approaches Used to Understand Kinase Inhibitor Activity and Resistance:
from Networks to Computational Models

Bioinformatics analysis combined with pathway enrichment can deliver ensembles of genes
collectively deregulated in cancer linked to given cancer phenotypes (Figure 3). However, one can
go further into the understanding of the mechanisms behind melanoma progression and therapy
resistance when the molecular interactions between these and other relevant genes are elucidated
making use of network biology approaches. Network biology is a branch of bioinformatics that
provides methodologies for the reconstruction of large biochemical networks, as well as for employing
these networks for the analysis, interpretation and visualization of high-throughput data sets.

It is important to understand that the deregulated network behind cancer is both large and
tumor entity specific. In line with this, we recently reconstructed a comprehensive network of
signaling pathways commonly deregulated in melanoma biology [66], (www.vcells.net/melanoma).
The reconstruction was performed using information about molecular factors and interactions
extracted from the current literature by manual curation, as well as from public databases by using
bioinformatics pipelines.

Together with MAPK pathways, the map includes detailed reconstructions in the context of
melanoma, e.g., for, growth factor receptors signaling, TNF«x signaling, AKT pathway, p53 and
BCL-2-linked apoptosis, WNT and NOTCH pathways, cell cycle regulation, hypoxia-induced signaling,
and E-cadherin and integrin-mediated signaling. The resulting network contains 815 molecular species
(genes, mRNAs, miRNAs, proteins, and protein complexes) interconnected through 972 reactions.
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Interestingly, the network reconstruction highlighted the fact that the regulatory pathways included,
rather than isolated, are tightly entangled and cross-talk to each other.
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Figure 3. A road map to apply Systems Biology approaches in melanoma research. The development
of high-throughput data generation technologies like next-generation sequencing, proteomics, and
phosphoproteomics opens opportunities to investigate the mechanisms of emergence for BRAF inhibitor
therapy resistance in melanoma in depth. (A) High-throughput data analysis. The data obtained from
the quantitative profiling of tumor samples can be processed and analyzed making use of bioinformatics
pipelines and algorithms. Using this approach, one can discover gene signatures, that is, ensembles of
genes collectively deregulated in tumor samples from a group of patients. In the study of Jager and
co-workers [62], tumor samples were profiled and the data obtained was used to find a predictive
gene signature for metastatic melanoma. (B) Network Biology. The processed high-throughput data
can also be analyzed using network biology approaches. In this case, the data are mapped into large
molecular networks, and computational algorithms are used to detect core regulatory networks, highly
interconnected fractions of larger networks that are differentially regulated in, for example, treatment
responders versus non-responders. The core network, compared to a gene signature, gives additional
information because it helps constructing hypotheses about the molecular mechanisms linking the
differentially regulated genes. In a study by Dreyer and co-workers [66] we reconstructed a
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comprehensive network accounting for signaling pathways commonly deregulated in melanoma. The
network was used to detect a core regulatory network discriminating responders from non-responders
in a cohort or patients treated with anti-PD-1 immunotherapy. The comprehensive network derived
is available at www.vcells.net/melanoma. (C) Computational modelling of regulatory pathways.
High- throughput data, core regulatory networks, and additional quantitative data like drug dose
response curves or time series of signal pathway activation can be used to derive, characterize, and
train computational models of regulatory networks relevant for therapy. Computational simulations
performed with these models can be used to formulate hypotheses, design experiments, or even to
(re)design combinatory therapies. In a study by Rukhlenko and co-workers [67] simulations of a
detailed computational model of the RAF/MEK/ERK signaling pathway in melanoma were used to
predict combinatory BRAF inhibitor therapy able to re-sensitize therapy resistant melanoma cell lines.

Using this type of networks, the MAPK signaling pathway is put in the context of its interactions
with other key melanoma pathways, like growth factor signaling, AKT, and cell cycle regulation,
an interaction that we think is critical to understand the emergence of kinase inhibitor resistance.
Furthermore, a core regulatory network, deregulated in melanoma patients not responsive to anti-PD-1
therapy, with linked genes related to cell cycle control and epithelial-to-mesenchymal transition
was identified.

Using computational algorithms, these networks can be utilized to mine and visualize in vitro and
patient high-throughput data sets. One possibility is to obtain the so-called core regulatory networks,
a highly interconnected fraction of the large network that is differentially regulated in a population of
cancer patients, for example, resistant to a given therapy. The genes contained in the core regulatory
networks are supposed to account for an ensemble of molecularly interlinked markers for the condition
investigated, and the network provides insights into the molecular mechanisms for this association [68].
In Dreyer et al. 2017, we used the comprehensive network derived to map and analyze tumor RNA-Seq
data from a cohort of melanoma patients under anti-PD-1 immunotherapy. We discovered a core
regulatory network composed of 41 molecular factors differentially regulated in responders versus
non-responders, twenty of them linked to epithelial to mesenchymal transition (EMT).

Core regulatory networks can also be used to select targets for a combinatorial drug treatment, or
in a drug discovery process. In a study of Zecena and co-workers, a network-based computational
pipeline was applied to investigate the mechanisms of resistance to MAPK inhibitors in malignant
melanoma [69]. To this end, the authors first developed an experimental model of resistance to
vemurafenib by exposing the melanoma cell lines SK-MEL-28 and A375 to incrementally increasing
concentrations of the drug. Total tumor RNA from the selected treatment-resistant cell lines were
profiled using RNA-seq and their profiles were compared to that of the original, non-resistant
SK-MEL-28 cell line. The authors found nearly 1000 genes showing significant differential expression.
When they performed a pathway enrichment analysis they found that multiple genes involved in
MAPK signaling and EMT were differentially expressed. To substantiate the results, the authors used
transcription factor (TF) motif analysis to find the key TFs whose deregulation could explain the
transcriptional reprogramming behind the resistance to vemurafenib. The analysis produced a core
regulatory network involving interlinked, differentially expressed targets and overexpressed TFs,
including NF-«B, zinc finger E-Box binding homeobox 1 (ZEB1), integration host factor (IHF), and
E2F-related TFs. Interestingly, upregulation of ZEB and E2F TFs have been linked to drug resistance
in multiple tumors, including melanoma [70,71]. These results emphasize the fact that resistance to
kinase inhibitors relies in the deregulation of a network of entangled pathways.

