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Abstract:

 In recent years, scientists have advocated the use of targeted therapies in the form of drugs that modulate genes and proteins that are directly associated with cancer progression and metastasis. Malignant melanoma is a dreadful cancer type that has been associated with the rapid dissemination of primary tumors to multiple sites, including bone, brain, liver and lungs. The discovery that approximately 40%–50% of malignant melanomas contain a mutation in BRAF at codon 600 gave scientists a new approach to tackle this disease. However, clinical studies on patients have shown that although BRAFi (BRAF inhibitors) trigger early anti-tumor responses, the majority of patients later develop resistance to the therapy. Recent studies have shown that WNT5A plays a key role in enhancing the resistance of melanoma cells to BRAFi. The focus of the current review will be on melanoma development, signaling pathways important to acquired resistance to BRAFi, and why WNT5A inhibitors are attractive candidates to be included in combinatorial therapies for melanoma.




Keywords:


melanoma; WNT5A; BRAFi; MAPK/ERK; PI3K-AKT; MITF








1. Introduction

Treatment options for malignant melanoma patients are limited, as metastatic melanoma easily becomes resistant to therapies (such as resistance to BRAF inhibitors, BRAFi). Significant advancements have also been achieved in the area of melanoma immunotherapy, with the development of drugs such as Ipilimumab (Human IgG1 antibody against CTLA-4) and Nivolumab (antibody against PD-1), but in the current review, the focus will be on BRAF-targeted therapies and the associated acquired resistance. We will also discuss the basis of melanoma disease, the signaling pathways associated with melanoma progression, and WNT5A signaling intervention as a new approach for future combinatorial therapy for malignant melanoma.

Light-skinned people are prone to melanoma, and the reason underlying this susceptibility is a genetic impairment. UV (ultraviolet) exposure increases the pigmentation of the skin, and this is mediated by the binding of α-MSH (α-melanocyte-stimulating hormone) to its cognate receptors, i.e., MC1R (melanocortin 1 receptor). This ligand-receptor interaction triggers an intracellular signaling cascade that increases the production of melanin. Melanin synthesized by melanocytes relocates to keratinocytes and is responsible for absorbing and disintegrating UV energy [1]. Often, light-skinned people harbor germ-line polymorphisms in the MC1R gene that make them more susceptible to UV exposure [2,3,4]. Apart from inducing genetic changes in the skin, UV exposure is often linked to increase in the release of growth factors, production of reactive oxygen species and impairment of the cutaneous immune system and its functions [1,5]. Two other major risk factors that are associated with melanoma are family history and the presence of nevi (benign or atypical). To better understand these risk factors, one should comprehend the molecular changes associated with these factors and how they impact disease progression.

Cutaneous melanoma progression is a multi-step process and different staging systems have been established to clinically characterize disease progression, i.e., Clark’s different level model [6], the Breslow’s thickness model [7] and TNM staging [8]. Clark’s model describes the series of histological changes associated with the progression of a melanoma from melanocyte to malignant melanoma [6] (Figure 1 illustrates a general overview of melanoma progression). The visibility of benign nevi (consisting of neval melanocytes) is the first phenotypic change; however, they rarely advance to cancer [6]. If one looks at the early mutations that occur at the benign nevi stage, mutations in the BRAF gene are crucial (approximately half of all melanomas harbor a mutation in BRAF). Active mutations in N-RAS have also been reported, and these are associated with 15% of melanomas. As both N-RAS and BRAF are upstream of mitogen-activated protein kinases-extracellular signal regulated kinases (MAPK-ERK) pathways, somatic mutations in these genes result in constitutive activation of ERK signaling, which is considered as integral pathway in melanoma development [9,10]. One reason why most nevi do not advance to cancer has been suggested to relate to the ability of mutant BRAF proteins to trigger senescence in human melanocytes by up-regulating INK4a (cell-cycle inhibitor of kinase 4a) expression [11]. However, the clinical findings that approximately 25% of melanomas arise from pre-existing nevi implicate that not all nevi undergo senescence [12,13] meaning that the previous finding [11] is not valid for all melanomas. Furthermore, in a more recent study, it was demonstrated that the current senescence markers are not able to distinguish nevi from melanomas thereby challenging the concept that nevi are growth arrested [14]. In addition to these problems, other effectors of nevi senescence have been suggested including; the p14-p53-p21 pathway, the FBXO31 pathway, the IGFBP7 pathway and the PI3K pathway [15]. Mutations in tumor suppressor genes (including INK4, PTEN) and changes in other signaling molecules can pave the way for melanoma development. The next step in Clark’s model is the formation of pre-malignant lesions or dysplastic nevus (Figure 1). Molecular changes thought to be associated with this phase are mutations in CDKN2A (cyclin-dependent kinase inhibitor 2A) and PTEN genes. Mutations in CDKN2A have been associated with 25%–40% of familial melanomas [16]. Loss of CDKN2A directly affects two tumor suppressor proteins, p16INK4A and p14ARF [17,18,19]. In melanomas, mutations in PTEN (phosphatase and tensin homologue), a tumor suppressor protein, have also been reported [20]. PTEN loss results in the accumulation of PIP3 (phosphatidylinositol (3,4,5)-trisphosphate) and activation of AKT proteins, which drives melanoma cell proliferation and survival [21]. Oncogenic mutations in NRAS and BRAF, coupled with loss of function mutations in CDKN2A, p53 and PTEN, induce the melanoma radial growth phase (RGP). Increased levels of the phosphorylated (active) form of AKT protein are an indicatory factor of the RGP phase [22]. In Clark’s model, RGP is followed by the vertical-growth phase (VGP), which is characterized by the penetration of melanoma cells through the basement membrane (Figure 1). In VGP, melanoma cells loose cell-cell adhesion and undergo EMT (epithelial mesenchyme phenotype). Loss of E-cadherin and gain of N-cadherin has been reported during the melanoma transition from RGP to VGP [23,24]. Membranous loss of E-cadherin leads to the dissociation of β-catenin from the cell adhesion complex, which eventually translocates to the nucleus. An increased level of nuclear β-catenin positively regulates expression of CyclinD1 and MITF, which are associated with melanoma cell proliferation, survival and invasion [25,26].

Figure 1. A general overview of melanoma progression. The schematic diagram is an adaptation of Clark’s different level model for melanoma development encompassing key molecules that are either mutated (marked in yellow) or exhibits an increased expression and that have been reported to play a role in BRAF inhibitor (BRAFi) resistance. The WNT5A molecule is unique as its expression is either increased or decreased during different phases of melanoma progression (indicated by the arrows). The numbers in the figure relates to the different phases of melanoma progression: Phase 1, Benign Nevus; Phase 2, Dysplastic Nevus; Phase 3, Radial Growth Phase; Phase 4, Vertical Growth Phase and Phase 5, Metastatic Melanoma.
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2. Oncogenic Signaling in Melanoma


2.1. RAS/RAF/MEK/ERK Signaling

The RAS/RAF/MEK/ERK cascade plays an integral role in the pathogenesis of melanoma. It is regulated by cytokines, receptor tyrosine kinases and G-protein coupled receptors. Growth factors that constitutively activate this pathway are FGF (fibroblast growth factor), SCF (stem cell factor), HGF (hepatocyte growth factor) and GDNF (glial-cell-derived neurotrophic factor [27,28]. The activation of membrane receptors by these ligands activates the small G protein RAS, which further activates downstream effector RAF kinases (ARAF, BRAF and CRAF). RAFs then activate the kinases MEK1/2 and ERK1/2, which further phosphorylate nuclear and cytoplasmic substrates [29]. In humans, the most commonly mutated gene in this pathway is BRAF. BRAF has been shown to induce MAPK signaling, even without RAS activation. One of the important BRAF mutations involves exon 15, where valine is changed to glutamic acid at codon 600 (BRAFV600E), which induces a protein conformational change that makes the protein constitutively active [30,31]. The presence of BRAFV600E has been associated with poor survival in melanoma patients [32]. Inhibition of BRAFV600E results in a significant decrease in the metastatic potential of melanoma cells due to a reduction in cell extravasation [31]. In addition, the BRAFV600E mutation has also been positively correlated with pro-angiogenic growth factors such as VEGF, suggesting that a mutation in BRAF can be involved in the metastatic process [33]. BRAF-induced MAPK signaling further induces or activates ERK1/2 activity, thereby regulating cell proliferation, survival, migration and metastasis in melanomas.





2.2. The PI3K/AKT Pathway

PI3K (phosphatidylinositol 3-kinase)-AKT signaling is found to be frequently activated in melanomas, thereby controlling melanoma cell survival, proliferation and migration [34]. The PI3K-AKT pathway is activated by receptor tyrosine kinases (RTKs) or RAS. Activating mutations in NRAS (usually at codons Q60/61 and G12/13) are detected in approximately 20% of melanomas, which can result in activation of various pathways, including the RAS/RAF/MEK/ERK, protein kinase C (PKC), and PI3K/AKT pathways [35,36]. Mutations in the c-KIT receptor (which encodes RTK) are also responsible for activating the PI3K/AKT pathway, apart from the RAS/RAF/MEK/ERK and JAK/STAT pathways [37]. Mutations or amplifications in either NRAS or KIT can result in the activation of AKT, a downstream target of PI3K. Stronger staining of phospho-AKT (its active form) has been reported in metastatic melanoma samples compared to primary melanomas and nevus. Furthermore, similar to PI3K, high levels of active AKT have been associated with poor survival rates in melanoma patients [38,39].

Loss of function of PTEN is also crucial for the regulation of PI3K/AKT pathway. PTEN may be inactivated through missense mutations, frameshift mutations, focal or chromosomal deletions, epigenetic alterations or by microRNAs. Loss of PTEN was recorded in approximately 30% of cutaneous melanomas [21]. It has been demonstrated that the loss of PTEN in melanoma cells is associated with increased PI3K/AKT signaling [40,41]. Moreover, in melanomas, PTEN gene loss generally co-exists with the activation of BRAF mutations [42]. In an interesting study performed by Dankort et al., the authors demonstrated that compared to BRAFV600E mice, which developed melanocyte hyperplasia, BRAFV600E/PTENNull mice developed metastatic melanomas, suggesting that PTEN loss collaborates with the BRAFV600E mutation to induce metastasis [43]. Furthermore, proteomic analysis demonstrated that loss of PTEN protein in melanoma specimens and cell lines was positively associated with AKT activation, suggesting negative regulation of the PI3K/AKT signaling by PTEN [41].



