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Abstract

Cutaneous neurofibromas (cNFs) are the most common tumor in people with the rasopathy 

neurofibromatosis type 1. They number in hundreds or even thousands throughout the body, and 

currently, there are no effective interventions to prevent or treat these skin tumors. To facilitate 

the identification of novel and effective therapies, essential studies including a more refined 

understanding of cNF biology and the role of RAS signaling and downstream effector pathways 

responsible for cNF initiation, growth, and maintenance are needed. This review highlights the 

current state of knowledge of RAS signaling in cNF pathogenesis and therapeutic development for 

cNF treatment.

INTRODUCTION

The condition, neurofibromatosis type 1 (NF1) results from inactivating alterations in the 

NF1 gene on chromosome 17q11.2. NF1 was first cloned in 1990 and is one of the largest 

human genes (350 kb and 60 exons) (Viskochil et al., 1990; Wallace et al., 1990). More 

than 500 variants in the NF1 gene have been identified; most result in loss of function 

(Ars et al., 2003; Carey et al., 1986; Huson et al., 1989). Recent scientific advances have 

begun to shed light on the complex function and regulation of the NF1 gene. NF1 encodes 

neurofibromin, a RAS GTPase-activating protein (GAP) ubiquitously expressed in tissues 

but most abundant in the brain, spinal cord, and peripheral nervous system (Daston and 

Ratner, 1992; Shen et al., 1996; Upadhyaya et al., 1997). Neurofibromin negatively regulates 

RAS signaling by promoting the conversion of the active GTP-bound form of RAS (i.e., 

RAS-GTP) to the inactive guanosine diphosphate (GDP)-bound form. In the absence of 

neurofibromin, the active RAS-GTP form is stabilized, resulting in excessive stimulation of 

multiple progrowth pathways (Le and Parada, 2007; Ratner and Miller, 2015). Although a 

pathogenic alteration in one germline allele is sufficient for patients to present with features 

of NF1, tumor formation requires biallelic loss of NF1 (Skuse et al., 1989).

NF1 is a multisystem disorder that can present with a myriad of manifestations, including 

but not limited to neoplasia, hyperpigmentation, neurocognitive deficits, and skeletal 

disease; however, the most universal is the development of cutaneous neurofibromas (cNFs). 

cNFs are histologically benign skin tumors, comprising multiple cell types, including 

Schwann cells, fibroblasts, mast cells, and macrophages. These tumors involve the dermis, 

can be present in any region of the body, and can number in the hundreds or even thousands 

in an individual with NF1. Although histologically benign, these tumors can be a significant 

source of disfigurement, anxiety, itch, and pain (Page et al., 2006; Wolkenstein et al., 2003). 

There are currently no Food and Drug Administration (FDA)–approved medical therapies 

to prevent or treat cNF, and symptomatic lesions are primarily removed through surgical 

procedures, including excision, electrodesiccation, and ablative laser therapy (Kim et al., 

2016; Levine et al., 2008; Lutterodt et al., 2016; Méni et al., 2015). Although effective for 

tumor removal in most instances, these procedures often fail to prevent tumor regrowth, may 

lead to scarring and additional disfigurement, and can be costly and time consuming given 

the number of tumors needing treatment.

Rhodes et al. Page 2

J Invest Dermatol. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The RAS pathway has emerged as a therapeutic target for cNFs. Similar to other NF1-

related tumors, cNFs arise owing to biallelic inactivation of the NF1 gene (Storlazzi et 

al., 2005), leading to strongly elevated RAS signaling and activation of the canonical 

RAS/MAPK pathway (Figure 1). MAPK/extracellular signal–regulated kinase (ERK) kinase 

(MEK) is a kinase in the RAS–MAPK pathway, downstream of RAS that phosphorylates 

and activates ERK. Currently, the majority of approaches targeting the RAS–MAPK 

pathway in cNF focus on inhibiting MEK. MEK inhibitors (MEKis) have shown efficacy 

in shrinking neurofibromas in cNF mouse models (Mo et al., 2021) and clinically in 

plexiform neurofibromas (pNFs) in NF1 (Dombi et al., 2016; Gross et al., 2020). Despite 

promising data reporting that MEKis may be efficacious in treating NF1-related tumors, 

systemic dosing of MEKis commonly leads to adverse effects, including a high rate of 

skin toxicity, which can be dose limiting. In addition, it is unclear whether solely targeting 

the RAS–MAPK pathway with MEKis will be sufficient to have a meaningful clinical 

effect on cNF growth or development over prolonged periods of treatment (i.e., decades) or 

whether adaptive resistance may limit efficacy (Wang et al., 2022). Despite some concerns 

about MEKi as a singular approach for cNFs, the RAS pathway is a major driver of cNF 

emergence and progression. A first step toward the development of therapeutics that target 

the RAS pathway for cNF is understanding the impact of NF1 on RAS pathway activity 

relative to skin and cNF.