Network analysis can be employed to integrate and analyze large data arrays from systematic
experiments. To investigate the regulation of the key cell survival signaling pathway AKT in breast
cancer, Lu and co-workers systematically targeted a large number of kinases and kinase-related
factors with small interfering RNAs (siRNAs) [72]. The effect of siRNA-targeting was assessed by
proteomics analysis of 42 proteins and phosphoproteins. When making a statistical data analysis,
the authors found that siRNAs targeting of a group of 115 genes had an inverse correlation with the
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phosphorylation of AKT and MAPKSs. Next, the authors used pre-existing databases of molecular
interactions to reconstruct a large network connecting these genes to AKT and MAPK signaling
pathways, and computational algorithms to detect a core MAPK signaling-related regulatory network
able to increase AKT phosphorylation upon siRNA targeting. The results suggest that inhibition of
MAPK signaling can in some conditions induce the phosphorylation of AKT. Having in mind that
phosphoproteomics data has already been produced in the context of AKT activity and melanoma
resistance to MAPK inhibitors (vemurafenib and selumetinib), one can envision that a similar approach
could be used to detect a core regulatory network behind the interplay between AKT and MAPK
cascades in melanoma kinase inhibitor resistance [73].

Biochemical networks deregulated in melanoma and other aggressive cancers contain myriads
of cross-talking, intersecting network motifs. These are small regulatory circuits like feedback- and
feedforwardloops, which upon deregulation can induce counter-intuitive, unexpected molecular
behavior. Mutation of oncogenes can disrupt the exquisite regulation of signaling pathways exerted by
negative feedback loops, ERK signaling being a paradigmatic case in point [74,75]. On the other hand,
deregulation of positive feedback loops in signaling-mediated circuits can induce self-sufficiency in
growth signals. The interplay between these intersecting network motifs embedded in large network
is better understood when high-throughput data are investigating making use of computational
modelling. A computational model is a set of equations or other mathematical entities encoding
the basic properties of the investigated network. In biomedicine its computer simulations can be
used to derive hypotheses on molecular mechanisms, design validation experiments, or to boost
drug target discovery. Korkut and co-workers made use of high-throughput data from RAF inhibitor
(RAFi)-resistant melanoma cells (SK-Mel-133 cell line) and computational network modelling to
investigate escape mechanisms behind the resistance to RAF inhibitor combinations in aggressive
melanoma [76]. The melanoma cells were challenged with combinations of targeted drugs and the
changes induced in proteins (88), phosphoproteins (50), and cell phenotypes (5) were quantified and
compared to untreated cells. Using information from public databases about molecular interactions,
authors reconstructed a regulatory network linking the selected proteins and phosphoproteins,
the investigated drugs targeting them and relevant cancer phenotypes. They translated the network
into a computational model and trained it with the data produced and advanced algorithms for data
inference. Using computer simulations of the computational model, they systematically predicted
the response of the network to combinations of drugs and selected those combinations that in the
simulations, at physiological doses, reverted the cancer phenotypes included in the model. For example,
the simulations showed a strong Gl-arrest when c-Myc inhibition was combined with inhibition
of BRAF, MEK, and cyclin D1. This model prediction was experimentally validated when the
RAFi-resistant melanoma cells where treated with combinations of JQ1, a c-Myc inhibitor, and a RAF
inhibitor (PLX4032). Similar approaches have been used to look for drug combinations targeting the
MAPK/AKT signaling network in colorectal cancer [77,78] and lung cancer [79].

Finally, computational models can be used to integrate information from different spatiotemporal
levels. These models can integrate more detailed information about key molecular interactions
between kinases, other signal mediators, and drugs into our understanding of the regulatory networks.
In a study by Rukhlenko and co-workers, a computational model of the RAF/MEK/ERK signaling
pathway in melanoma was constructed that integrated detailed molecular information about the
thermodynamics and kinetics of the drug kinase interactions, quantitative information about protein
expression levels, and data on relevant mutational and posttranslational modifications [67]. The
computational model paid special attention to the dynamics of homo- and hetero-dimerization
of RAF kinases. The computational model simulations predicted that two inhibitors with given,
structurally different features targeting the same kinase but in different conformations could overcome
a special type of RAF therapy resistance, which is mediated via paradoxical kinase activation
by the drugs. This predictions were verified in in vitro experiments with A375 melanoma cells
subjected to treatment with the two BRAF inhibitors sorafenib and BOR (2,6-difluoro-N-(3-methoxy-2H-
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pyrazolo[3,4-b]pyridin-5-yl)-3-[(propylsulfonyl) amino]benzamide) at different doses, alone or
in combination.

Computational models can also be used to connect the (de)regulation of intracellular networks to the
dynamics of tumor cell populations. In an own study, we established a multi-level computational model
accounting for the resistance of melanoma cells to chemotherapy [70]. To this end, we reconstructed and
modelled a melanoma-related regulatory network including growth factor receptors, TFs, miRNAs, and
transcriptional targets. This network was connected to a computational model describing the dynamics
of melanoma cell populations under control, single and combined genotoxic and cytostatic therapy. The
computational model predicted that melanoma cells could become insensitive to both cytostatic and
genotoxic drugs when displaying a signature of combined high expression for the E2F1 TF, low for
miRNA-205 and high expression for the ERBB3 receptor, three of the molecular factors included in the
intracellular regulatory network of the model. Interestingly, using transcriptomic profiling of tumor
samples, Alla and co-workers showed that E2F1 overexpression is linked to melanoma aggressiveness,
and this E2F1 over expression can induce oncogenic amplification via a positive feedback loop involving
increased phosphorylation of ERK signaling [80]. Furthermore, in the above mentioned own study,
computer simulations suggested, and in vitro experiments confirmed, that in genetically heterogeneous
melanoma tumors, genotoxic drug treatment favors selection of chemoresistant clones by amplifying the
deregulation of the selected gene circuits, such as the E2F1-p73 /DNp73-miR-205 circuit [75]. These results
suggest that tumor heterogeneity can promote resistance to anticancer therapy which has important
consequences for the efficacy of therapies. Tumor heterogeneity is a feature that can be investigated using
the recently developed single-cell sequencing techniques. In an own study, we employed single-cell
RNA-seq to individually profile several hundreds of tumor cells taken from biopsies of three patients
with different genetic backgrounds regarding BRAF and NRAS. The clustering of the cells in terms of
their individual expression profiles was used to identify subpopulations of tumor cells with distinctive
regulation for molecular circuits related to several melanoma-related phenotypes [81]. Single-cell analysis
will in future be employed to analyze mechanism of treatment resistance present in individual cells
or subclones.