2.3. WNT Signaling

Wnt signaling is an integral pathway in embryogenesis that is often found to be deregulated during carcinogenesis [44,45]. WNTs are a family of 19 secreted glycoproteins that can bind to different receptors or co-receptor complexes (including Frizzled (FZD), ROR1/2, RYK, and LRP), thereby triggering a range of cellular responses [46]. In their ability to transform mouse mammary cells, WNT ligands can be divided in three classes [47]; the highly transforming class that includes WNT1, WNT3A, WNT7A, WNT5B and WNT2; a non-transforming class, including WNT4, WNT5A and WNT6; and an intermediate transforming class, including WNT7B. However this grouping does not necessarily reflect which specific signaling that WNTs trigger. But, there are two main types of signaling pathways that can be induced by WNT ligands: canonical WNT/β-catenin signaling and non-canonical WNT signaling, including WNT/Ca2+ and the PCP (planar cell polarity) pathways. Of these we are going to address the former two pathways as they have been widely explored in the context of melanoma biology.


2.3.1. WNT/β-Catenin Pathway

Unlike in most cancers, where β-catenin stabilization plays a positive role in cancer development, the role of β-catenin in melanoma is still controversial. Accumulation of β-catenin promotes metastasis in melanomas, but there are also reports that suggest that β-catenin overexpression suppresses invasion and is an indicator of a better prognosis in melanoma patients [48]. Compared to colon cancer, where mutations in APC and CTNNB1 genes are responsible for constitutive WNT/β-catenin signaling, such mutations are rare in melanomas. However, activation of the WNT/β-catenin pathway was observed in approximately 30% of melanomas [49]. These data suggest that apart from β-catenin signaling, there are other factors that come into play during melanoma development. Experiments performed on transgenic mice revealed that melanocytes harboring constitutive expression of β-catenin were not adequate for melanocyte proliferation or for progression to melanoma [50]. In another study, activation of β-catenin increased metastasis in NRAS-driven melanomas, whereas mice carrying an NRAS mutation alone generated fewer tumors [25]. Studies on melanoma clinical samples have also suggested that patients harboring nuclear β-catenin have increased overall survival [51,52]. These findings are in parallel with the B16 murine melanoma model, where WNT3A expressing tumors, when implanted into mice led to decreased tumor proliferation and metastasis [53]. On contrary, there are also reports that suggest a direct role for β-catenin in melanoma metastasis [54,55]. Therefore, how β-catenin affects melanoma metastasis is still debatable, but there are certainly several other factors that might influence WNT/β-catenin signaling and its impact on melanoma.


MITF

MITF (Microphthalmia-associated transcription factor) belongs to the Myc superfamily of basic helix-loop-helix leucine zipper transcription factors [56] and is a downstream target of WNT/β-catenin signaling that has been reported to induce proliferative effects in melanocytes and melanoma cells [25,50]. In melanoma, the upregulation of MITF can regulate tissue-dependent regulation of CDK2 (cyclin-dependent kinase 2), which plays important role in melanoma proliferation [57]. Downregulation of MITF has been positively linked with melanoma cell migration and invasion [58]. It has been demonstrated that MITF-mediated downregulation of Dia1 (diaphanous-related protein) triggers actin re-organization, thereby leading to increased melanoma cell invasion [59]. However, melanoma patients harboring high levels of MITF have fewer metastases [60], suggesting that the regulation of MITF by diverse signaling pathways can have a distinct effect on melanoma cells. It has also been shown that BRAF triggers MITF expression in melanoma cells by inhibiting Brn-2, a transcription factor [61]. MITF can be regulated by various pathways; this might explain why the role of MITF in melanoma progression is still unclear.




2.3.2. WNT5A Signaling

The initial indication that WNT5A is regulating cell migration came from the finding that WNT5A along with other non-canonical ligands (i.e., WNT4 and WNT11) were implicated in regulating convergent extension (CE) in Xenopus embryo [62]. CE is development process driven by migration of polarized cells leading to tissue narrowing along one axis and elongation along perpendicular axis. During the gastrulation process, cells migrates into the embryo midline in order to undergo medio-lateral cell intercalation leading to anterior-posterior (A-P) extension [63]. Later it was shown that WNT5A had a similar effect on the polarized cell migration in WNT5A−/− knockout mice, since these mice exhibited shortened A-P body axis [64]. These data was most likely the basis for the first investigation and demonstration that WNT5A positively regulates melanoma cell migration suggesting that it could promote metastasis [65]. WNT5A mRNA was found to be significantly higher in melanoma specimens compared to normal specimens [66]. In later studies, WNT5A mRNA expression was established as a robust marker of the metastatic melanoma phenotype [67]. Da Forno et al. demonstrated differential expression of WNT5A protein during melanoma progression, i.e., high expression of WNT5A in nevi, decreased expression during RGP, followed by an increase in WNT5A expression in VGP and in metastatic lesions [68]. Other studies also implicate the increase of WNT5A mRNA in nevi [69,70] thereby suggesting that an increase in WNT5A expression might be one of factors that mediates decreased proliferation by inhibiting canonical WNT signaling at the nevi stage (Figure 1). However, subsequent downregulation in WNT5A expression during RGP allow upregulation of canonical WNT signaling with a decrease in E-cadherin expression and an increase in N-cadherin expression [24]. During VGP and metastasis, upregulation in WNT5A signaling through PKC has been shown to induce cell migration and EMT [65,71].

It has been demonstrated that highly proliferative melanoma cells express high β-catenin and low WNT5A, while more invasive melanomas express high WNT5A and low β-catenin [58]. Furthermore, WNT5A protein expression was positively correlated with melanoma progression, tumor grade and patient outcome [65,68]. WNT5A directs migration and invasion of melanoma cells in a PKC-dependent manner by inducing the expression of Slug, which induces EMT [71]. Moreover, the WNT5A-mediated effect on melanoma cell migration can be enhanced by the presence of syndecans 1 and 4, while WNT5A drives melanoma cell invasion and metastasis [46,72]. In addition, in a subset of melanoma cells, WNT5A has also been shown to induce β-catenin-mediated cell invasiveness via ARF-6 [73]. Apart from the established role played by WNT5A in melanoma migration and metastasis, its role as a regulator of melanoma phenotype switching has also emerged. WNT5A expression is inversely correlated with MITF in proliferative and invasive melanoma phenotypes [58,74]. WNT5A-mediated downregulation of LEF-1 (a transcriptional regulator of MITF) switches the melanoma cell phenotype from proliferative to invasive [75]. ROR1 and ROR2, receptors associated with WNT5A signaling, have also been implicated in WNT5A-induced phenotype switching, with ROR2 expressing melanoma cells demonstrating a more invasive phenotype [75].

We have demonstrated that the WNT5A antagonistic peptide Box-5 (a t-butyloxycarbonyl-modified WNT5A-derived hexapeptide) caused a significant inhibition of WNT5A-stimulated A2058 melanoma cell migration [76]. Furthermore, Box-5 also inhibited the basal migration in HTB63 cells by impairing WNT5A-induced PKC and Ca2+ signaling in these cells [76]. Proteomics screening revealed that WNT5A altered the expression of at least 174 different proteins in melanoma cell line and Box-5 inhibited the majority of these changes [77]. Pre-clinical studies suggest that some melanoma cell lines express very high amounts of the WNT5A protein. In such situations one need to use a very high concentration of the Box-5 peptide. To avoid such a high dose of Box-5, one might in parallel block the regulator(s) of WNT5A expression in melanoma. Recently, it was established that IL-6, a pro-inflammatory cytokine, can up-regulate the expression of WNT5A in melanoma cells, in a p38α-MAPK dependent manner [78]. In good agreement, the authors also demonstrated that Box-5 impaired IL-6-induced migration in melanoma cells [78]. These findings pave the way for a future combined therapy for simultaneous targeting IL-6 and WNT5A, resolving the problem of excessive usage of Box-5 peptide. Another aspect of Box-5 that deserves consideration is its half-life in blood. This is particularly important for a WNT5A antagonist but less so for a WNT5A agonist. In current pre-clinical trials differently modified Box-5 variants are being tested for their ability to impair melanoma cell migration and invasion, as well as for their half-life in vivo.


WNT5A Localization: A Topic of Debate

Researchers working on WNT5A biology understand a limitation of good antibody for the detection of WNT5A protein in clinical specimens. Several antibodies are commercially available for Western blot analysis and some of them can specifically detect WNT5A protein along with some non-specific bands. However, using the same antibody for immunohistochemical analysis on clinical samples can pose problems as they might detect non-specific staining. Many research groups have reported WNT5A staining in clinical specimens in several tumor types, including melanoma [51,68,74,77]. The general consensus is that WNT5A expression in melanoma is mainly cytoplasmic. However, along with the cytoplasmic staining some researchers reported WNT5A nuclear staining [51,68]. In one of these studies, the authors suggest that WNT5A nuclear staining might be an artifact related to the primary antibody used and/or the antigen retrieval condition employed [68]. This assumption is supported by the demonstration that nuclear WNT5A is not important in predicting survival in melanoma patients. To finally conclude if WNT5A nuclear staining is an artifact or not one need to identify the specificity of nuclear WNT5A staining including optimization of the immuno-histochemical staining protocol. It is possible that one also needs to analyze WNT5A expression in different cellular compartments (membranes, cytoplasm or nuclei) using cell fractionation.