In this review, we present what is known about the NF1 gene and its product as a modulator 

of RAS and address key knowledge gaps. We dissect the complex circuitry of RAS signaling 

as it governs not only oncogenesis and survival but also cellular differentiation and the role 

that aberrant RAS activity plays as a primary regulator in cNF biology and pathogenesis.

NEUROFIBROMIN AS A RAS MODULATOR

Neurofibromin exists as a homodimer and forms a lemniscate-shaped molecule as a 

consequence of a head-to-tail dimerization. Each monomer comprises an N-terminal HEAT 

domain, a GAP-related domain (GRD) required for RAS interaction, a Sec14-PH module 

necessary for membrane binding, and a C-terminal HEAT domain (Lupton et al., 2021; 

Naschberger et al., 2021; Sherekar et al., 2020). Neurofibromin exhibits different functional 

states, such as closed, self-inhibited, Zinc stabilized, and open (Lupton et al., 2021; 

Naschberger et al., 2021). The closed conformation is marked by self-occlusion of the GRD 

interface by the N-HEAT domain, with the SPRED1-binding site exposed on the surface 

(Lupton et al., 2021; Naschberger et al., 2021). SPRED1 is known to recruit neurofibromin 

from the cytosol to the plasma membrane where RAS resides (Stowe et al., 2012; Yan et al., 

2020). Conformational rearrangements of the GRD modules are required for RAS binding; 

they are likely initiated through a complex interaction of SPRED1 with GRD that reorients 

Sec14-PH (Figure 2a). This results in interaction with the cellular membrane to access 

and bind RAS (Lupton et al., 2021; Naschberger et al., 2021). Zinc reduces RAS–GAP 

activity by promoting a self-inhibited, closed conformation through binding by N-HEAT and 

the GRD–Sec14-PH linker (Naschberger et al., 2021). The neurofibromin scaffold interacts 

with many proteins that may also play a role in its multifaceted presentation. Of the many 

proteins interacting with neurofibromin, the interactions with RAS and SPRED1 are the best 

understood (Lorenzo and McCormick, 2020; Yan et al., 2020).
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Loss of the neurofibromin GTPase activity and consequent RAS pathway activation is 

considered the canonical pathway through which tumors develop in people with NF1. RAS 

represents a family of proto-oncogenes that can be transformed into oncogenes implicated 

in both common, often aggressive cancers (i.e., melanoma) and in NF1-associated benign 

tumors (Le and Parada, 2007). In healthy cells, RAS regulates proliferation, differentiation, 

transformation, and apoptosis. RAS is most often maintained in the inactive (GDP-bound) 

conformation. When stimulated, RAS releases GDP and binds GTP. RAS-GTP is the 

activated form that stimulates several progrowth pathways, including the RAF/MEK/ERK 

and phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/mTOR pathways (Khosravi-

Far and Der, 1994; Weiss et al., 1999). Activating variants and/or overexpression of RAS 

genes (HRAS, KRAS, and NRAS) are commonly found in sporadic solid tumors and have 

been identified in breast, thyroid, prostate, lung, colorectal, and brain cancers (Barbacid, 

1987; Bos, 1989; Harris and McCormick, 2010). Moreover, somatic pathogenic variants 

in the NF1 gene have been linked to several malignancies that occur independent of 

NF1, including melanoma, breast cancer, glioblastoma, and primary lung adenocarcinoma 

(Bowman et al., 2021; Furukawa et al., 2003; Gutmann et al., 1995; Gutzmer et al., 2000; 

Hölzel et al., 2010; Iyengar et al., 1999; Johnson et al., 1993; Sangha et al., 2008; Side et 

al., 1998); NF1 is a driver variant in an estimated 26–27% of newly diagnosed melanomas 

(Ascierto et al., 2017; Jour et al., 2023; Luo et al., 2022). Therefore, therapeutics developed 

to address neurofibromin dysfunction may affect both NF1-related tumors (caused by 

germline and somatic variants) and other treatment-resistant cancers (caused by somatic 

variants).