7. Summary and Outlook

Targeted treatment of metastatic melanoma using small molecule inhibitors directed against
mutated BRAF kinase or downstream kinases such as MEK1/2 is currently a mainstay of melanoma
therapy. Although promising regarding initial treatment responses, secondary treatment resistance is
currently a major challenge. The mechanisms of treatment response and resistance are investigated
in more detail and have already provided deeper insights into the underlying molecular mechanisms.
However, many unanswered questions have to be addressed in the near future, regarding the impact of
clonal selection in tumors, the interaction between different signaling pathways, epigenetic mechanisms
of treatment resistance, and the interaction between genome, transcriptome, and epigenome. These
questions require a more holistic view of tumor growth and the role of regulatory pathways.

Author Contributions: Both M.K. and J.V. made the concept and wrote the manuscript and designed the figures.

Funding: This research was funded by the German Federal Ministry of Education and Research (BMBF), eBio:
MelEVIR project, grant number 031L0073A, and the Staedtler Stiftung, grant number WW /eh 30/16. The APC
was funded by the German Research Foundation (DFG) and University of Leipzig within the program of Open
Access Publishing.

Conflicts of Interest: M.K. has received honoraria from the Speakers Bureau of Roche Pharma and travel support
from Novartis Pharma GmbH and Bristol-Myers Squibb Pharma GmbH. J.V. declares no conflict of interest.

References

1. Lawrence, M.S.; Stojanov, P.; Mermel, C.H.; Robinson, ].T.; Garraway, L.A.; Golub, T.R.; Meyerson, M.;
Gabriel, S.B.; Lander, E.S.; Getz, G. Discovery and saturation analysis of cancer genes across 21 tumor types.
Nature 2014, 505, 495-501. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nature12912
http://www.ncbi.nlm.nih.gov/pubmed/24390350

Cancers 2019, 11, 465 14 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Curtin, J.A,; Fridlyand, J.; Kageshita, T.; Patel, H.N.; Busam, K.J.; Kutzner, H.; Cho, K.-H.; Aiba, S.;
Brocker, E.-B.; LeBoit, PE.; et al. Distinct sets of genetic alterations in melanoma. N. Engl. J. Med. 2005, 353,
2135-2147. [CrossRef]

Schadendorf, D.; van Akkooi, A.C.; Berking, C.; Griewank, K.G.; Gutzmer, R.; Hauschild, A.; Stang, A.;
Roesch, A.; Ugurel, S. Melanoma. Lancet 2018, 392, 971-984. [CrossRef]

Hodis, E.; Watson, LR.; Kryukov, G.V.; Arold, S.T.; Imielinski, M.; Theurillat, J.-P.; Nickerson, E.; Auclair, D.;
Li, L.; Place, C.; et al. A landscape of driver mutations in melanoma. Cell 2012, 150, 251-263. [CrossRef]
Cancer Genome Atlas Network. Genomic Classification of Cutaneous Melanoma. Cell 2015, 161, 1681-1696.
[CrossRef] [PubMed]

Zhang, T.; Dutton-Regester, K.; Brown, K.M.; Hayward, N.K. The genomic landscape of cutaneous melanoma.
Pigment Cell Melanoma Res. 2016, 29, 266-283. [CrossRef] [PubMed]

Nan, X.; Tamgtiney, T.M.; Collisson, E.A.; Lin, L.-].; Pitt, C.; Galeas, J.; Lewis, S.; Gray, ].W.; McCormick, F.;
Chu, S. Ras-GTP dimers activate the Mitogen-Activated Protein Kinase (MAPK) pathway. Proc. Natl Acad.
Sci. USA 2015, 112, 7996-8001. [CrossRef] [PubMed]

Rauch, N.; Rukhlenko, O.S.; Kolch, W.; Kholodenko, B.N. MAPK kinase signalling dynamics regulate cell
fate decisions and drug resistance. Curr. Opin. Struct. Biol. 2016, 41, 151-158. [CrossRef] [PubMed]

Davies, H.; Bignell, G.R.; Cox, C.; Stephens, P; Edkins, S.; Clegg, S.; Teague, J.; Woffendin, H.; Garnett, M.J.;
Bottomley, W.; et al. Mutations of the BRAF gene in human cancer. Nature 2002, 417, 949-954. [CrossRef]
Flaherty, K.T.; Puzanov, I.; Kim, K.B.; Ribas, A.; McArthur, G.A.; Sosman, J.A.; O'Dwyer, P].; Lee, RJ.;
Grippo, ].F; Nolop, K; et al. Inhibition of mutated, activated BRAF in metastatic melanoma. N. Engl. ]. Med.
2010, 363, 809-819. [CrossRef]

Garbe, C.; Abusaif, S.; Eigentler, T.K. Vemurafenib. Recent Results Cancer Res. 2014, 201, 215-225. [CrossRef]
Sullivan, R.J.; Flaherty, K.T. New strategies in melanoma: Entering the era of combinatorial therapy.
Clin. Cancer Res. 2015, 21, 2424-2435. [CrossRef]

Long, G.V,; Flaherty, K.T.; Stroyakovskiy, D.; Gogas, H.; Levchenko, E.; de Braud, F; Larkin, J.; Garbe, C.;
Jouary, T.; Hauschild, A.; et al. Dabrafenib plus trametinib versus dabrafenib monotherapy in patients with
metastatic BRAF V600E /K-mutant melanoma: Long-term survival and safety analysis of a phase 3 study.
Ann. Oncol. 2017, 28, 1631-1639. [CrossRef] [PubMed]

Luke, J.J.; Flaherty, K.T.; Ribas, A.; Long, G.V. Targeted agents and immunotherapies: Optimizing outcomes
in melanoma. Nat. Rev. Clin. Oncol. 2017, 14, 463-482. [CrossRef]

Sanmamed, MLE; Chen, L. A Paradigm Shift in Cancer Immunotherapy: From Enhancement to
Normalization. Cell 2018, 175, 313-326. [CrossRef]

Mayes, P.A.; Hance, K.W.; Hoos, A. The promise and challenges of immune agonist antibody development
in cancer. Nat. Rev. Drug Discov. 2018, 17, 509-527. [CrossRef] [PubMed]

Vanella, V.; Festino, L.; Strudel, M.; Simeone, E.; Grimaldi, A.M.; Ascierto, P.A. PD-L1 inhibitors in the
pipeline: Promise and progress. Oncoimmunology 2017, 7, e1365209. [CrossRef]