3. BRAF-Targeted Therapy in Melanoma

In 2002, Davies H. et al. demonstrated the presence of oncogenic BRAF mutations (predominantly at codon 600) in approximately 70% of cutaneous melanomas, which revolutionized the treatment of advanced melanoma [9]. Later, a study performed by Long et al. demonstrated that the most common BRAF mutations in metastatic melanomas were BRAFV600E (approximately 74%) and BRAFV600K (approximately 20%) at Codon 600. As previously discussed, these active mutations in BRAF constitutively upregulate downstream MAPK/ERK signaling, thereby promoting cell proliferation and metastasis [79]. Two small BRAF inhibitors (BRAFi), Vemurafenib/PLX-4032 (Zelboraf®) and Dabrafenib (Tafinlar®), are now FDA-approved drugs that target mutant BRAF kinases (V600E and V600K). Two randomized Phase III trials that incorporated these inhibitors showed that patients using these drugs had significantly better survival rates compared to patients treated with Dacarbazine (an FDA-approved drug for melanoma) [80,81]. Similar effects were also observed in trials of small molecule inhibitors of MEK (e.g., Trametinib) in patients with BRAF mutations [80,82]. Because of the clinical success of BRAFi, there was a surge in efforts to identify patients with specific BRAF mutations by genetic screening. The Cobas® 4800 BRAF mutation test (Roche Molecular Diagnostics, Pleasanton, CA, USA) is highly sensitive to V600E compared to V600K and V600D and was approved by the FDA to identify potential Vemurafenib patients. In this molecular test, DNA (standard 125 ng) is isolated from formalin-fixed or paraffin embedded melanoma tissue, and this procedure is followed by real-time polymerase chain reaction. Compared to Sanger sequencing, this test demonstrates fewer false negatives when detecting BRAFV600E [83]. A similar molecular test, the THxID BRAF Kit (identification of V600E and V600K), is also available for identifying potential Dabrafenib patients (FDA 2013). Unfortunately, the majority of the patients treated with BRAFi showed resistance to the drugs within 6–8 months of treatment [84,85]. Moreover, development of squamous cell carcinoma, which was present in nearly 20% of BRAFi treated patients, is also a concern [86].


Signaling Pathways Responsible for Acquired Resistance to BRAFi

Mechanisms for resistance to BRAFi can be either intrinsic (pre-treatment factors) or acquired (developed during and post-treatment). Approximately 20% to 40% of melanoma patients do not respond to Vemurafenib (BRAFi) because of intrinsic resistance. In this part of the review, we will discuss the signaling pathways involved in acquired resistance to BRAFi.

MAPK signaling plays an important role in acquired resistance against BRAFi [84,85]. In a recently concluded Phase III study on 704 patients with metastatic melanoma (with BRAFV600), the use of a combination therapy of Dabrafenib (BRAFi) plus Trametinib (MEKi) led to improved overall survival, with no additional toxicity, compared to Vemurafenib (BRAFi) monotherapy [87]. However, another study demonstrated that patients with BRAFi-resistant melanomas up-regulated resistance mechanisms against combinatorial treatment (BRAFi + MEKi). These alterations were associated with similar genes that are involved in BRAFi resistance, thereby augmenting resistance to BRAFi + MEKi [88]. The genetic variations involved were gain of function of BRAFV600E and NRASG12R (through amplification) and loss of function due to PTENF127V deletion, which affected factors including PTEN and CDKN2A. MAPK reactivation has been further associated with mutations, where it results in a highly plastic RAF-MEK complex. The same study also confirmed clinical findings that showed acquired resistance to BRAFi + MEKi in melanoma cell lines [88]. As ERK is further downstream of RAS/RAF/MAPK/ERK signaling, there are studies that propose that ERK inhibitors (ERKi) might overcome BRAFi or BRAFi + MEKi resistance. In a different study, Carlino et al. recommended the use of ERKi over MEKi for the treatment of resistant melanoma cells. Moreover, they demonstrated that combining ERKi with PI3K/mTOR inhibitors promoted cell death in resistant melanoma cells [89]. Future molecular studies are required to determine the effects of ERKi and other therapeutic combinations on BRAFi or BRAFi + MEKi-resistant melanoma cells.

Apart from MAPK signaling, PI3K-AKT signaling is also involved in acquired resistance to BRAFi in melanoma. During BRAFi therapy, patients harboring normal PTEN genes exhibited genetic loss of PTEN [90]. In RTK overexpressing cells, mono-targeting PI3K-AKT had no effect on cell death; however, combinatorial inhibition of RAS/RAF/MAPK and PI3K-AKT resulted in significant cell death [91]. Shi et al. studied acquired resistance in melanoma tumors in patients treated with either Vemurafenib or Dabrafenib monotherapy. They demonstrated that, apart from MAPK signaling, the activation of PI3K-AKT is also important to acquired BRAFi resistance. They further showed that MAPK pathway inhibition can trigger increases in p-AKT levels [92]. Using genetically engineered mice, Marsh Durban et al. showed that silencing PTEN or PI3K activation through a mutation at PIK3CAH1047R is associated with BRAFV600E in melanoma metastasis [93]. In a separate study, the same group demonstrated that the combined blocking of PI3K and BRAFV600E significantly increased the durability of therapy responsiveness to an MEK1/2 inhibitor (GDC-0973) in BRAFV600E/PIK3CAH1047R or BRAFV600E/PTENNull melanoma, suggesting that combined PI3K-mediated therapeutic intervention (with BRAFi) will be helpful in patients, whereas PTEN silencing and PIK3CAH1047R mutations are responsible for PI3K activation [94]. Moreover, AKTi (GSK2141795B) led to significant growth inhibition in various melanoma cell lines, including PTEN−/− and AKT mutants. Long-term combinatorial treatment of AKTi with Dabrafenib and Trametinib (MAPK inhibitors) delayed drug resistance in a PTEN−/− cell line [95].

The role of EGFR (epidermal growth factor receptor) signaling has also been implicated in BRAFi resistance. Approximately 8%–10% of colon cancers harbor BRAF mutations, which are associated with a poor prognosis. A study performed by Prahallad et al. demonstrated that inhibiting of BRAFV600E with Vemurafenib led to the activation of EGFR in a feedback manner, which supported proliferation in colon cancers. They further showed that expression of EGFR is sufficient to cause resistance to Vemurafenib in melanoma cells [96]. The EGFR/SFK/STAT3 signaling axis was found to be up-regulated in BRAF-resistant melanoma cell lines and in patients with intrinsic or who developed acquired resistance to Vemurafenib. However, combined treatment with an EGFR inhibitor and BRAFi was found to inhibit the growth of BRAF-resistant cells both in vivo and in vitro [97]. In another study, an inverse association was observed between MITF, Vemurafenib resistance and EGFR in tumor specimen and in melanoma cell lines. Moreover, the authors showed that forced expression of MITF reduced EGFR signaling in melanoma and colon cancer cells, which restored sensitivity to BRAFi/MEKi [98]. In Table 1 we have listed the most important factors that has been suggested to be responsible for acquired resistance to BRAFi.

Table 1. Lists the factors suggested to be responsible for acquired resistance to BRAFi.


	Factors
	Signaling Involved
	References





	BRAFV600E copy number amplification /or alternative splicing
	MAPK signaling
	[92,114,115,116,117]



	MEK1/2 activating mutations
	MAPK signaling
	[118,119,120,121]



	NRAS activating mutations
	MAPK signaling
	[91,92,116,121,122]



	PTEN loss
	PI3K/AKT signaling
	[40,121,123]



	Mutations in PI3K/AKT pathway e.g., AKT1/3, PI3KCA etc.
	PI3K/AKT signaling
	[92,117]



	MITF downregulation
	EGFR signaling
	[98,124]



	WNT5A up-regulation
	Non-canonical WNT signaling
	[99,100,101]











4. WNT5A Signaling in BRAFi-Resistance and Therapeutic Interventions

In addition to MAPK-ERK, PI3K-AKT and EGFR signaling, WNT5A signaling has also been implicated in melanoma resistance to BRAFi therapy. Initial studies that suggested the role of WNT5A in acquired resistance to BRAFi (Vemurafenib/PLX4032) came from investigations performed by Tap et al. [99]. These investigators demonstrated that, of the six melanoma cell lines (carrying BRAF mutations) when treated with increasing doses of PLX4032, three cell lines (M288, SKEML28 and M14) attained resistance. Expression profiles of these three cell lines revealed that they expressed up-regulated factors including WNT5A, neuregulin, and endothelin 1 compared to their parental cells. All the three resistant cell lines also demonstrated the reactivation of MAPK signaling [99]. Another study that was performed on 11 BRAF mutant cell lines (either with low or high WNT5A expression) revealed a positive association between WNT5A expression and BRAFi resistance [100]. By stimulating cells with recombinant WNT5A (rWNT5A), the authors demonstrated that resistance to BRAFi (i.e., PLX4720) increased two-fold in the BRAFi sensitive melanoma cell line 451 LU. Furthermore, by showing that knockdown of ROR2 can sensitize melanoma cells to PLX4720 therapy, they indicated a role for WNT5A in BRAFi resistance in melanoma cells. In parallel, they validated these findings in vivo by showing an increased response to PLX4720 therapy in ROR2 siRNA-treated PLX-resistant 1205 LU melanoma cells, compared to controls. Investigators extended their findings to clinical specimens as well when they demonstrated that 8 of 12 patients who relapsed while on BRAFi therapy showed increased positivity for WNT5A expression, clearly indicating the direct involvement of WNT5A in BRAFi resistance in melanoma patients. A similar trend was also reported in BRAFi-resistant melanoma tumors, where 7 of the 11 patients showed increased WNT5A expression compared to pretreated samples [101]. Investigators further demonstrated that BRAFi-resistant melanoma cell lines overexpressed WNT5A protein and that WNT5A expression was not affected by the removal of BRAFi. By using hierarchical clustering, investigators have shown that BRAFi-resistant cells harbor unique transcriptional program signatures that are associated with WNT5A expression, suggesting a clear role for WNT5A in BRAFi-mediated drug resistance [101].

One of the pathways that have been shown to be activated in BRAFi-resistant melanoma is PI3K-AKT, which can fuel the MAPK-ERK pathway, thereby driving proliferation and survival. We previously showed that WNT5A signaling can trigger the PI3K-AKT pathway in melanoma cells, thereby driving the aerobic glycolysis [77]. Furthermore, we demonstrated the ability of Box-5 (WNT5A antagonistic peptide developed in our laboratory) to inhibit extracellular lactate, suggesting that impairment of WNT5A signaling inhibits a glycolytic phenotype via inhibition of the PI3K-AKT pathway in melanoma cells. In parallel to our studies, exogenous treatment with WNT5A in UACC1273 and A2058 cell lines has been shown to increase the expression of phospho-AKT (ser473) [101]. Consequently, knockdown of WNT5A signaling via siRNA treatment in BRAFi-resistant A375 melanoma cells led to a significant decrease in phospho-AKT (active form) in a PI3K-dependent manner, suggesting that WNT5A regulates PI3K-AKT in melanoma [101]. Recently, Obenauf et al. analyzed the secretome of BRAFi resistant melanoma cells and they observed hyperactivation of several signaling pathways, in particular PI3K-AKT signaling [102]. Therefore, a treatment strategy that includes antagonizing WNT5A signaling (via Box-5) is likely to impair the PI3K-AKT pathway in BRAFi-resistant tumors.