Although neurofibromin’s GRD is a major potential therapeutic target, the protein contains 

additional functional domains that may have therapeutic implications (Figure 2b). Among 

other pathways regulated by neurofibromin, the best understood is the cAMP pathway, 

a ubiquitous mediator of intracellular signaling activated by a wide variety of pathways 

through G protein–coupled receptors. Intracellular cAMP activity has been linked to both 

growth and senescence in NF1 tumors (Warrington et al., 2010). Interestingly, data obtained 

to date suggest that the impact of cAMP in the setting of an Nf1 variant is dependent on 

cell type. For example, cAMP is reduced in astrocytes in the setting of Nf1 inactivation 

(Dasgupta et al., 2003). In contrast, Schwann cells display increased cAMP levels in the 

absence of Nf1, which likely promote cell growth via cyclin D1 by allowing continual 

activation after exposure to growth factors (Dang and De Vries, 2011). This mechanism 

may be directly related to the development of neurofibromas independent of the RAS 

pathway. The significance of the remaining neurofibromin domains is not well-understood. 

The pleckstrin homology and Sec14-homology (Sec14) domains form a lipid-binding 

module; their impact on tumorigenesis in NF1 is not yet known, but they may alter the 

protein–protein interactions between neurofibromin and other proteins that influence its 

interaction with RAS (D’Angelo et al., 2006; Welti et al., 2007). Other described domains of 

neurofibromin are the tubulin-binding domain, a nuclear localization sequence, and a closely 

related focal adhesion kinase (Arun et al., 2013; Kweh et al., 2009; Li et al., 2001). The 

influence of these domains in mutated neurofibromin is not yet known.
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Nf1/RAS-DEPENDENT SIGNALING AS A MASTER REGULATOR OF cNF 

PATHOGENESIS

Second-hit somatic inactivating variants in NF1 resulting in loss of heterozygosity (LOH) 

are required for the genesis of cNFs (Sawada et al., 1996; Serra et al., 1997) and are 

frequently observed in other NF1 tumors, such as pNF (Colman et al., 1995) and low-

grade astrocytomas (Gutmann et al., 2003; Kluwe et al., 2001). Studies in genetically 

engineered mouse models (GEMMs) suggest that Nf1 LOH most likely occurs in Schwann 

cell precursors (SCPs) expressing primitive neural crest markers, which represent the cells 

of origin for neurofibromas (Chen et al., 2014). Cre-mediated recombination of Nf1 in 

boundary cap cells—driven by either the HoxB7 (Chen et al., 2019) or Prss56 (Radomska et 

al., 2019) promoter—spontaneously gives rise to both cNF and pNF in mice.

Although cNFs and pNFs have similar histological appearances, they are characterized 

by distinctive growth patterns. pNFs are likely to present at birth and grow most rapidly 

throughout early childhood (Akshintala et al., 2020). Upon entering adulthood, growth 

largely ceases or occurs at an indolent rate (Akshintala et al., 2020; Nguyen et al., 2012). 

In contrast, cNFs may be present in childhood but are increasingly clinically apparent in 

adolescence and early adulthood and progressively increase in number throughout life in 

an unpredictable manner (Cannon et al., 2018; Ehara et al., 2018; Guiraud et al., 2019). 

Furthermore, cNF growth can be highly variable, with some reporting periods of emergence 

and rapid and significant growth followed by terminal growth arrest and long-term stability 

and others showing slow growth incrementally over decades and yet others with barely any 

activity.

Notably, in contrast to pNFs or diffuse infiltrating neurofibromas—which may involve deep 

nerve, soft tissue, and skin and are associated with an ~10% lifetime incidence of malignant 

transformation (Evans et al., 2002)—cNFs do not progress to malignancy (Ortonne et al., 

2020, 2018). Although the reasons for this phenomenon remain poorly understood, emerging 

data suggest that Nf1 haploinsufficiency within the tumor field may serve as a double-edged 

sword enhancing the growth of benign NF1-associated tumors while impeding malignant 

transformation (Brosseau et al., 2018). Supporting this paradigm, Krox20-Cre–mediated 

ablation of Nf1 in SCPs requires a superimposed Nf1+/− background for the genesis of 

pNF (Zhu et al., 2002), whereas adoptive transfer of wild-type bone marrow abolishes 

pNF formation in an Nf1+/− background (Yang et al., 2008). Similarly, optic nerve glioma 

requires biallelic Nf1 gene inactivation in astrocytes coupled with heterozygosity of Nf1 in 

surrounding brain tissue (Bajenaru et al., 2003).