Wellbrock, C.; Arozarena, I. The Complexity of the ERK/MAP-Kinase Pathway and the Treatment of
Melanoma Skin Cancer. Front. Cell Dev. Biol. 2016, 4, 33. [CrossRef] [PubMed]

Heidorn, S.J.; Milagre, C.; Whittaker, S.; Nourry, A.; Niculescu-Duvas, I.; Dhomen, N.; Hussain, J.;
Reis-Filho, J.S.; Springer, C.J.; Pritchard, C.; et al. Kinase-dead BRAF and oncogenic RAS cooperate to
drive tumor progression through CRAF. Cell 2010, 140, 209-221. [CrossRef] [PubMed]

Poulikakos, PI.; Zhang, C.; Bollag, G.; Shokat, K.M.; Rosen, N. RAF inhibitors transactivate RAF dimers and
ERK signalling in cells with wild-type BRAF. Nature 2010, 464, 427-430. [CrossRef]

Yao, Z.; Yaeger, R.; Rodrik-Outmezguine, V.S.; Tao, A.; Torres, N.M.; Chang, M.T.; Drosten, M.; Zhao, H.;
Cecchi, F.; Hembrough, T.; et al. Tumours with class 3 BRAF mutants are sensitive to the inhibition of
activated RAS. Nature 2017, 548, 234-238. [CrossRef]

Chin, L.; Tam, A.; Pomerantz, J.; Wong, M.; Holash, J.; Bardeesy, N.; Shen, Q.; O'Hagan, R.; Pantginis, J.;
Zhou, H,; et al. Essential role for oncogenic Ras in tumour maintenance. Nature 1999, 400, 468—472. [CrossRef]
[PubMed]

Dankort, D.; Curley, D.P; Cartlidge, R.A.; Nelson, B.; Karnezis, A.N.; Damsky, W.E.; You, M.].; DePinho, R.A;
McMahon, M.; Bosenberg, M. Braf(V600E) cooperates with Pten loss to induce metastatic melanoma.
Nat. Genet. 2009, 41, 544-552. [CrossRef]


http://dx.doi.org/10.1056/NEJMoa050092
http://dx.doi.org/10.1016/S0140-6736(18)31559-9
http://dx.doi.org/10.1016/j.cell.2012.06.024
http://dx.doi.org/10.1016/j.cell.2015.05.044
http://www.ncbi.nlm.nih.gov/pubmed/26091043
http://dx.doi.org/10.1111/pcmr.12459
http://www.ncbi.nlm.nih.gov/pubmed/26833684
http://dx.doi.org/10.1073/pnas.1509123112
http://www.ncbi.nlm.nih.gov/pubmed/26080442
http://dx.doi.org/10.1016/j.sbi.2016.07.019
http://www.ncbi.nlm.nih.gov/pubmed/27521656
http://dx.doi.org/10.1038/nature00766
http://dx.doi.org/10.1056/NEJMoa1002011
http://dx.doi.org/10.1007/978-3-642-54490-3_13
http://dx.doi.org/10.1158/1078-0432.CCR-14-1650
http://dx.doi.org/10.1093/annonc/mdx176
http://www.ncbi.nlm.nih.gov/pubmed/28475671
http://dx.doi.org/10.1038/nrclinonc.2017.43
http://dx.doi.org/10.1016/j.cell.2018.09.035
http://dx.doi.org/10.1038/nrd.2018.75
http://www.ncbi.nlm.nih.gov/pubmed/29904196
http://dx.doi.org/10.1080/2162402X.2017.1365209
http://dx.doi.org/10.3389/fcell.2016.00033
http://www.ncbi.nlm.nih.gov/pubmed/27200346
http://dx.doi.org/10.1016/j.cell.2009.12.040
http://www.ncbi.nlm.nih.gov/pubmed/20141835
http://dx.doi.org/10.1038/nature08902
http://dx.doi.org/10.1038/nature23291
http://dx.doi.org/10.1038/22788
http://www.ncbi.nlm.nih.gov/pubmed/10440378
http://dx.doi.org/10.1038/ng.356

Cancers 2019, 11, 465 15 of 18

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

McNeal, A.S,; Liu, K.; Nakhate, V.; Natale, C.A.; Duperret, E.K.; Capell, B.C.; Dentchev, T.; Berger, S.L.;
Herlyn, M.; Seykora, ].T.; et al. CDKN2B Loss Promotes Progression from Benign Melanocytic Nevus to
Melanoma. Cancer Discov. 2015, 5, 1072-1085. [CrossRef]

Raaijmakers, M.I.G.; Widmer, D.S.; Narechania, A.; Eichhoff, O.; Freiberger, S.N.; Wenzina, J.; Cheng, P.F,;
Mihic-Probst, D.; Desalle, R.; Dummer, R.; et al. Co-existence of BRAF and NRAS driver mutations in the
same melanoma cells results in heterogeneity of targeted therapy resistance. Oncotarget 2016, 7, 77163-77174.
[CrossRef] [PubMed]

Mandala, M.; Merelli, B.; Massi, D. Nras in melanoma: Targeting the undruggable target. Crit. Rev.
Oncol. Hematol. 2014, 92, 107-122. [CrossRef] [PubMed]

Berndt, N.; Hamilton, A.D.; Sebti, S.M. Targeting protein prenylation for cancer therapy. Nat. Rev. Cancer
2011, 11, 775-791. [CrossRef]

Mazur, PK.; Reynoird, N.; Khatri, P; Jansen, PW.; Wilkinson, A.W.; Liu, S.; Barbash, O.; Van Aller, G.S.;
Huddleston, M.; Dhanak, D.; et al. SMYD3 links lysine methylation of MAP3K2 to Ras-driven cancer. Nature
2014, 510, 283-287. [CrossRef] [PubMed]

Ascierto, P.A.; Schadendorf, D.; Berking, C.; Agarwala, S.S.; van Herpen, C.M.; Queirolo, P,; Blank, C.U.;
Hauschild, A.; Beck, J.T.; St-Pierre, A.; et al. MEK162 for patients with advanced melanoma harbouring
NRAS or Val600 BRAF mutations: A non-randomised, open-label phase 2 study. Lancet Oncol. 2013, 14,
249-256. [CrossRef]

Postow, M.A.; Carvajal, R.D. Therapeutic implications of KIT in melanoma. Cancer J. 2012, 18, 137-141.
[CrossRef]