As WNT5A is a prerequisite for migration and invasion in both normal and BRAFi-resistant melanoma cells, targeting WNT5A signaling provides a promising therapeutic option for melanoma disease management. Indirect inhibition of WNT5A signaling in vitro and in vivo with siRNAs of ROR2 and FZD7 has clearly demonstrated that impairment of WNT5A signaling can increase sensitivity to BRAF inhibitors [100,101]. Oncomed Pharmaceutical’s has developed an anti-FZD mAb named Vantictumab (OMP-18R5) as a means to inhibit melanoma progression. However, in addition to FZD7, Vantictumab recognizes and binds to four other FZD receptors (FZD 1, 2, 5 and 8). In human tumor xenografts, combined treatment of Vantictumab along with cytotoxic chemotherapy demonstrated tumor shrinkage and reduction in cancer stem cell numbers in various tumor types indicating reduced WNT/β-catenin signaling [103]. The drug is currently in Phase-I clinical trials for non-small cell lung cancer (NSCLC), pancreatic cancer and metastatic breast cancer. However, as indicated above one should be cautious using antibodies for melanoma treatment that targets FZD receptors involved in both non-canonical and canonical β-catenin signaling, since the latter has been associated with better prognosis in melanoma patients. In addition, there are other therapeutic alternatives to the anti-FZD7 mAb approach, including recombinant soluble FZD7 (sFzd7), small interfering peptides (RHPDs) to block FZD7 and small molecule inhibitor FJ9, inhibiting protein-protein interaction between FZD7-Dishevelled [104,105,106]. However, the question and concern remain and that is if anti-FZD7 therapy in melanoma effect β-catenin signaling. In conclusion, the ideal treatment alternative would be an antagonist that specifically impairs WNT5A signaling without blocking a simultaneous β-catenin signaling activity.

Because the expression of β-catenin has been demonstrated to sensitize BRAFi-resistant melanoma cells [107], and WNT5A signaling can negatively regulate WNT/β-catenin signaling in the BRAFi-resistant melanoma cells [101] one can forward a notion that Box-5 might indirectly affect the β-catenin expression levels thereby making BRAFi-resistant melanomas more sensitive towards BRAFi. However, direct studies are warranted to investigate whether the inhibition of WNT5A signaling via Box-5 increases β-catenin expression, thereby sensitizing BRAFi-resistant melanomas to BRAFi therapy. Inhibition of WNT5A signaling in melanoma will make them less invasive. However, it is tempting to speculate that inhibition of WNT5A signaling will also indirectly increase β-catenin signaling making these tumors more proliferative favoring a combined anti-WNT5A and anti-proliferative therapy. The ability of WNT5A to inhibit MITF, a downstream target of β-catenin, may be one cause of resistance in BRAFi-treated melanoma patients, as MITF depletion can activate EGFR signaling, which can confer BRAFi resistance [98]. WNT5A suppresses MITF and its downstream effector MART-1 (melanoma antigen recognized by T cells-1), which has also been positively correlated with melanoma cell migration [108,109]. We propose that interfering with WNT5A signaling will affects PI3K-AKT and the β-catenin-MITF-EGFR axis, which would make Box-5 therapy useful for not only BRAFi-resistant melanomas but also melanomas that do not carry BRAF mutations.

We as well as others have demonstrated that WNT5A protein levels in different melanoma cell lines are variable and that sometimes the levels are very high. Such problems might be encountered in melanoma patients, too. To avoid excessive Box-5 usage, our laboratory investigated alternative means of targeting WNT5A signaling, such as identifying potential regulators of WNT5A expression in melanoma cells. We also investigated whether therapeutic interventions using such regulators, along with Box-5, can impair melanoma cells that express high levels of WNT5A. Our recent study on melanoma cells demonstrated that IL-6 can regulate expression levels of WNT5A in a p38α MAPK-dependent manner, thereby regulating melanoma cell migration [78]. In two BRAFV600E mutant cell lines (HTB63 and A375), we demonstrated that IL-6 can upregulate WNT5A protein expression, driving the migration of these cells. As WNT5A has been reported to be up-regulated in BRAFi-resistant tumors, there is also an increased possibility of enhanced IL-6 signaling in these tumors. On the basis of our previous findings we strongly propose a positive feedback loop whereby WNT5A regulates its own expression by indirectly regulating IL-6 in melanoma cells [78]. IL-6 itself plays an important role in melanoma progression. Studies based on transgenic mice demonstrated that mice lacking IL-6 develop fewer and smaller tumors, indicating a potential role for IL-6 in melanoma cell development [110]. Furthermore, Hoejberg et al. showed that melanoma patients with high IL-6 levels experienced shorter overall survival compared to patients with basal serum concentrations. In their study, they also found that patients with elevated levels of IL-6 and LDH had an increased risk of early death compared to patients with basal serum concentrations for both biomarkers [111]. Recently, Sos et al. demonstrated the possible role of autocrine IL-6 signaling in resistance to MAPK inhibition in a subset of BRAF-mutant melanoma cells [112]. Another important study performed on BRAFV600E mutant childhood astrocytomas showed that secreted IL-6 was involved in resistance to Selumetinib [113]. A schematic presentation of deregulated pathways involved in BRAFi-resistant melanoma cells and a hypothetical model for anti-WNT5A therapy that would contravene BRAFi-resistance is illustrated in Figure 2.

Figure 2. Proposed model of anti-WNT5A therapy in BRAFi-resistant melanomas. The schematic diagram summarizes the deregulated pathways involved in acquired BRAFi-resistance (A) and a hypothetical model for anti-WNT5A therapy (B).
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Combined therapeutic approaches involving anti-IL-6 Ab (for antagonizing IL-6 signaling) and Box-5 (for antagonizing WNT5A signaling) might be beneficial for treating melanoma cells. Moreover, this combination might induce sensitivity to BRAFi because both biomarkers, either alone or in combination, are involved in BRAFi resistance in melanomas.



5. Future Perspectives

Given the current knowledge of deregulated signaling associated with BRAFi-resistant tumors, a combined anti-WNT5A therapy (Box-5 and anti-IL-6) provides an attractive therapeutic regime for the management of melanoma. WNT5A signaling has been shown to positively regulate melanoma cell invasion, and it is associated with reduced survival in melanoma patients. As recent studies have shown that WNT5A signaling is up-regulated in BRAFi-resistant tumors, impairment of WNT5A signaling will affect not only BRAFi-resistant melanomas but also melanomas that do not carry BRAF mutations. Future pre-clinical studies are warranted to explore the effect of anti-WNT5A therapies on BRAFi-resistant melanoma cells. These effects must be validated in WNT5A associated pathways, such as the PI3K-AKT, β-catenin-MITF-EGFR, and MAPK-ERK pathways. In addition, the consequences of anti-WNT5A therapies on the tumor microenvironment should also be investigated, as both IL-6 and WNT5A signaling can affect components of the tumor microenvironment, such as fibroblasts and immune cells.






Acknowledgments

This work was supported by the Swedish Cancer Foundation (No. 130635), the Swedish Research Council (No. B0434701), the Söderberg Foundation (MN244/09), the Skåne University Hospital Research Foundation, the BioCare program at Lund University (Year 2014–2015), and the Gunnar Nilsson Cancer Foundation (all to Tommy Andersson).



Conflicts of Interest

T.A. is a shareholder of WNT Research and is the part-time Chief Scientific Officer of WNT Research. This does not alter the authors’ adherence to all guidelines for publication in Cancers. The authors C.P.P. and P.M. declare no conflict of interest.



References


	1. 
Gilchrest, B.A.; Eller, M.S. DNA photodamage stimulates melanogenesis and other photoprotective responses. J. Investig. Dermatol. Symp. Proc. 1999, 4, 35–40. [Google Scholar] [CrossRef] [PubMed]

	2. 
Naysmith, L.; Waterston, K.; Ha, T.; Flanagan, N.; Bisset, Y.; Ray, A.; Wakamatsu, K.; Ito, S.; Rees, J.L. Quantitative measures of the effect of the melanocortin 1 receptor on human pigmentary status. J. Investig. Dermatol. 2004, 122, 423–428. [Google Scholar] [CrossRef] [PubMed]

	3. 
Valverde, P.; Healy, E.; Jackson, I.; Rees, J.L.; Thody, A.J. Variants of the melanocyte-stimulating hormone receptor gene are associated with red hair and fair skin in humans. Nat. Genet. 1995, 11, 328–330. [Google Scholar] [CrossRef] [PubMed]

	4. 
Kennedy, C.; ter Huurne, J.; Berkhout, M.; Gruis, N.; Bastiaens, M.; Bergman, W.; Willemze, R.; Bavinck, J.N. Melanocortin 1 receptor (MC1R) gene variants are associated with an increased risk for cutaneous melanoma which is largely independent of skin type and hair color. J. Investig. Dermatol. 2001, 117, 294–300. [Google Scholar] [CrossRef] [PubMed]

	5. 
Thompson, J.F.; Scolyer, R.A.; Kefford, R.F. Cutaneous melanoma. Lancet 2005, 365, 687–701. [Google Scholar] [CrossRef]

	6. 
Clark, W.H., Jr.; Elder, D.E.; Guerry, D.t.; Epstein, M.N.; Greene, M.H.; van Horn, M. A study of tumor progression: The precursor lesions of superficial spreading and nodular melanoma. Hum. Pathol. 1984, 15, 1147–1165. [Google Scholar] [CrossRef]

	7. 
Breslow, A. Thickness, cross-sectional areas and depth of invasion in the prognosis of cutaneous melanoma. Ann. Surg. 1970, 172, 902–908. [Google Scholar] [CrossRef] [PubMed]

	8. 
Balch, C.M.; Gershenwald, J.E.; Soong, S.J.; Thompson, J.F.; Atkins, M.B.; Byrd, D.R.; Buzaid, A.C.; Cochran, A.J.; Coit, D.G.; Ding, S.; et al. Final version of 2009 AJCC melanoma staging and classification. J. Clin. Oncol. 2009, 27, 6199–6206. [Google Scholar] [CrossRef] [PubMed]

	9. 
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. [Google Scholar] [CrossRef] [PubMed]