Although an Nf1+/− background is not required for pNF genesis in some models (Wu 

et al., 2008), PLPCreERT2-mediated targeting of myelinating SCPs in Nf1flox/− mice 

(Nf1+/− background) led to pNF more rapidly than their Nf1flox/flox counterparts (wild-

type background) (Brosseau et al., 2018). Intriguingly, the Nf1flox/flox mice showed a 

spontaneous transformation of pNFs to malignant peripheral nerve sheath tumors in 10% of 

experimental mice but never in Nf1flox/− mice, suggesting that an Nf1+/− background has the 

capacity to restrain the outgrowth of malignant disease in mice with benign pNF. Enhanced 

immune surveillance is one potential mechanism for this phenotype, that is, T cells from 
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Nf1+/− mice exhibit enhanced proliferation in response to CD3 stimulation, and increased 

fractions of activated CD8 cytotoxic T cells in response to delayed-type hypersensitivity 

assays were also observed in vivo (Brosseau et al., 2018). These findings challenge the 

traditional conception of a strictly protumorigenic role for germline NF1 variants and 

may serve to reconcile apparent discrepancies as to why the NF1 gene is somatically 

mutated with high frequency in a number of sporadic cancers, including approximately 

one quarter of all melanomas (Jour et al., 2023; Luo et al., 2022) and remarkably in 93% 

of desmoplastic melanomas (Wiesner et al., 2015). Although desmoplastic melanoma has 

rarely been reported in persons with NF1, a recent large retrospective cohort study did reveal 

an increased incidence of melanoma in persons with NF1 compared with that in matched 

controls (OR = 2.27) (Trinh et al., 2022). Comparatively, ORs for basal cell carcinoma 

and squamous cell carcinoma in patients with NF1 were 1.30 and 1.32, respectively. 

Thus, possible selection bias of patients with NF1 being evaluated more frequently by 

dermatologists and thereby potentially increasing the chances of diagnosing skin cancer is 

unlikely to fully account for these relative risk differences. These data highlight the complex 

and conflicting roles of NF1 in promoting malignancy.

Dueling roles of RAS activation in cNF cells of origin

The nuanced mechanisms through which NF1-dependent hyperactivation of RAS signaling 

differentially orchestrates both proliferation and growth arrest/quiescence phenotypes within 

distinct phases of the cNF life cycle remain poorly understood (Figure 3). Although the role 

of oncogenic RAS in promoting growth and survival in cancer and immortalized cell lines 

is well-established (Barbacid, 1987), the effects of chronic RAS hyperactivation and primary 

cell lines are far more complex. In human-induced pluripotent stem cells, Mo et al. (2021) 

found that homozygous NF1 deletion increased the pools of SCPs by impeding Schwann 

cell lineage maturation. In contrast, loss of Nf1 in the CNS resulted in enhanced astrocytic 

differentiation (Dasgupta and Gutmann, 2005). Similarly, in murine Schwann cells, biallelic 

inactivation of Nf1 resulted in a transient proliferative burst, followed by induction of 

Cdkn2a (Ink4a/Arf)-mediated senescence growth arrest (Rhodes et al., 2019). Loss of the 

Cdkn2a alternate reading frame resulted in the development of atypical neurofibromas 

and malignant transformation in vivo, a key secondary genetic driver event that has been 

observed in humans (Beert et al., 2011; Brohl et al., 2017; Carrió et al., 2018; Lee et al., 

2014; Pemov et al., 2019). Collectively, these findings suggest that LOH-mediated NF1 
hyperactivation of RAS pathway activity produces distinct phenotypes that depend on the 

lineage and differentiative state at which the variants are introduced (Figure 2): either 

proliferation and survival of SCPs or terminal differentiation and senescence-induced growth 

arrest, in a context-dependent manner.

Epigenetic signatures may be responsible at least in part for endowing distinct RAS-

dependent phenotypes invoked by NF1 LOH in the Schwann cell lineage. NF1 LOH in 

Schwann cells is associated with distinct epigenetic alterations that influence RAS signaling 

outputs (Grit et al., 2021). Steensma and colleagues recently compared the methylation 

profiles of cNFs with those of pNFs (Grit et al., 2021). They observed consistent site-

specific methylation events in MAP2K3 (MKK3) and an upstream regulatory site for 

MAPK14 (p38) in a large cohort of cNFs. These alterations were associated with increased 
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MKK3/p38-dependent signaling in cNFs, a critical pathway linking RAS-dependent 

signaling with inflammatory cytokine production. In contrast, epigenetic reinforcement of 

canonical RAS/MEK/ERK signaling was observed in pNFs where unchecked growth and 

proliferation typically pre-dominate. These emerging insights in neurofibroma epigenetics 

may thus provide a molecular basis for the distinct growth kinetics, pathophysiological 

paradigms, and responses to MEKi therapy observed between cNF and pNF. Further 

investigation of how epigenetic programs modulate RAS signaling in neurofibromas is 

needed, including how differential activation of RAS/MKK/p38 and RAS/MEK/ERK 

effector pathways influence growth, tumor configuration, and pain phenotypes in cNF.

