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Abstract
Neurofibromatosis 1 (NF1) occurs in 1:2000 births. The main diagnostic signs are visible on the skin and this opens several interesting aspects for dermatological point of view. The NF1 syndrome is caused by mutations in the NF1 gene which encodes the tumor suppressor protein neurofibromin. Neurofibromin functions as a Ras-GTPase activating protein (RasGAP), and NF1 mutations lead to over-activation of the Ras signaling pathway. The NF1 gene and neurofibromin have intriguing functions in keratinocytes and melanocytes. Neurofibromin regulates melanin synthesis and keratinocyte differentiation in a currently unknown manner. The NF1 gene has also an important but poorly understood role in tumorigenesis and cancer. Compared to the general population, NF1 patients have a fivefold risk for cancer and a more than 2000-fold risk for neurogenic malignancies. Mutations of the NF1 gene are common in numerous cancer types in patients without NF1, and this suggests a more general role for the NF1 gene in oncogenesis. In melanoma, NF1 mutations seem to drive tumorigenesis and contribute to drug resistance. In this article we review the literature on neurofibromin with special attention to keratinocytes, melanocytes, NF1 related tumors, and melanoma

Neurofibromatosis type 1 is a multi-organ syndrome often diagnosed by dermatologists
Neurofibromatosis type 1, NF1 (MIM #162200), formerly known as von Recklinghausen’s disease, is a common monogenic genodermatosis with an incidence of 1:2000, as recently shown in Finland (1). NF1 is caused by mutations in a Ras pathway gene and is thus by definition a RASopathy.  It is characterized by neural, cutaneous, and skeletal abnormalities, but has a highly variable phenotype and causes complications in several organ systems. The hallmarks of NF1 are visible on the skin: cutaneous neurofibromas, café au lait pigment spots and freckles of skinfolds (2). Larger tumors, so called plexiform neurofibromas, are present in more than half of the patients (3).  The central nervous system may also be affected:  Symptoms of attention deficit-hyperactivity disorder, mild cognitive impairment, delay in motoric development, reduced social function including features of autism spectrum disorders, and various problems in speech are common (4,5). More than half of the patients have learning disabilities (6).  Among the skeletal defects associated with NF1 are osteoporosis, pseudarthrosis of the long bones, and dystrophic scoliosis (7). NF1 is the most common monogenic syndrome known to predispose to cancer, and the patients carry a high risk of malignancies (8-10) and early death (1). 
Treatment of patients with NF1 is multi-disciplinary teamwork. In adult patients, however, cutaneous neurofibromas are the primary factor affecting quality of life (11). Thus, a dermatologist can be of substantial help for patients by removing at least the most disturbing tumors.

NF1 encodes the tumor suppressor protein neurofibromin
The NF1 gene is located on chromosome 17, band q11.2 (12). The gene is complex and large: it spans over more than 280 kb of genomic DNA, contains 57 constitutive exons, and has at least three alternatively spliced exons (12,13) (Figure 1). The gene encodes neurofibromin, a 320 kDa, 2818 aa protein (14,15) (Figure 1). Neurofibromin is ubiquitously expressed but its protein levels vary in different tissues by the developmental and differentiation stage of the organism (16,17). Neurofibromin regulates cell survival, proliferation, and differentiation through proteins such as Ras and adenylate cyclase (Figure 2). Neurofibromin is a GTPase activating protein (GAP) and functions as a negative regulator of the Ras pathway activity (18,19). The GAP-related domain (GRD) of neurofibromin has been extensively characterized and represents only about 10 % of the neurofibromin protein sequence. However, the structure and function of neurofibromin are still not very well known and data on the subject are partly based on single reports. It is thus tempting to speculate that the regulation of the Ras pathway is not the only function of neurofibromin. Several interactions of neurofibromin are shown in Figure 1. The expression and function of neurofibromin are regulated at various levels, including transcriptional control, RNA processing, mRNA transport, protein targeting, and protein degradation, as reviewed in (20).  