	10. 
Omholt, K.; Platz, A.; Kanter, L.; Ringborg, U.; Hansson, J. NRAS and BRAF mutations arise early during melanoma pathogenesis and are preserved throughout tumor progression. Clin. Cancer Res. 2003, 9, 6483–6488. [Google Scholar] [PubMed]

	11. 
Michaloglou, C.; Vredeveld, L.C.; Soengas, M.S.; Denoyelle, C.; Kuilman, T.; van der Horst, C.M.; Majoor, D.M.; Shay, J.W.; Mooi, W.J.; Peeper, D.S. BRAFE600-associated senescence-like cell cycle arrest of human NAEVI. Nature 2005, 436, 720–724. [Google Scholar] [CrossRef] [PubMed]

	12. 
Bevona, C.; Goggins, W.; Quinn, T.; Fullerton, J.; Tsao, H. Cutaneous melanomas associated with nevi. Arch. Dermatol. 2003, 139, 1620–1624. [Google Scholar] [CrossRef] [PubMed]

	13. 
Tsao, H.; Bevona, C.; Goggins, W.; Quinn, T. The transformation rate of moles (melanocytic nevi) into cutaneous melanoma: A population-based estimate. Arch. Dermatol. 2003, 139, 282–288. [Google Scholar] [CrossRef] [PubMed]

	14. 
Tran, S.; Rizos, H. Human nevi lack distinguishing senescence traits. Aging 2013, 5, 98–99. [Google Scholar] [PubMed]

	15. 
Ross, A.L.; Sanchez, M.I.; Grichnik, J.M. Nevus senescence. ISRN Dermatol. 2011, 2011, 642157. [Google Scholar] [CrossRef] [PubMed]

	16. 
Aitken, J.; Welch, J.; Duffy, D.; Milligan, A.; Green, A.; Martin, N.; Hayward, N. CDKN2A variants in a population-based sample of queensland families with melanoma. J. Natl. Cancer Inst. 1999, 91, 446–452. [Google Scholar] [CrossRef] [PubMed]

	17. 
Kamb, A.; Shattuck-Eidens, D.; Eeles, R.; Liu, Q.; Gruis, N.A.; Ding, W.; Hussey, C.; Tran, T.; Miki, Y.; Weaver-Feldhaus, J.; et al. Analysis of the p16 gene (CDKN2) as a candidate for the chromosome 9p melanoma susceptibility locus. Nat. Genet. 1994, 8, 23–26. [Google Scholar] [CrossRef] [PubMed]

	18. 
Nobori, T.; Miura, K.; Wu, D.J.; Lois, A.; Takabayashi, K.; Carson, D.A. Deletions of the cyclin-dependent kinase-4 inhibitor gene in multiple human cancers. Nature 1994, 368, 753–756. [Google Scholar] [CrossRef] [PubMed]

	19. 
Cachia, A.R.; Indsto, J.O.; McLaren, K.M.; Mann, G.J.; Arends, M.J. CDKN2A mutation and deletion status in thin and thick primary melanoma. Clin. Cancer Res. 2000, 6, 3511–3515. [Google Scholar] [PubMed]

	20. 
Steck, P.A.; Pershouse, M.A.; Jasser, S.A.; Yung, W.K.; Lin, H.; Ligon, A.H.; Langford, L.A.; Baumgard, M.L.; Hattier, T.; Davis, T.; et al. Identification of a candidate tumour suppressor gene, mmac1, at chromosome 10q23.3 that is mutated in multiple advanced cancers. Nat. Genet. 1997, 15, 356–362. [Google Scholar] [CrossRef] [PubMed]

	21. 
Wu, H.; Goel, V.; Haluska, F.G. PTEN signaling pathways in melanoma. Oncogene 2003, 22, 3113–3122. [Google Scholar] [CrossRef] [PubMed]

	22. 
Stahl, J.M.; Sharma, A.; Cheung, M.; Zimmerman, M.; Cheng, J.Q.; Bosenberg, M.W.; Kester, M.; Sandirasegarane, L.; Robertson, G.P. Deregulated AKT3 activity promotes development of malignant melanoma. Cancer Res. 2004, 64, 7002–7010. [Google Scholar] [CrossRef] [PubMed]

	23. 
Danen, E.H.; de Vries, T.J.; Morandini, R.; Ghanem, G.G.; Ruiter, D.J.; van Muijen, G.N. E-cadherin expression in human melanoma. Melanoma Res. 1996, 6, 127–131. [Google Scholar] [CrossRef] [PubMed]

	24. 
Hsu, M.Y.; Wheelock, M.J.; Johnson, K.R.; Herlyn, M. Shifts in cadherin profiles between human normal melanocytes and melanomas. J. Investig. Dermatol. Symp. Proc. 1996, 1, 188–194. [Google Scholar] [PubMed]

	25. 
Widlund, H.R.; Horstmann, M.A.; Price, E.R.; Cui, J.; Lessnick, S.L.; Wu, M.; He, X.; Fisher, D.E. Beta-catenin-induced melanoma growth requires the downstream target microphthalmia-associated transcription factor. J. Cell Biol. 2002, 158, 1079–1087. [Google Scholar] [CrossRef] [PubMed]

	26. 
Shtutman, M.; Zhurinsky, J.; Simcha, I.; Albanese, C.; D’Amico, M.; Pestell, R.; Ben-Ze’ev, A. The cyclin D1 gene is a target of the β-catenin/lef-1 pathway. Proc. Natl. Acad. Sci. USA 1999, 96, 5522–5527. [Google Scholar] [CrossRef] [PubMed]

	27. 
Bohm, M.; Moellmann, G.; Cheng, E.; Alvarez-Franco, M.; Wagner, S.; Sassone-Corsi, P.; Halaban, R. Identification of p90rsk as the probable creb-ser133 kinase in human melanocytes. Cell Growth Differ. 1995, 6, 291–302. [Google Scholar] [PubMed]

	28. 
Narita, N.; Tanemura, A.; Murali, R.; Scolyer, R.A.; Huang, S.; Arigami, T.; Yanagita, S.; Chong, K.K.; Thompson, J.F.; Morton, D.L.; et al. Functional ret G691s polymorphism in cutaneous malignant melanoma. Oncogene 2009, 28, 3058–3068. [Google Scholar] [CrossRef] [PubMed]

	29. 
Orgaz, J.L.; Sanz-Moreno, V. Emerging molecular targets in melanoma invasion and metastasis. Pigment Cell Melanoma Res. 2013, 26, 39–57. [Google Scholar] [CrossRef] [PubMed]

	30. 
Menzies, A.M.; Haydu, L.E.; Visintin, L.; Carlino, M.S.; Howle, J.R.; Thompson, J.F.; Kefford, R.F.; Scolyer, R.A.; Long, G.V. Distinguishing clinicopathologic features of patients with V600E and V600K BRAF-mutant metastatic melanoma. Clin. Cancer Res. 2012, 18, 3242–3249. [Google Scholar] [CrossRef] [PubMed]

	31. 
Liang, S.; Sharma, A.; Peng, H.H.; Robertson, G.; Dong, C. Targeting mutant (V600E) B-raf in melanoma interrupts immunoediting of leukocyte functions and melanoma extravasation. Cancer Res. 2007, 67, 5814–5820. [Google Scholar] [CrossRef] [PubMed]

	32. 
Long, G.V.; Menzies, A.M.; Nagrial, A.M.; Haydu, L.E.; Hamilton, A.L.; Mann, G.J.; Hughes, T.M.; Thompson, J.F.; Scolyer, R.A.; Kefford, R.F. Prognostic and clinicopathologic associations of oncogenic BRAF in metastatic melanoma. J. Clin. Oncol. 2011, 29, 1239–1246. [Google Scholar] [CrossRef] [PubMed]

	33. 
Evans, M.S.; Madhunapantula, S.V.; Robertson, G.P.; Drabick, J.J. Current and future trials of targeted therapies in cutaneous melanoma. Adv. Exp. Med. Biol. 2013, 779, 223–255. [Google Scholar] [PubMed]

	34. 
Davies, M.A. The role of the PI3K-AKT pathway in melanoma. Cancer J. 2012, 18, 142–147. [Google Scholar] [CrossRef] [PubMed]

	35. 
Hocker, T.; Tsao, H. Ultraviolet radiation and melanoma: A systematic review and analysis of reported sequence variants. Hum. Mutat. 2007, 28, 578–588. [Google Scholar] [CrossRef] [PubMed]

	36. 
Giehl, K. Oncogenic ras in tumour progression and metastasis. Biol. Chem. 2005, 386, 193–205. [Google Scholar] [CrossRef] [PubMed]

	37. 
Jiang, X.; Zhou, J.; Yuen, N.K.; Corless, C.L.; Heinrich, M.C.; Fletcher, J.A.; Demetri, G.D.; Widlund, H.R.; Fisher, D.E.; Hodi, F.S. Imatinib targeting of kit-mutant oncoprotein in melanoma. Clin. Cancer Res. 2008, 14, 7726–7732. [Google Scholar] [CrossRef] [PubMed]

	38. 
Kyrgidis, A.; Tzellos, T.G.; Triaridis, S. Melanoma: Stem cells, sun exposure and hallmarks for carcinogenesis, molecular concepts and future clinical implications. J. Carcinog. 2010, 9, 3. [Google Scholar] [CrossRef] [PubMed]

	39. 
Dai, D.L.; Martinka, M.; Li, G. Prognostic significance of activated akt expression in melanoma: A clinicopathologic study of 292 cases. J. Clin. Oncol. 2005, 23, 1473–1482. [Google Scholar] [CrossRef] [PubMed]

	40. 
Paraiso, K.H.; Xiang, Y.; Rebecca, V.W.; Abel, E.V.; Chen, Y.A.; Munko, A.C.; Wood, E.; Fedorenko, I.V.; Sondak, V.K.; Anderson, A.R.; et al. PTEN loss confers BRAF inhibitor resistance to melanoma cells through the suppression of bim expression. Cancer Res. 2011, 71, 2750–2760. [Google Scholar] [CrossRef] [PubMed]

	41. 
Davies, M.A.; Stemke-Hale, K.; Lin, E.; Tellez, C.; Deng, W.; Gopal, Y.N.; Woodman, S.E.; Calderone, T.C.; Ju, Z.; Lazar, A.J.; et al. Integrated molecular and clinical analysis of AKT activation in metastatic melanoma. Clin. Cancer Res. 2009, 15, 7538–7546. [Google Scholar] [CrossRef] [PubMed]