Kalinsky, K.; Lee, S.; Rubin, K.M.; Lawrence, D.P; Iafrarte, A.J.; Borger, D.R.; Margolin, K.A.; Leitao, M.M.;
Tarhini, A.A.; Koon, H.B.; et al. A phase 2 trial of dasatinib in patients with locally advanced or stage IV
mucosal, acral, or vulvovaginal melanoma: A trial of the ECOG-ACRIN Cancer Research Group (E2607).
Cancer 2017, 123, 2688-2697. [CrossRef] [PubMed]

Yamaoka, T.; Kusumoto, S.; Ando, K.; Ohba, M.; Ohmori, T. Receptor Tyrosine Kinase-Targeted Cancer
Therapy. Int. . Mol. Sci. 2018, 19, 3491. [CrossRef] [PubMed]

Gottesdiener, L.S.; O’Connor, S.; Busam, K.J.; Won, H.; Solit, D.B.; Hyman, D.M.; Shoushtari, A.N. Rates of
ERBB2 Alterations across Melanoma Subtypes and a Complete Response to Trastuzumab Emtansine in an
ERBB2-Amplified Acral Melanoma. Clin. Cancer Res. 2018, 24, 5815-5819. [CrossRef] [PubMed]

Tiwary, S.; Preziosi, M.; Rothberg, P.G.; Zeitouni, N.; Corson, N.; Xu, L. ERBB3 is required for metastasis
formation of melanoma cells. Oncogenesis 2014, 3, e110. [CrossRef]

Birkeland, E.; Zhang, S.; Poduval, D.; Geisler, J.; Nakken, S.; Vodak, D.; Meza-Zepeda, L.A.; Hovig, E.;
Myklebost, O.; Knappskog, S.; et al. Patterns of genomic evolution in advanced melanoma. Nat. Commun.
2018, 9, 2665. [CrossRef] [PubMed]

Prickett, T.D.; Agrawal, N.S.; Wei, X,; Yates, K.E.; Lin, ]J.C.; Wunderlich, J.R.; Cronin, J.C.; Cruz, P;
Rosenberg, S.A.; Samuels, Y. Analysis of the tyrosine kinome in melanoma reveals recurrent mutations in
ERBB4. Nat. Genet. 2009, 41, 1127-1132. [CrossRef]

Prickett, T.D.; Wei, X.; Cardenas-Navia, I.; Teer, ] K,; Lin, ].C.; Walia, V.; Gartner, ].; Jiang, J.; Cherukuri, PF;
Molinolo, A.; et al. Exon capture analysis of G protein-coupled receptors identifies activating mutations in
GRMS3 in melanoma. Nat. Genet. 2011, 43, 1119-1126. [CrossRef]

Wei, X.; Walia, V.; Lin, ].C.; Teer, ].K.; Prickett, T.D.; Gartner, J.; Davis, S.; Stemke-Hale, K.; Davies, M.A.;
Gershenwald, J.E.; et al. Exome sequencing identifies GRIN2A as frequently mutated in melanoma.
Nat. Genet. 2011, 43, 442-446. [CrossRef] [PubMed]

Rosero, R.A,; Villares, G.J.; Bar-Eli, M. Protease-Activated Receptors and other G-Protein-Coupled Receptors:
The Melanoma Connection. Front. Genet. 2016, 7, 112. [CrossRef] [PubMed]

Johannessen, C.M.; Johnson, L.A.; Piccioni, F.; Townes, A.; Frederick, D.T.; Donahue, M.K.; Narayan, R,;
Flaherty, K.T.; Wargo, J.A.; Root, D.E.; et al. A melanocyte lineage program confers resistance to MAP kinase
pathway inhibition. Nature 2013, 504, 138-142. [CrossRef] [PubMed]

Manca, A.; Lissia, A.; Cossu, A.; Rubino, C.; Ascierto, P.A.; Stanganelli, I.; Palmieri, G. Mutations in ERBB4
may have a minor role in melanoma pathogenesis. J. Investig. Dermatol. 2013, 133, 1685-1687. [CrossRef]
[PubMed]


http://dx.doi.org/10.1158/2159-8290.CD-15-0196
http://dx.doi.org/10.18632/oncotarget.12848
http://www.ncbi.nlm.nih.gov/pubmed/27791198
http://dx.doi.org/10.1016/j.critrevonc.2014.05.005
http://www.ncbi.nlm.nih.gov/pubmed/24985059
http://dx.doi.org/10.1038/nrc3151
http://dx.doi.org/10.1038/nature13320
http://www.ncbi.nlm.nih.gov/pubmed/24847881
http://dx.doi.org/10.1016/S1470-2045(13)70024-X
http://dx.doi.org/10.1097/PPO.0b013e31824b2404
http://dx.doi.org/10.1002/cncr.30663
http://www.ncbi.nlm.nih.gov/pubmed/28334439
http://dx.doi.org/10.3390/ijms19113491
http://www.ncbi.nlm.nih.gov/pubmed/30404198
http://dx.doi.org/10.1158/1078-0432.CCR-18-1397
http://www.ncbi.nlm.nih.gov/pubmed/30093446
http://dx.doi.org/10.1038/oncsis.2014.23
http://dx.doi.org/10.1038/s41467-018-05063-1
http://www.ncbi.nlm.nih.gov/pubmed/29991680
http://dx.doi.org/10.1038/ng.438
http://dx.doi.org/10.1038/ng.950
http://dx.doi.org/10.1038/ng.810
http://www.ncbi.nlm.nih.gov/pubmed/21499247
http://dx.doi.org/10.3389/fgene.2016.00112
http://www.ncbi.nlm.nih.gov/pubmed/27379162
http://dx.doi.org/10.1038/nature12688
http://www.ncbi.nlm.nih.gov/pubmed/24185007
http://dx.doi.org/10.1038/jid.2013.27
http://www.ncbi.nlm.nih.gov/pubmed/23340734

Cancers 2019, 11, 465 16 of 18

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Berger, M.E; Hodis, E.; Heffernan, T.P; Deribe, Y.L.; Lawrence, M.S.; Protopopov, A.; Ivanova, E.; Watson, LR.;
Nickerson, E.; Ghosh, P; et al. Melanoma genome sequencing reveals frequent PREX2 mutations. Nature
2012, 485, 502-506. [CrossRef] [PubMed]