Normal keratinocytes and NF1 expression 
Neurofibromin is expressed in developing human and rodent epidermis (21-24) and in cultured keratinocytes (25-30). Although keratinocytes provide a good differentiation model for studying neurofibromin, e.g., during the formation of intercellular junctions, this model has not been widely used, probably because NF1 patients do not exhibit apparent epidermal dysfunctions despite their haploinsufficiency. In human, neurofibromin appears first in the transient developmental structure of the periderm (22). Later on, neurofibromin is present in the basal layer of developing epidermis as of 8–14 weeks of estimated gestational age when neurofibromin co-localizes with cytokeratin filaments (22). Neurofibromin is also expressed in the basal layer of the adult human epidermis (23).
Keratinocytes maintain their non-differentiating state and express neurofibromin when cultured in media with a low calcium concentration (25). Induction of keratinocyte differentiation by raising the extracellular calcium level causes marked changes both at the NF1 mRNA and at the protein levels: NF1 mRNA is targeted to the cell-cell junction zone (26) and neurofibromin co-localizes with cytokeratin 14 simultaneously with the formation of desmosomes (25). Aberrations of keratinocyte differentiation in psoriasis are associated with changes in neurofibromin expression both in vivo and in vitro (27,28). NF1 also displays variable expression profiles in basal and squamous cell carcinoma (23). 
NF1 mutations have an effect on the calcium signaling of keratinocytes (29,30). Keratinocytes coordinate their activities by transmitting waves of elevated intracellular calcium levels from cell to cell. The speed of the calcium wave is reduced in cultured keratinocytes obtained from patients with NF1 compared to keratinocytes from healthy donors (29). In addition, NF1 keratinocytes exhibit several other abnormalities in their calcium-related signaling, e.g., in resting Ca2+ levels, intracellular Ca2+ stores, capacitative calcium influx, and gap-junctional signal transduction (30). These findings may be relevant in cell types primarily affected in NF1 syndrome.

NF1 gene and tumorigenesis 

Although constitutional mutations of the NF1 gene are related to a high risk for malignancies, the cutaneous neurofibromas, so typical of NF1, invariably retain their benign phenotype. Cutaneous neurofibromas are composed of multiple cell types, including Schwann cells, fibroblasts, perineurial cells, and mast cells (31). The tumors contain a subpopulation of Schwann cells which harbor a second hit in the NF1 gene (32). Each cutaneous neurofibroma has its own unique second hit mutation, and only one second hit mutation is found in each tumor, indicating that the Schwann cell population is clonal. Cutaneous neurofibromas are traditionally believed to arise from small nerve tributaries of the skin, but it has also been suggested that these tumors develop from the recruitment of multipotent precursor cells with two hits in the NF1 gene and that these precursor cells have originally resided in association with hair follicles (33). This is in line with a study using a bioengineered mouse model which showed that implantation of skin-derived precursor cells with two mutated Nf1 alleles into mice heterozygous for Nf1 results in neurofibromas (34). 
Plexiform neurofibromas are congenital tumors which grow along larger nerve trunks and often infiltrate the surrounding tissues without clear borders. Radical removal of plexiform neurofibromas is thus generally not possible. Plexiform neurofibromas may turn into malignant peripheral nerve sheath tumors (MPNSTs), tumors with a poor prognosis in patients with NF1 (8,9).  Malignant transformation involves loss-of-function mutations in other tumor suppressor genes, e.g., TP53, PTEN and RB1, as well as SUZ12 (35). Due to the germline mutation in the NF1 gene, patients with NF1 have a 2,000-fold risk of MPNSTs compared to the general population and the lifetime risk is about 15% (9).