	42. 
Goel, V.K.; Lazar, A.J.; Warneke, C.L.; Redston, M.S.; Haluska, F.G. Examination of mutations in BRAF, NRAS, and PTEN in primary cutaneous melanoma. J. Investig. Dermatol. 2006, 126, 154–160. [Google Scholar] [CrossRef] [PubMed]

	43. 
Dankort, D.; Curley, D.P.; Cartlidge, R.A.; Nelson, B.; Karnezis, A.N.; Damsky, W.E., Jr.; You, M.J.; DePinho, R.A.; McMahon, M.; Bosenberg, M. BRAF(V600E) cooperates with PTEN loss to induce metastatic melanoma. Nat. Genet. 2009, 41, 544–552. [Google Scholar] [CrossRef] [PubMed]

	44. 
Clevers, H. WNT/β-catenin signaling in development and disease. Cell 2006, 127, 469–480. [Google Scholar] [CrossRef] [PubMed]

	45. 
Klaus, A.; Birchmeier, W. Wnt signalling and its impact on development and cancer. Nat. Rev. Cancer 2008, 8, 387–398. [Google Scholar] [CrossRef] [PubMed]

	46. 
O’Connell, M.P.; Weeraratna, A.T. Hear the WNT ROR: How melanoma cells adjust to changes in wnt. Pigment Cell Melanoma Res. 2009, 22, 724–739. [Google Scholar] [CrossRef] [PubMed]

	47. 
Shimizu, H.; Julius, M.A.; Giarre, M.; Zheng, Z.; Brown, A.M.; Kitajewski, J. Transformation by wnt family proteins correlates with regulation of beta-catenin. Cell Growth Differ. Mol. Biol. J. Am. Assoc. Cancer Res. 1997, 8, 1349–1358. [Google Scholar]

	48. 
Webster, M.R.; Weeraratna, A.T. A WNT-ER migration: The confusing role of beta-catenin in melanoma metastasis. Sci. Signal. 2013, 6, pe11. [Google Scholar] [CrossRef] [PubMed]

	49. 
Rimm, D.L.; Caca, K.; Hu, G.; Harrison, F.B.; Fearon, E.R. Frequent nuclear/cytoplasmic localization of β-catenin without exon 3 mutations in malignant melanoma. Am. J. Pathol. 1999, 154, 325–329. [Google Scholar] [CrossRef]

	50. 
Delmas, V.; Beermann, F.; Martinozzi, S.; Carreira, S.; Ackermann, J.; Kumasaka, M.; Denat, L.; Goodall, J.; Luciani, F.; Viros, A.; et al. β-catenin induces immortalization of melanocytes by suppressing p16INK4A expression and cooperates with NRAS in melanoma development. Genes Dev. 2007, 21, 2923–2935. [Google Scholar] [CrossRef] [PubMed]

	51. 
Bachmann, I.M.; Straume, O.; Puntervoll, H.E.; Kalvenes, M.B.; Akslen, L.A. Importance of p-cadherin, β-catenin, and WNT5A/frizzled for progression of melanocytic tumors and prognosis in cutaneous melanoma. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2005, 11, 8606–8614. [Google Scholar] [CrossRef] [PubMed]

	52. 
Kageshita, T.; Hamby, C.V.; Ishihara, T.; Matsumoto, K.; Saida, T.; Ono, T. Loss of β-catenin expression associated with disease progression in malignant melanoma. Br. J. Dermatol. 2001, 145, 210–216. [Google Scholar] [CrossRef] [PubMed]

	53. 
Chien, A.J.; Moore, E.C.; Lonsdorf, A.S.; Kulikauskas, R.M.; Rothberg, B.G.; Berger, A.J.; Major, M.B.; Hwang, S.T.; Rimm, D.L.; Moon, R.T. Activated wnt/beta-catenin signaling in melanoma is associated with decreased proliferation in patient tumors and a murine melanoma model. Proc. Natl. Acad. Sci. USA 2009, 106, 1193–1198. [Google Scholar] [CrossRef] [PubMed]

	54. 
Murakami, T.; Toda, S.; Fujimoto, M.; Ohtsuki, M.; Byers, H.R.; Etoh, T.; Nakagawa, H. Constitutive activation of wnt/beta-catenin signaling pathway in migration-active melanoma cells: Role of lef-1 in melanoma with increased metastatic potential. Biochem. Biophys. Res. Commun. 2001, 288, 8–15. [Google Scholar] [CrossRef] [PubMed]

	55. 
Zuidervaart, W.; Pavey, S.; van Nieuwpoort, F.A.; Packer, L.; Out, C.; Maat, W.; Jager, M.J.; Gruis, N.A.; Hayward, N.K. Expression of wnt5a and its downstream effector β-catenin in uveal melanoma. Melanoma Res. 2007, 17, 380–386. [Google Scholar] [CrossRef] [PubMed]

	56. 
Steingrimsson, E.; Copeland, N.G.; Jenkins, N.A. Melanocytes and the microphthalmia transcription factor network. Annu. Rev. Genet. 2004, 38, 365–411. [Google Scholar] [CrossRef] [PubMed]

	57. 
Du, J.; Widlund, H.R.; Horstmann, M.A.; Ramaswamy, S.; Ross, K.; Huber, W.E.; Nishimura, E.K.; Golub, T.R.; Fisher, D.E. Critical role of CDK2 for melanoma growth linked to its melanocyte-specific transcriptional regulation by mitf. Cancer Cell 2004, 6, 565–576. [Google Scholar] [CrossRef] [PubMed]

	58. 
Hoek, K.S.; Schlegel, N.C.; Brafford, P.; Sucker, A.; Ugurel, S.; Kumar, R.; Weber, B.L.; Nathanson, K.L.; Phillips, D.J.; Herlyn, M.; et al. Metastatic potential of melanomas defined by specific gene expression profiles with no BRAF signature. Pigment Cell Res. 2006, 19, 290–302. [Google Scholar] [CrossRef] [PubMed]

	59. 
Carreira, S.; Goodall, J.; Denat, L.; Rodriguez, M.; Nuciforo, P.; Hoek, K.S.; Testori, A.; Larue, L.; Goding, C.R. MITF regulation of DIA1 controls melanoma proliferation and invasiveness. Genes Dev. 2006, 20, 3426–3439. [Google Scholar] [CrossRef] [PubMed]

	60. 
Bell, R.E.; Levy, C. The three m’s: Melanoma, microphthalmia-associated transcription factor and microrna. Pigment Cell Melanoma Res. 2011, 24, 1088–1106. [Google Scholar] [CrossRef] [PubMed]

	61. 
Wellbrock, C.; Rana, S.; Paterson, H.; Pickersgill, H.; Brummelkamp, T.; Marais, R. Oncogenic BRAF regulates melanoma proliferation through the lineage specific factor mitf. PLoS ONE 2008, 3, e2734. [Google Scholar] [CrossRef] [PubMed]

	62. 
Du, S.J.; Purcell, S.M.; Christian, J.L.; McGrew, L.L.; Moon, R.T. Identification of distinct classes and functional domains of wnts through expression of wild-type and chimeric proteins in xenopus embryos. Mol. Cell. Biol. 1995, 15, 2625–2634. [Google Scholar] [PubMed]

	63. 
Seifert, J.R.; Mlodzik, M. Frizzled/pcp signalling: A conserved mechanism regulating cell polarity and directed motility. Nat. Rev. Genet. 2007, 8, 126–138. [Google Scholar] [CrossRef] [PubMed]

	64. 
Yamaguchi, T.P.; Bradley, A.; McMahon, A.P.; Jones, S. A wnt5a pathway underlies outgrowth of multiple structures in the vertebrate embryo. Development 1999, 126, 1211–1223. [Google Scholar] [PubMed]

	65. 
Weeraratna, A.T.; Jiang, Y.; Hostetter, G.; Rosenblatt, K.; Duray, P.; Bittner, M.; Trent, J.M. WNT5A signaling directly affects cell motility and invasion of metastatic melanoma. Cancer Cell 2002, 1, 279–288. [Google Scholar] [CrossRef]

	66. 
Iozzo, R.V.; Eichstetter, I.; Danielson, K.G. Aberrant expression of the growth factor WNT5A in human malignancy. Cancer Res. 1995, 55, 3495–3499. [Google Scholar] [PubMed]

	67. 
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. [Google Scholar] [CrossRef] [PubMed]

	68. 
Da Forno, P.D.; Pringle, J.H.; Hutchinson, P.; Osborn, J.; Huang, Q.; Potter, L.; Hancox, R.A.; Fletcher, A.; Saldanha, G.S. WNT5A expression increases during melanoma progression and correlates with outcome. Clin. Cancer Res. 2008, 14, 5825–5832. [Google Scholar] [CrossRef] [PubMed]

	69. 
Pham, K.; Milovanovic, T.; Barr, R.J.; Truong, T.; Holcombe, R.F. Wnt ligand expression in malignant melanoma: Pilot study indicating correlation with histopathological features. Mol. Pathol. 2003, 56, 280–285. [Google Scholar] [CrossRef] [PubMed]

	70. 
Talantov, D.; Mazumder, A.; Yu, J.X.; Briggs, T.; Jiang, Y.; Backus, J.; Atkins, D.; Wang, Y. Novel genes associated with malignant melanoma but not benign melanocytic lesions. Clin. Cancer Res. 2005, 11, 7234–7242. [Google Scholar] [CrossRef] [PubMed]

	71. 
Dissanayake, S.K.; Wade, M.; Johnson, C.E.; O’Connell, M.P.; Leotlela, P.D.; French, A.D.; Shah, K.V.; Hewitt, K.J.; Rosenthal, D.T.; Indig, F.E.; et al. The WNT5A/protein kinase C pathway mediates motility in melanoma cells via the inhibition of metastasis suppressors and initiation of an epithelial to mesenchymal transition. J. Biol. Chem. 2007, 282, 17259–17271. [Google Scholar] [CrossRef] [PubMed]

	72. 
O’Connell, M.P.; Fiori, J.L.; Xu, M.; Carter, A.D.; Frank, B.P.; Camilli, T.C.; French, A.D.; Dissanayake, S.K.; Indig, F.E.; Bernier, M.; et al. The orphan tyrosine kinase receptor, ROR2, mediates WNT5A signaling in metastatic melanoma. Oncogene 2010, 29, 34–44. [Google Scholar] [CrossRef] [PubMed]