Krauthammer, M.; Kong, Y.; Ha, B.H.; Evans, P,; Bacchiocchi, A.; McCusker, ]J.P.; Cheng, E.; Davis, M.].;
Goh, G.; Choi, M.; et al. Exome sequencing identifies recurrent somatic RAC1 mutations in melanoma.
Nat. Genet. 2012, 44, 1006-1014. [CrossRef]

Horn, S.; Figl, A.; Rachakonda, P.S.; Fischer, C.; Sucker, A.; Gast, A.; Kadel, S.; Moll, I.; Nagore, E.;
Hemminki, K.; et al. TERT promoter mutations in familial and sporadic melanoma. Science 2013, 339,
959-961. [CrossRef] [PubMed]

Shain, A.H.; Yeh, I; Kovalyshyn, I.; Sriharan, A.; Talevich, E.; Gagnon, A.; Dummer, R.; North, J.; Pincus, L.;
Ruben, B.; et al. The Genetic Evolution of Melanoma from Precursor Lesions. N. Engl. J. Med. 2015, 373,
1926-1936. [CrossRef] [PubMed]

van Allen, EM.; Wagle, N.; Sucker, A.; Treacy, D.J.; Johannessen, C.M.; Goetz, EM.; Place, C.S,;
Taylor-Weiner, A.; Whittaker, S.; Kryukov, G.V,; et al. The genetic landscape of clinical resistance to RAF
inhibition in metastatic melanoma. Cancer Discov. 2014, 4, 94-109. [CrossRef]

Konieczkowski, D.J.; Johannessen, C.M.; Abudayyeh, O.; Kim, ].W.; Cooper, Z.A.; Piris, A.; Frederick, D.T,;
Barzily-Rokni, M.; Straussman, R.; Haq, R; et al. A melanoma cell state distinction influences sensitivity to
MAPK pathway inhibitors. Cancer Discov. 2014, 4, 816-827. [CrossRef]

Miiller, J.; Krijgsman, O.; Tsoi, J.; Robert, L.; Hugo, W.; Song, C.; Kong, X.; Possik, P.A.; Cornelissen-
Steijger, PD.M.; Geukes Foppen, M.H.; et al. Low MITF/AXL ratio predicts early resistance to multiple
targeted drugs in melanoma. Nat. Commun. 2014, 5, 5712. [CrossRef] [PubMed]

Smith, M.P; Sanchez-Laorden, B.; O’Brien, K.; Brunton, H.; Ferguson, J.; Young, H.; Dhomen, N.;
Flaherty, K.T.; Frederick, D.T.; Cooper, Z.A.; et al. The immune microenvironment confers resistance to
MAPK pathway inhibitors through macrophage-derived TNFo. Cancer Discov. 2014, 4, 1214-1229. [CrossRef]
Landsberg, J.; Kohlmeyer, J.; Renn, M.; Bald, T.; Rogava, M.; Cron, M.; Fatho, M.; Lennerz, V.; Wolfel, T.;
Holzel, M.; et al. Melanomas resist T-cell therapy through inflammation-induced reversible dedifferentiation.
Nature 2012, 490, 412-416. [CrossRef]

Riesenberg, S.; Groetchen, A.; Siddaway, R.; Bald, T.; Reinhardt, J.; Smorra, D.; Kohlmeyer, J.; Renn, M.;
Phung, B.; Aymans, P,; et al. MITF and c-Jun antagonism interconnects melanoma dedifferentiation with
pro-inflammatory cytokine responsiveness and myeloid cell recruitment. Nat. Commun. 2015, 6, 8755.
[CrossRef] [PubMed]

Holzel, M.; Tiiting, T. Inflammation-Induced Plasticity in Melanoma Therapy and Metastasis. Trends Immunol.
2016, 37, 364-374. [CrossRef] [PubMed]

Rizos, H.; Menzies, A.M.; Pupo, G.M.; Carlino, M.S.; Fung, C.; Hyman, J.; Haydu, L.E.; Mijatov, B.;
Becker, TM.; Boyd, S.C.; et al. BRAF inhibitor resistance mechanisms in metastatic melanoma: Spectrum and
clinical impact. Clin. Cancer Res. 2014, 20, 1965-1977. [CrossRef] [PubMed]

Moriceau, G.; Hugo, W.; Hong, A.; Shi, H.; Kong, X.; Yu, C.C.; Koya, R.C.; Samatar, A.A.; Khanlou, N.;
Braun, J.; et al. Tunable-combinatorial mechanisms of acquired resistance limit the efficacy of BRAF/MEK
cotargeting but result in melanoma drug addiction. Cancer Cell 2015, 27, 240-256. [CrossRef] [PubMed]
Shi, H.; Moriceau, G.; Kong, X.; Lee, M.-K; Lee, H.; Koya, R.C.; Ng, C.; Chodon, T.; Scolyer, R.A;
Dahlman, K.B.; et al. Melanoma whole-exome sequencing identifies (V600E)B-RAF amplification-mediated
acquired B-RAF inhibitor resistance. Nat. Commun. 2012, 3, 724. [CrossRef]

Shi, H.; Hugo, W.; Kong, X.; Hong, A.; Koya, R.C.; Moriceau, G.; Chodon, T.; Guo, R.; Johnson, D.B;
Dahlman, K.B.; et al. Acquired resistance and clonal evolution in melanoma during BRAF inhibitor therapy.
Cancer Discov. 2014, 4, 80-93. [CrossRef]

Hugo, W.; Shi, H.; Sun, L.; Piva, M.; Song, C.; Kong, X.; Moriceau, G.; Hong, A.; Dahlman, K.B.; Johnson, D.B.;
et al. Non-genomic and Immune Evolution of Melanoma Acquiring MAPKi Resistance. Cell 2015, 162,
1271-1285. [CrossRef]