Neurofibromin regulates melanogenesis in melanocytes

Melanocytes and Schwann cells are closely related and share a common origin in the neural crest (36). Some Schwann cell precursors lining murine spinal nerves do not become Schwann cells, but instead differentiate into melanoblasts (37). Studies in mice have also suggested that there is a narrow developmental window during which Nf1 haploinsufficiency acts on pigment cells (38,39). These findings fit very well to the in vivo findings according to which pigment cell abnormalities are associated with the NF1 mutation. Two of the hallmarks of NF1, namely café au lait spots and axillar and inguinal freckles, are characterized by excess melanin deposits in the epidermis. NF1-related café au lait spots typically contain giant granules called macromelanosomes (40) which are unique for NF1 and not present in café au lait spots of otherwise healthy persons (41). Plexiform neurofibromas, which are congenital and contain two hits in the NF1 gene, have often hyperpigmentation in the overlying skin (42).  
In addition to well-defined pigmentary defects, a slight overall hyperpigmentation of the skin is common in NF1 patients. This is explained by a reduced number of keratinocytes per melanocytes, which, furthermore, has been proposed as evidence of a more general impairment of the organization of tissues (43). Cultured melanocytes carrying an NF1 mutation are also morphologically disorganized; they form more than two dendrites per cell, while normal melanocytes have two dendrites arranged at a 180o angle to each other (44).
Melanocytes cultured from normal-appearing skin of NF1 patients contain more melanin than normal melanocytes, but the highest melanin content occurs in melanocytes cultured from café au lait spots (45). In analogy to the Schwann cells in cutaneous neurofibromas, melanocytes of café au lait spots carry a second hit or somatic mutation of the NF1 gene (46), which leads to inactivation of both NF1 alleles. It is noteworthy that, like cutaneous neurofibromas, café au lait spots do not have a propensity for malignant transformation (9).
There may be several possibilities how the NF1 mutation leads to hyperpigmentation. Neurofibromin interacts with the cytoplasmic dynein heavy chain 1 (DHC) (47). Loss of neurofibromin could explain aberrant retrograde trafficking of melanosomes resulting in mislocalization of melanosomes to the distal tips of melanocytes, thus contributing to the hyperpigmentation in café au lait spots (47). Neurofibromin is involved in the regulation of tyrosinase-related protein 2/dopachrome tautomerase (TRP-2) gene expression (48). TRP-2 is an enzyme involved in melanin biosynthesis and prevents the synthesis of a toxic melanin precursor, 5,6-dihydroxyindole. A recent work showed that melanin synthesis increases if the NF1 gene is inactivated (49). The molecular mechanisms are linked to an increased activity of cAMP-mediated PKA and Erk signaling pathways, which, in turn, leads to overexpression of the key transcription factor MITF and melanogenic enzymes, such as tyrosinase and TRP-2/dopachrome tautomerase. Together, these findings suggest that the NF1 gene specifically regulates melanogenesis.  These findings could possibly be exploited in developing cell culture models to study pigmentation diseases. 

NF1 mutations drive melanomagenesis
A strongly increased cancer risk is associated with the NF1 syndrome, but somatic mutations of the NF1 gene are common in several cancers of patients with no NF1 syndrome. These tumors include mammary, pulmonary, and ovarian cancers, the glioblastoma and skin cancers (50-52). The prevalence of NF1 mutations is 13–15% in melanomas (53-56) and 6.6% in advanced-stage cutaneous squamous cell carcinoma (57). NF1 was recently found to be the third commonly mutated gene in melanoma and NF1 mutant cancers formed a third group alongside melanomas harboring BRAF or NRAS mutations (56). Selective pressure induced by therapy may change the mutational spectrum of melanomas, but NF1 is also commonly mutated in tumors that have not been treated (56).
The most common mutations in NRAS or BRAF genes in melanomas lead to hyperactivity of the mitogen-activated protein kinase (MAPK) pathway (53,56). It is therefore mechanistically feasible that, in the absence of activating NRAS or BRAF mutations, the pathway activation may be driven by loss of neurofibromin (Figure 2). The proportion prevalence of NF1 -mutations innt tumors without NRAS- and BRAF -mutations ranges from 25 % to 46 % (53,55,56), which implies that NF1 may have a driver role. A study on desmoplastic melanomas identified changes in the NF1 -gene in 55 % of the tumors, while the classical BRAF- and NRAS -mutations were absent (58). This suggests that the origin or effects of NF1 -mutations may differ from other mutations of the same pathway. Concomitant mutations of NF1 and BRAF were observed in only 1–4% of melanomas (55,56). An in vitro study suggests that inactivation of NF1 is sufficient to overcome oncogene-induced senescence caused by the BRAFV600E mutation (59).  This provides further evidence that NF1 is indeed a driver of melanomagenesis.
No mutational hotspots have been identified in NF1, which explains why approaches set out to find recurrent mutations may not identify the role of NF1 in cancer (Figure 1). In addition, tThe size and, complexity and lack of mutational hotspots of the NF1 gene have also hampered its sequencing up until the most recent studies (60,61). Loss of NF1 expression may be caused not only by mutations but also by epigenetic mechanisms like miRNA-mediated regulation (62).
NF1 mutations have typically been identified in melanomas with extensive UV-induced damage (54-56, 58, 63). Patients with NF1- mutant melanomas were also of more advanced age than patients with NF1 intact. There is an interesting analogy between melanoma and lung cancer: NF1 mutations are present especially in lung adenocarcinomas with smoking-associated damage (64). Either high mutagenicity is required to induce NF1 mutations or NF1 may be especially prone to damage caused by external mutagens.
Unbiased screening approaches have implicated loss of NF1 as a leading loss-of-function event which causes resistance to B-Raf inhibition in BRAFV600E -mutant melanoma cell lines (65,66). This effect has been confirmed as regards cell proliferation, Erk phosphorylation, and transcription of Erk-dependent genes (59,60,62,65).  However, one study did not find an association between NF1 status, sensitivity to the B-Raf inhibitor vemurafenib, and cell viability in terms of ATP levels (55). The resistance is likely due to Ras activation bypassing B-Raf via C-Raf. Loss of NF1 increases Ras activation as well as C-Raf phosphorylation in BRAF-mutant cells, and silencing of RAF1 encoding C-Raf rescues the sensitivity to B-Raf inhibition (65). PAlso pan-Raf inhibitors are also effective in this respect (65,67)., and this suggests further that increased Ras activation due to neurofibromin deficiency bypasses B-Raf via C-Raf. Also Iinsensitivity of NF1-deficient melanoma cell lines to the MEK inhibitor selumetinib has also been reported (60,65), although the results have varied (55). The insensitivity is apparently due to suppression of the negative feedback from phosphorylated Erk to Ras; neurofibromin deficiency intensifies the increased Ras activation further (60; Figure 2). However, the MEK inhibitor trametinib which inhibits the MEK phosphorylation site directly is equally effective in NF1-deficient and in NF1-normal cells (60, 68). The current evidence is insufficient to provide guidance for treatment choices, but the NF1 status may become a valuable biomarker for designing targeted therapy of melanoma in the coming years.