	73. 
Grossmann, A.H.; Yoo, J.H.; Clancy, J.; Sorensen, L.K.; Sedgwick, A.; Tong, Z.; Ostanin, K.; Rogers, A.; Grossmann, K.F.; Tripp, S.R.; et al. The small gtpase ARF6 stimulates β-catenin transcriptional activity during wnt5a-mediated melanoma invasion and metastasis. Sci. Signal. 2013, 6, ra14. [Google Scholar] [CrossRef] [PubMed]

	74. 
Eichhoff, O.M.; Zipser, M.C.; Xu, M.; Weeraratna, A.T.; Mihic, D.; Dummer, R.; Hoek, K.S. The immunohistochemistry of invasive and proliferative phenotype switching in melanoma: A case report. Melanoma Res. 2010, 20, 349–355. [Google Scholar] [CrossRef] [PubMed]

	75. 
Eichhoff, O.M.; Weeraratna, A.; Zipser, M.C.; Denat, L.; Widmer, D.S.; Xu, M.; Kriegl, L.; Kirchner, T.; Larue, L.; Dummer, R.; et al. Differential lef1 and tcf4 expression is involved in melanoma cell phenotype switching. Pigment Cell Melanoma Res. 2011, 24, 631–642. [Google Scholar] [CrossRef] [PubMed]

	76. 
Jenei, V.; Sherwood, V.; Howlin, J.; Linnskog, R.; Safholm, A.; Axelsson, L.; Andersson, T. A T-butyloxycarbonyl-modified WNT5A-derived hexapeptide functions as a potent antagonist of wnt5a-dependent melanoma cell invasion. Proc. Natl. Acad. Sci. USA 2009, 106, 19473–19478. [Google Scholar] [CrossRef] [PubMed]

	77. 
Sherwood, V.; Chaurasiya, S.K.; Ekstrom, E.J.; Guilmain, W.; Liu, Q.; Koeck, T.; Brown, K.; Hansson, K.; Agnarsdottir, M.; Bergqvist, M.; et al. WNT5A-mediated beta-catenin-independent signalling is a novel regulator of cancer cell metabolism. Carcinogenesis 2014, 35, 784–794. [Google Scholar] [CrossRef] [PubMed]

	78. 
Linnskog, R.; Jonsson, G.; Axelsson, L.; Prasad, C.P.; Andersson, T. Interleukin-6 drives melanoma cell motility through p38α-MAPK-dependent up-regulation of WNT5A expression. Mol. Oncol. 2014, 8, 1365–1378. [Google Scholar] [CrossRef] [PubMed]

	79. 
Gray-Schopfer, V.C.; Karasarides, M.; Hayward, R.; Marais, R. Tumor necrosis factor-α blocks apoptosis in melanoma cells when BRAF signaling is inhibited. Cancer Res. 2007, 67, 122–129. [Google Scholar] [CrossRef] [PubMed]

	80. 
Chapman, P.B.; Hauschild, A.; Robert, C.; Haanen, J.B.; Ascierto, P.; Larkin, J.; Dummer, R.; Garbe, C.; Testori, A.; Maio, M.; et al. Improved survival with vemurafenib in melanoma with BRAF V600E mutation. N. Engl. J. Med. 2011, 364, 2507–2516. [Google Scholar] [CrossRef] [PubMed]

	81. 
Hauschild, A.; Grob, J.J.; Demidov, L.V.; Jouary, T.; Gutzmer, R.; Millward, M.; Rutkowski, P.; Blank, C.U.; Miller, W.H., Jr.; Kaempgen, E.; et al. Dabrafenib in braf-mutated metastatic melanoma: A multicentre, open-label, phase 3 randomised controlled trial. Lancet 2012, 380, 358–365. [Google Scholar] [CrossRef]

	82. 
Flaherty, K.T.; Robert, C.; Hersey, P.; Nathan, P.; Garbe, C.; Milhem, M.; Demidov, L.V.; Hassel, J.C.; Rutkowski, P.; Mohr, P.; et al. Improved survival with mek inhibition in BRAF-mutated melanoma. N. Engl. J. Med. 2012, 367, 107–114. [Google Scholar] [CrossRef] [PubMed]

	83. 
Halait, H.; Demartin, K.; Shah, S.; Soviero, S.; Langland, R.; Cheng, S.; Hillman, G.; Wu, L.; Lawrence, H.J. Analytical performance of a real-time pcr-based assay for V600 mutations in the BRAF gene, used as the companion diagnostic test for the novel BRAF inhibitor vemurafenib in metastatic melanoma. Diagn. Mol. Pathol. 2012, 21, 1–8. [Google Scholar] [CrossRef] [PubMed]

	84. 
Sosman, J.A.; Kim, K.B.; Schuchter, L.; Gonzalez, R.; Pavlick, A.C.; Weber, J.S.; McArthur, G.A.; Hutson, T.E.; Moschos, S.J.; Flaherty, K.T.; et al. Survival in BRAF V600-mutant advanced melanoma treated with vemurafenib. N. Engl. J. Med. 2012, 366, 707–714. [Google Scholar] [CrossRef] [PubMed]

	85. 
Solit, D.B.; Rosen, N. Towards a unified model of raf inhibitor resistance. Cancer Discov. 2014, 4, 27–30. [Google Scholar] [CrossRef] [PubMed]

	86. 
Flaherty, K.T.; Puzanov, I.; Kim, K.B.; Ribas, A.; McArthur, G.A.; Sosman, J.A.; O’Dwyer, P.J.; Lee, R.J.; Grippo, J.F.; Nolop, K.; et al. Inhibition of mutated, activated BRAF in metastatic melanoma. N. Engl. J. Med. 2010, 363, 809–819. [Google Scholar] [CrossRef] [PubMed]

	87. 
Robert, C.; Karaszewska, B.; Schachter, J.; Rutkowski, P.; Mackiewicz, A.; Stroiakovski, D.; Lichinitser, M.; Dummer, R.; Grange, F.; Mortier, L.; et al. Improved overall survival in melanoma with combined dabrafenib and trametinib. N. Engl. J. Med. 2015, 372, 30–39. [Google Scholar] [CrossRef] [PubMed]

	88. 
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. [Google Scholar] [CrossRef] [PubMed]

	89. 
Carlino, M.S.; Todd, J.R.; Gowrishankar, K.; Mijatov, B.; Pupo, G.M.; Fung, C.; Snoyman, S.; Hersey, P.; Long, G.V.; Kefford, R.F.; et al. Differential activity of mek and erk inhibitors in BRAF inhibitor resistant melanoma. Mol. Oncol. 2014, 8, 544–554. [Google Scholar] [CrossRef] [PubMed]

	90. 
Villanueva, J.; Vultur, A.; Lee, J.T.; Somasundaram, R.; Fukunaga-Kalabis, M.; Cipolla, A.K.; Wubbenhorst, B.; Xu, X.; Gimotty, P.A.; Kee, D.; et al. Acquired resistance to BRAF inhibitors mediated by a raf kinase switch in melanoma can be overcome by cotargeting mek and igf-1r/pi3k. Cancer Cell 2010, 18, 683–695. [Google Scholar] [CrossRef] [PubMed]

	91. 
Nazarian, R.; Shi, H.; Wang, Q.; Kong, X.; Koya, R.C.; Lee, H.; Chen, Z.; Lee, M.K.; Attar, N.; Sazegar, H.; et al. Melanomas acquire resistance to B-RAF(V600E) inhibition by RTK or NRAS upregulation. Nature 2010, 468, 973–977. [Google Scholar] [CrossRef] [PubMed]

	92. 
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. [Google Scholar] [CrossRef] [PubMed]

	93. 
Marsh Durban, V.; Deuker, M.M.; Bosenberg, M.W.; Phillips, W.; McMahon, M. Differential AKT dependency displayed by mouse models of BRAFV600E-initiated melanoma. J. Clin. Investig. 2013, 123, 5104–5118. [Google Scholar] [CrossRef] [PubMed]

	94. 
Deuker, M.M.; Marsh Durban, V.; Phillips, W.A.; McMahon, M. Π3′-kinase inhibition forestalls the onset of mek1/2 inhibitor resistance in BRAF-mutated melanoma. Cancer Discov. 2015, 5, 143–153. [Google Scholar] [CrossRef] [PubMed]

	95. 
Lassen, A.; Atefi, M.; Robert, L.; Wong, D.J.; Cerniglia, M.; Comin-Anduix, B.; Ribas, A. Effects of AKT inhibitor therapy in response and resistance to BRAF inhibition in melanoma. Mol. Cancer 2014, 13, 83. [Google Scholar] [CrossRef] [PubMed]

	96. 
Prahallad, A.; Sun, C.; Huang, S.; di Nicolantonio, F.; Salazar, R.; Zecchin, D.; Beijersbergen, R.L.; Bardelli, A.; Bernards, R. Unresponsiveness of colon cancer to BRAF(V600E) inhibition through feedback activation of EGFR. Nature 2012, 483, 100–103. [Google Scholar] [CrossRef] [PubMed]

	97. 
Girotti, M.R.; Pedersen, M.; Sanchez-Laorden, B.; Viros, A.; Turajlic, S.; Niculescu-Duvaz, D.; Zambon, A.; Sinclair, J.; Hayes, A.; Gore, M.; et al. Inhibiting EGF receptor or src family kinase signaling overcomes BRAF inhibitor resistance in melanoma. Cancer Discov. 2013, 3, 158–167. [Google Scholar] [CrossRef] [PubMed]

	98. 
Ji, Z.; Erin Chen, Y.; Kumar, R.; Taylor, M.; Jenny Njauw, C.N.; Miao, B.; Frederick, D.T.; Wargo, J.A.; Flaherty, K.T.; Jonsson, G.; et al. Mitf modulates therapeutic resistance through EGFR signaling. J. Investig. Dermatol. 2015, 123, 1863–1872. [Google Scholar] [CrossRef] [PubMed]

	99. 
Tap, W.D.; Gong, K.W.; Dering, J.; Tseng, Y.; Ginther, C.; Pauletti, G.; Glaspy, J.A.; Essner, R.; Bollag, G.; Hirth, P.; et al. Pharmacodynamic characterization of the efficacy signals due to selective BRAF inhibition with plx4032 in malignant melanoma. Neoplasia 2010, 12, 637–649. [Google Scholar] [CrossRef] [PubMed]