Riveiro-Falkenbach, E.; Villanueva, C.A.; Garrido, M.C.; Ruano, Y.; Garcia-Martin, RM.; Godoy, E.;
Ortiz-Romero, PL.; Rios-Martin, J.J.; Santos-Briz, A.; Rodriguez-Peralto, J.L. Intra- and Inter-Tumoral
Homogeneity of BRAF(V600E) Mutations in Melanoma Tumors. J. Investig. Dermatol. 2015, 135, 3078-3085.
[CrossRef]


http://dx.doi.org/10.1038/nature11071
http://www.ncbi.nlm.nih.gov/pubmed/22622578
http://dx.doi.org/10.1038/ng.2359
http://dx.doi.org/10.1126/science.1230062
http://www.ncbi.nlm.nih.gov/pubmed/23348503
http://dx.doi.org/10.1056/NEJMoa1502583
http://www.ncbi.nlm.nih.gov/pubmed/26559571
http://dx.doi.org/10.1158/2159-8290.CD-13-0617
http://dx.doi.org/10.1158/2159-8290.CD-13-0424
http://dx.doi.org/10.1038/ncomms6712
http://www.ncbi.nlm.nih.gov/pubmed/25502142
http://dx.doi.org/10.1158/2159-8290.CD-13-1007
http://dx.doi.org/10.1038/nature11538
http://dx.doi.org/10.1038/ncomms9755
http://www.ncbi.nlm.nih.gov/pubmed/26530832
http://dx.doi.org/10.1016/j.it.2016.03.009
http://www.ncbi.nlm.nih.gov/pubmed/27151281
http://dx.doi.org/10.1158/1078-0432.CCR-13-3122
http://www.ncbi.nlm.nih.gov/pubmed/24463458
http://dx.doi.org/10.1016/j.ccell.2014.11.018
http://www.ncbi.nlm.nih.gov/pubmed/25600339
http://dx.doi.org/10.1038/ncomms1727
http://dx.doi.org/10.1158/2159-8290.CD-13-0642
http://dx.doi.org/10.1016/j.cell.2015.07.061
http://dx.doi.org/10.1038/jid.2015.229

Cancers 2019, 11, 465 17 of 18

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Obenauf, A.C.; Zou, Y,; Ji, A.L; Vanharanta, S.; Shu, W.; Shi, H.; Kong, X.; Bosenberg, M.C.; Wiesner, T.;
Rosen, N.; et al. Therapy-induced tumour secretomes promote resistance and tumour progression. Nature
2015, 520, 368-372. [CrossRef]

Clark, E.A.; Golub, T.R.; Lander, E.S.; Hynes, R.O. Genomic analysis of metastasis reveals an essential role
for RhoC. Nature 2000, 406, 532-535. [CrossRef]

Bittner, M.; Meltzer, P.; Chen, Y,; Jiang, Y.; Seftor, E.; Hendrix, M.; Radmacher, M.; Simon, R.; Yakhini, Z,;
Ben-Dor, A.; et al. Molecular classification of cutaneous malignant melanoma by gene expression profiling.
Nature 2000, 406, 536-540. [CrossRef]

Jaeger, J.; Koczan, D.; Thiesen, H.-J.; Ibrahim, S.M.; Gross, G.; Spang, R.; Kunz, M. Gene expression signatures
for tumor progression, tumor subtype, and tumor thickness in laser-microdissected melanoma tissues.
Clin. Cancer Res. 2007, 13, 806-815. [CrossRef] [PubMed]

Mauerer, A.; Roesch, A.; Hafner, C.; Stempfl, T.; Wild, P.; Meyer, S.; Landthaler, M.; Vogt, T. Identification of
new genes associated with melanoma. Exp. Dermatol. 2011, 20, 502-507. [CrossRef]

Kunz, M.; Loffler-Wirth, H.; Dannemann, M.; Willscher, E.; Doose, G.; Kelso, ]J.; Kottek, T.; Nickel, B.;
Hopp, L.; Landsberg, J.; et al. RNA-seq analysis identifies different transcriptomic types and developmental
trajectories of primary melanomas. Oncogene 2018. [CrossRef]

Kuzbicki, L.; Atadowicz, E.; Chwirot, B.W. Cyclin-dependent kinase 2 expression in human melanomas and
benign melanocytic skin lesions. Melanoma Res. 2006, 16, 435—-444. [CrossRef] [PubMed]

Dreyer, ES.; Cantone, M.; Eberhardt, M.; Jaitly, T.; Walter, L.; Wittmann, J.; Gupta, S.K.; Khan, EM,;
Wolkenhauer, O.; Piitzer, B.M.; et al. A web platform for the network analysis of high-throughput data in
melanoma and its use to investigate mechanisms of resistance to anti-PD1 immunotherapy. Biochim. Biophys.
Acta Mol. Basis Dis. 2018, 1864, 2315-2328. [CrossRef] [PubMed]

Rukhlenko, O.S.; Khorsand, F; Krstic, A.; Rozanc, J.; Alexopoulos, L.G.; Rauch, N.; Erickson, K.E,;
Hlavacek, W.S.; Posner, R.G.; Gomez-Coca, S.; et al. Dissecting RAF Inhibitor Resistance by Structure-based
Modeling Reveals Ways to Overcome Oncogenic RAS Signaling. Cell Syst. 2018, 7, 161-179. [CrossRef]
Khan, EM.; Marquardt, S.; Gupta, S.K.; Knoll, S.; Schmitz, U.; Spitschak, A.; Engelmann, D.; Vera, J.;
Wolkenhauer, O.; Piitzer, B.M. Unraveling a tumor type-specific regulatory core underlying E2F1-mediated
epithelial-mesenchymal transition to predict receptor protein signatures. Nat. Commun. 2017, 8, 198.
[CrossRef] [PubMed]

Zecena, H.; Tveit, D.; Wang, Z.; Farhat, A.; Panchal, P; Liu, J.; Singh, S.J.; Sanghera, A.; Bainiwal, A.;
Teo, S.Y,; et al. Systems biology analysis of mitogen activated protein kinase inhibitor resistance in malignant
melanoma. BMC Syst. Biol. 2018, 12, 33. [CrossRef] [PubMed]

Vera, J.; Schmitz, U,; Lai, X.; Engelmann, D.; Khan, FEM.; Wolkenhauer, O.; Piitzer, B.M.
Kinetic modeling-based detection of genetic signatures that provide chemoresistance via the
E2F1-p73/DNp73-miR-205 network. Cancer Res. 2013, 73, 3511-3524. [CrossRef]

Lai, X.; Gupta, S.K.; Schmitz, U.; Marquardt, S.; Knoll, S.; Spitschak, A.; Wolkenhauer, O.; Piitzer, B.M.; Vera, J.
MiR-205-5p and miR-342-3p cooperate in the repression of the E2F1 transcription factor in the context of
anticancer chemotherapy resistance. Theranostics 2018, 8, 1106-1120. [CrossRef] [PubMed]