Open questions and future research 
Neurofibromin is a large protein but its main known function as RasGAP is attributed to only a small part of the molecule. The functions of most of the protein are still unknown. Search for additional binding partners and functions of neurofibromin would be most intriguing.
Neurofibromin is best known as a RasGAP, although this function is only attributed to a small part of the large protein. The functions of most of the protein still remain unknown. It would be most intriguing to elucidate the additional binding partners and functions of neurofibromin.

Schwann cells of cutaneous neurofibromas and melanocytes of café au lait spots harbor mutations in both alleles of the NF1 gene. It is a fascinating observation that these most typical characteristics of NF1 do not undergo malignant transformation despite the mutations, while mutations in NF1 and other genes of the Ras pathway drive cancers in other instances. In an effort to identify new targets for treating melanoma, the role of the NF1 gene, together with other genes of the Ras-MAPK pathway, could be most rewarding.  Further studies on the regulation of NF1 in various other cancer types are needed, as well, to identify the role of NF1 for tumorigenesis and malignancy. This might benefit NF1 patients in the long run, as well.

Conclusions and perspectives
Mutations of the NF1 gene are not only the cause of neurofibromatosis syndrome, but are also found in cancers of the general population. The accumulating sequence data from various cancers will further elucidate the role of NF1 for malignant transformation and cancer progression in humans.  Simultaneously, reversing the effects of NF1 mutations will become an attractive target for cancer treatment and for managing the tumor load of patients with neurofibromatosis.
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Figure 1. Structures of the NF1 gene and neurofibromin, the resulting protein product (15,69,70,71). The interaction partners of each neurofibromin domain as well as the mutations in melanoma are also shown. The syndecan-binding domain, located within CTD, is not shown, although it is often considered a separate domain (72). Proteins known to interact with neurofibromin but without known binding site include at least intermediate filaments, kinesin 1 and cullin 3. Mutations from the COSMIC database (cancer.sanger.ac.uk; 73) supplemented with those found in two recent studies (55, 56) were plotted with the MutationMapper tool at cbioportal.org (51). Exon boundaries were derived from Ensembl release 82 transcript ENST00000358273 and the protein domains and binding partners are shown as reviewed (15, 71) and recently reported (74). APP, amyloid-β (A4) precursor protein; CRMP-2, Collapsin response mediator protein 2; CSRD, cysteine-serine-rich domain; CTD, carboxy-terminal domain; DDAH1, dimethylaminohydrolase 1; FAK, focal adhesion kinase; GRD, GAP-related domain; LIMK2, LIM domain kinase 2; LRPPRC, leucine-rich pentatricopeptide motif-containing protein; PH, pleckstrin homology-like domain; SCF, Skp, Cullin, F-box containing complex; Sec14, Sec14 homology-like region; SPRED1, Sprouty-related, EVH1 domain-containing protein 1; Tub, tubulin binding domain; VCP, valosin-containing protein.

Figure 2. Simplified graphics of the Ras signaling pathway (75,76). The signaling cascade is initiated by activation of a growth factor receptor (GFR), resulting in a change from inactive Ras-GDP to active Ras-GTP. Neurofibromin (NF1) activates the intrinsic GTPase activity of Ras and downregulates Ras. The downstream pathways of Ras include the mitogen-activated protein kinase (green) and phosphatidylinositol 3 (blue) pathways. Pathway activation is also controlled by multiple negative feedback loops (77).