	100. 
O’Connell, M.P.; Marchbank, K.; Webster, M.R.; Valiga, A.A.; Kaur, A.; Vultur, A.; Li, L.; Herlyn, M.; Villanueva, J.; Liu, Q.; et al. Hypoxia induces phenotypic plasticity and therapy resistance in melanoma via the tyrosine kinase receptors ror1 and ror2. Cancer Discov. 2013, 3, 1378–1393. [Google Scholar] [CrossRef] [PubMed]

	101. 
Anastas, J.N.; Kulikauskas, R.M.; Tamir, T.; Rizos, H.; Long, G.V.; von Euw, E.M.; Yang, P.T.; Chen, H.W.; Haydu, L.; Toroni, R.A.; et al. Wnt5a enhances resistance of melanoma cells to targeted BRAF inhibitors. J. Clin. Investig. 2014, 124, 2877–2890. [Google Scholar] [CrossRef] [PubMed]

	102. 
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. [Google Scholar] [CrossRef] [PubMed]

	103. 
Gurney, A.; Axelrod, F.; Bond, C.J.; Cain, J.; Chartier, C.; Donigan, L.; Fischer, M.; Chaudhari, A.; Ji, M.; Kapoun, A.M.; et al. Wnt pathway inhibition via the targeting of frizzled receptors results in decreased growth and tumorigenicity of human tumors. Proc. Natl. Acad. Sci. USA 2012, 109, 11717–11722. [Google Scholar] [CrossRef] [PubMed]

	104. 
Nambotin, S.B.; Lefrancois, L.; Sainsily, X.; Berthillon, P.; Kim, M.; Wands, J.R.; Chevallier, M.; Jalinot, P.; Scoazec, J.Y.; Trepo, C.; et al. Pharmacological inhibition of frizzled-7 displays anti-tumor properties in hepatocellular carcinoma. J. Hepatol. 2011, 54, 288–299. [Google Scholar] [CrossRef] [PubMed]

	105. 
Wei, W.; Chua, M.S.; Grepper, S.; So, S.K. Soluble frizzled-7 receptor inhibits WNT signaling and sensitizes hepatocellular carcinoma cells towards doxorubicin. Mol. Cancer 2011, 10, 16. [Google Scholar] [CrossRef] [PubMed]

	106. 
Fujii, N.; You, L.; Xu, Z.; Uematsu, K.; Shan, J.; He, B.; Mikami, I.; Edmondson, L.R.; Neale, G.; Zheng, J.; et al. An antagonist of dishevelled protein-protein interaction suppresses β-catenin-dependent tumor cell growth. Cancer Res. 2007, 67, 573–579. [Google Scholar] [CrossRef] [PubMed]

	107. 
Biechele, T.L.; Kulikauskas, R.M.; Toroni, R.A.; Lucero, O.M.; Swift, R.D.; James, R.G.; Robin, N.C.; Dawson, D.W.; Moon, R.T.; Chien, A.J. WNT/β-catenin signaling and axin1 regulate apoptosis triggered by inhibition of the mutant kinase BRAFV600E in human melanoma. Sci. Signal. 2012, 5, ra3. [Google Scholar] [CrossRef] [PubMed]

	108. 
Webster, M.R.; Xu, M.; Kinzler, K.A.; Kaur, A.; Appleton, J.; O’Connell, M.P.; Marchbank, K.; Valiga, A.; Dang, V.M.; Perego, M.; et al. WNT5A promotes an adaptive, senescent-like stress response, while continuing to drive invasion in melanoma cells. Pigment Cell Melanoma Res. 2015, 28, 184–195. [Google Scholar] [CrossRef] [PubMed]

	109. 
Dissanayake, S.K.; Olkhanud, P.B.; O’Connell, M.P.; Carter, A.; French, A.D.; Camilli, T.C.; Emeche, C.D.; Hewitt, K.J.; Rosenthal, D.T.; Leotlela, P.D.; et al. WNT5A regulates expression of tumor-associated antigens in melanoma via changes in signal transducers and activators of transcription 3 phosphorylation. Cancer Res. 2008, 68, 10205–10214. [Google Scholar] [CrossRef] [PubMed]

	110. 
Von Felbert, V.; Cordoba, F.; Weissenberger, J.; Vallan, C.; Kato, M.; Nakashima, I.; Braathen, L.R.; Weis, J. Interleukin-6 gene ablation in a transgenic mouse model of malignant skin melanoma. Am. J. Pathol. 2005, 166, 831–841. [Google Scholar] [CrossRef]

	111. 
Hoejberg, L.; Bastholt, L.; Johansen, J.S.; Christensen, I.J.; Gehl, J.; Schmidt, H. Serum interleukin-6 as a prognostic biomarker in patients with metastatic melanoma. Melanoma Res. 2012, 22, 287–293. [Google Scholar] [CrossRef] [PubMed]

	112. 
Sos, M.L.; Levin, R.S.; Gordan, J.D.; Oses-Prieto, J.A.; Webber, J.T.; Salt, M.; Hann, B.; Burlingame, A.L.; McCormick, F.; Bandyopadhyay, S.; et al. Oncogene mimicry as a mechanism of primary resistance to BRAF inhibitors. Cell Rep. 2014, 8, 1037–1048. [Google Scholar] [CrossRef] [PubMed]

	113. 
Bid, H.K.; Kibler, A.; Phelps, D.A.; Manap, S.; Xiao, L.; Lin, J.; Capper, D.; Oswald, D.; Geier, B.; DeWire, M.; et al. Development, characterization, and reversal of acquired resistance to the mek1 inhibitor selumetinib (AZD6244) in an in vivo model of childhood astrocytoma. Clin. Cancer Res. 2013, 19, 6716–6729. [Google Scholar] [CrossRef] [PubMed]

	114. 
Poulikakos, P.I.; Persaud, Y.; Janakiraman, M.; Kong, X.; Ng, C.; Moriceau, G.; Shi, H.; Atefi, M.; Titz, B.; Gabay, M.T.; et al. Raf inhibitor resistance is mediated by dimerization of aberrantly spliced BRAF(V600E). Nature 2011, 480, 387–390. [Google Scholar] [CrossRef] [PubMed]

	115. 
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. [Google Scholar] [CrossRef] [PubMed]

	116. 
Rizos, H.; Menzies, A.M.; Pupo, G.M.; Carlino, M.S.; Fung, C.; Hyman, J.; Haydu, L.E.; Mijatov, B.; Becker, T.M.; Boyd, S.C.; et al. BRAF inhibitor resistance mechanisms in metastatic melanoma: Spectrum and clinical impact. Clin. Cancer Res. 2014, 20, 1965–1977. [Google Scholar] [CrossRef] [PubMed]

	117. 
Van Allen, E.M.; Wagle, N.; Sucker, A.; Treacy, D.J.; Johannessen, C.M.; Goetz, E.M.; 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. [Google Scholar] [CrossRef] [PubMed]

	118. 
Emery, C.M.; Vijayendran, K.G.; Zipser, M.C.; Sawyer, A.M.; Niu, L.; Kim, J.J.; Hatton, C.; Chopra, R.; Oberholzer, P.A.; Karpova, M.B.; et al. Mek1 mutations confer resistance to mek and b-raf inhibition. Proc. Natl. Acad. Sci. USA 2009, 106, 20411–20416. [Google Scholar] [CrossRef] [PubMed]

	119. 
Wagle, N.; Emery, C.; Berger, M.F.; Davis, M.J.; Sawyer, A.; Pochanard, P.; Kehoe, S.M.; Johannessen, C.M.; Macconaill, L.E.; Hahn, W.C.; et al. Dissecting therapeutic resistance to raf inhibition in melanoma by tumor genomic profiling. J. Clin. Oncol. 2011, 29, 3085–3096. [Google Scholar] [CrossRef] [PubMed]

	120. 
Shi, H.; Moriceau, G.; Kong, X.; Koya, R.C.; Nazarian, R.; Pupo, G.M.; Bacchiocchi, A.; Dahlman, K.B.; Chmielowski, B.; Sosman, J.A.; et al. Preexisting mek1 exon 3 mutations in V600E/KBRAF melanomas do not confer resistance to BRAF inhibitors. Cancer Discov. 2012, 2, 414–424. [Google Scholar] [CrossRef] [PubMed]

	121. 
Trunzer, K.; Pavlick, A.C.; Schuchter, L.; Gonzalez, R.; McArthur, G.A.; Hutson, T.E.; Moschos, S.J.; Flaherty, K.T.; Kim, K.B.; Weber, J.S.; et al. Pharmacodynamic effects and mechanisms of resistance to vemurafenib in patients with metastatic melanoma. J. Clin. Oncol. 2013, 31, 1767–1774. [Google Scholar] [CrossRef] [PubMed]

	122. 
Wagle, N.; Van Allen, E.M.; Treacy, D.J.; Frederick, D.T.; Cooper, Z.A.; Taylor-Weiner, A.; Rosenberg, M.; Goetz, E.M.; Sullivan, R.J.; Farlow, D.N.; et al. Map kinase pathway alterations in BRAF-mutant melanoma patients with acquired resistance to combined RAF/MEK inhibition. Cancer Discov. 2014, 4, 61–68. [Google Scholar] [CrossRef] [PubMed]

	123. 
Xing, F.; Persaud, Y.; Pratilas, C.A.; Taylor, B.S.; Janakiraman, M.; She, Q.B.; Gallardo, H.; Liu, C.; Merghoub, T.; Hefter, B.; et al. Concurrent loss of the PTEN and RB1 tumor suppressors attenuates raf dependence in melanomas harboring (V600E)BRAF. Oncogene 2012, 31, 446–457. [Google Scholar] [CrossRef] [PubMed]

	124. 
Sun, C.; Wang, L.; Huang, S.; Heynen, G.J.; Prahallad, A.; Robert, C.; Haanen, J.; Blank, C.; Wesseling, J.; Willems, S.M.; et al. Reversible and adaptive resistance to BRAF (V600E) inhibition in melanoma. Nature 2014, 508, 118–122. [Google Scholar] [CrossRef] [PubMed]





© 2015 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 license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  cancers-07-00868


  
    		
      cancers-07-00868
    


  




  





media/file0.png
A general overview of melanoma progression.

}(— Epidermis

Melanocytes






media/file1.png
B

BRAFi-resistant melanoma






media/file2.png