Lu, Y.; Muller, M.; Smith, D.; Dutta, B.; Komurov, K.; ladevaia, S.; Ruths, D.; Tseng, ].T.; Yu, S.; Yu, Q.; et al.
Kinome siRNA-phosphoproteomic screen identifies networks regulating AKT signaling. Oncogene 2011, 30,
4567-4577. [CrossRef] [PubMed]

Parker, R.; Clifton-Bligh, R.; Molloy, M.P. Phosphoproteomics of MAPK inhibition in BRAF-mutated cells
and a role for the lethal synergism of dual BRAF and CK2 inhibition. Mol. Cancer Ther. 2014, 13, 1894-1906.
[CrossRef]

Bliithgen, N.; Legewie, S.; Kielbasa, S.M.; Schramme, A.; Tchernitsa, O.; Keil, J.; Solf, A.; Vingron, M.;
Schifer, R.; Herzel, H.; et al. A systems biological approach suggests that transcriptional feedback regulation
by dual-specificity phosphatase 6 shapes extracellular signal-related kinase activity in RAS-transformed
fibroblasts. FEBS J. 2009, 276, 1024-1035. [CrossRef] [PubMed]

Vera, ]J.; Rath, O.; Balsa-Canto, E.; Banga, J.R.; Kolch, W.; Wolkenhauer, O. Investigating dynamics of
inhibitory and feedback loops in ERK signalling using power-law models. Mol. Biosyst. 2010, 6, 2174-2191.
[CrossRef]


http://dx.doi.org/10.1038/nature14336
http://dx.doi.org/10.1038/35020106
http://dx.doi.org/10.1038/35020115
http://dx.doi.org/10.1158/1078-0432.CCR-06-1820
http://www.ncbi.nlm.nih.gov/pubmed/17289871
http://dx.doi.org/10.1111/j.1600-0625.2011.01254.x
http://dx.doi.org/10.1038/s41388-018-0385-y
http://dx.doi.org/10.1097/01.cmr.0000232290.61042.ee
http://www.ncbi.nlm.nih.gov/pubmed/17013093
http://dx.doi.org/10.1016/j.bbadis.2018.01.020
http://www.ncbi.nlm.nih.gov/pubmed/29410200
http://dx.doi.org/10.1016/j.cels.2018.06.002
http://dx.doi.org/10.1038/s41467-017-00268-2
http://www.ncbi.nlm.nih.gov/pubmed/28775339
http://dx.doi.org/10.1186/s12918-018-0554-1
http://www.ncbi.nlm.nih.gov/pubmed/29615030
http://dx.doi.org/10.1158/0008-5472.CAN-12-4095
http://dx.doi.org/10.7150/thno.19904
http://www.ncbi.nlm.nih.gov/pubmed/29464002
http://dx.doi.org/10.1038/onc.2011.164
http://www.ncbi.nlm.nih.gov/pubmed/21666717
http://dx.doi.org/10.1158/1535-7163.MCT-13-0938
http://dx.doi.org/10.1111/j.1742-4658.2008.06846.x
http://www.ncbi.nlm.nih.gov/pubmed/19154344
http://dx.doi.org/10.1039/c0mb00018c

Cancers 2019, 11, 465 18 of 18

76.

77.

78.

79.

80.

81.

Korkut, A.; Wang, W.; Demir, E.; Aksoy, B.A.; Jing, X.; Molinelli, E.].; Babur, O.; Bemis, D.L.; Onur Sumer, S.;
Solit, D.B.; et al. Perturbation biology nominates upstream-downstream drug combinations in RAF inhibitor
resistant melanoma cells. eLife 2015, 4. [CrossRef]

Klinger, B.; Sieber, A.; Fritsche-Guenther, R.; Witzel, F; Berry, L.; Schumacher, D.; Yan, Y.; Durek, P;
Merchant, M.; Schifer, R.; et al. Network quantification of EGFR signaling unveils potential for targeted
combination therapy. Mol. Syst. Biol. 2013, 9, 673. [CrossRef]

Kirouac, D.C.; Schaefer, G.; Chan, J.; Merchant, M.; Orr, C.; Huang, S.-M.A.; Moffat, J.; Liu, L.; Gadkar, K,;
Ramanujan, S. Clinical responses to ERK inhibition in BRAFV600E-mutant colorectal cancer predicted using
a computational model. NPJ Syst. Biol. Appl. 2017, 3, 14. [CrossRef]

Kim, E.; Kim, ].-Y.; Smith, M.A.; Haura, E.B.; Anderson, A.R.A. Cell signaling heterogeneity is modulated by
both cell-intrinsic and -extrinsic mechanisms: An integrated approach to understanding targeted therapy.
PLoS Biol. 2018, 16, €2002930. [CrossRef]

Alla, V,; Engelmann, D.; Niemetz, A.; Pahnke, J.; Schmidt, A.; Kunz, M.; Emmrich, S.; Steder, M.; Koczan, D.;
Piitzer, B.M. E2F1 in melanoma progression and metastasis. J. Natl. Cancer Inst. 2010, 102, 127-133. [CrossRef]
[PubMed]

Gerber, T.; Willscher, E.; Loeffler-Wirth, H.; Hopp, L.; Schadendorf, D.; Schartl, M.; Anderegg, U.; Camp, G.;
Treutlein, B.; Binder, H.; et al. Mapping heterogeneity in patient-derived melanoma cultures by single-cell
RNA-seq. Oncotarget 2017, 8, 846-862. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.7554/eLife.04640
http://dx.doi.org/10.1038/msb.2013.29
http://dx.doi.org/10.1038/s41540-017-0016-1
http://dx.doi.org/10.1371/journal.pbio.2002930
http://dx.doi.org/10.1093/jnci/djp458
http://www.ncbi.nlm.nih.gov/pubmed/20026813
http://dx.doi.org/10.18632/oncotarget.13666
http://www.ncbi.nlm.nih.gov/pubmed/27903987
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Principles of Mitogen-Activated Protein Kinase (MAPK) and Cellular Homolog of v-Kit Hardy-Zuckerman 4 Feline Sarcoma Viral Oncogene (c-KIT) Signaling in Melanoma 
	BRAF Signaling 
	RAS Signaling 
	Signalling through Receptor Tyrosine Kinases 

	Signaling through Other Mutated Pathways 
	Treatment Resistance to MAPK Inhibition 
	The ‘Omics’ Approach in Melanoma and Treatment Sensitivity 
	Systems Biology Approaches Used to Understand Kinase Inhibitor Activity and Resistance: from Networks to Computational Models 
	Summary and Outlook 
	References