The specific RAS isoforms that show preferential activity in cNF remain ill defined and 

represent another area where additional study is needed. In murine models, optic pathway 

glioma genesis is driven by a proclivity for KRAS activation as opposed to NRAS or 

HRAS (Dasgupta et al., 2005). In Nf1+/− mice with cognitive phenotypes, heterozygous 

KRAS or NRAS inactivation normalized RAS-dependent signaling and ameliorated learning 

deficits (Costa et al., 2002; Cui et al., 2008). In addition to the classical RAS proteins, 

HRAS, NRAS, and KRAS, whose major function is the activation of the MAPK pathway, 

neurofibromin is a GAP for RRAS proteins (Patmore et al., 2012). These proteins regulate 

PI3K activity, among other less well-characterized pathways. It is likely that activation of 

these pathways after loss of NF1 contributes to the cNF phenotype (Figure 1).

The role of certain NF1 variants in the phenotype of cNF is another area of active 

investigation. Recently, missense variants affecting NF1 codons 844–848 have been 

associated with a severe NF1 phenotype, including a high burden of cNF and a high rate of 

malignancies (Koczkowska et al., 2018). Intriguingly, these variants reside outside the GRD, 

within a highly conserved region of the cysteine/serine-rich domain of NF1, and it is unclear 

precisely how variants in this domain alter interactions between neurofibromin and RAS 

(Koczkowska et al., 2018). Germline NF1 micro-deletions are also associated with increased 

severity of cNF and other manifestations of the NF1 condition, which has been attributed to 

loss of neighboring modifier genes such as CRLF3, ATAD5, OMG, RAB11FIP4, SUZ12, 

and ILRRC37B among others. Notably, cNFs arising in the context of NF1 microdeletion do 

not exhibit somatic LOH of the second NF1 allele but instead typically harbor NF1 single 

nucleotide variants (De Raedt et al., 2006).

Nf1 gene dose and RAS-dependent signaling in the cNF microenvironment

Interactions between Schwann cells and the tumor micro-environment (including mast cells, 

macrophages, fibroblasts, and neuronal elements) are critical for the genesis of benign 

tumors in NF1, including cNF (Bui et al., 2021) (Figure 4). Beyond the requirement of 

LOH in tumor-initiating Schwann cells, haploinsufficiency of Nf1 has also been shown to 

elevate RAS activity in multiple cell lineages (Staser et al., 2010). In response to stem cell 

factor (SCF)–mediated stimulation of the c-kit receptor, Nf1+/− mast cells exhibit increased 

levels of RAS-GTP and enhanced the activity of downstream effector pathways, including 

the MAPK, p38, PI3K/Akt, and RAC GTPases (Ingram et al., 2001, 2000; Khalaf et al., 

2007; McDaniel et al., 2008). Genetic and pharmacologic disruption of the SCF receptor 

c-Kit prevented pNF formation in Nf1flox/−;Krox20-Cre mice (Yang et al., 2008), and a 
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subset of patients, particularly young children with airway-associated pNF, showed clinical 

response to imatinib mesylate in a phase 2 trial (Robertson et al., 2012; Yang et al., 2008). 

A case report of ketotifen, a mast cell–stabilizing agent started early in life and continued 

for decades, suggested prevention or stabilization of cNF (Riccardi, 2015). However, in 

spontaneous GEMMs, ketotifen did not affect pNF initiation or growth (Burks et al., 2019). 

Concordantly, disruption of SCF production by SCPs in PlpCre-ERT2;Nf1 floxed mice 

effectively disrupted the recruitment of mast cells into the tumor microenvironment but did 

not improve tumor burden (Liao et al., 2018), suggesting that mast cells were not required 

for pNF initiation and progression in this model.

Fibroblasts and secreted collagen are abundant components of the neurofibroma 

microenvironment, with collagen itself comprising an estimated 50% of the tumor’s 

dry weight (Peltonen et al., 1986). Until recently, the particular subtypes of collagen 

that predominate within the extracellular matrix of cNFs had yet to be defined. Single-

cell RNA sequencing of a series of human cNFs revealed that neurofibroma-associated 

fibroblasts (NFAFs) express increased amounts of collagen types I, III, VI, and XV, with a 

notable abundance of collagen VI (Brosseau et al., 2021). In triple-negative breast cancer, 

collagen VI binds directly with membrane glycoprotein NG2 to drive invasion through 

EGFR–MAPK–dependent signaling (Wishart et al., 2020), thus implicating a role for NF1 
haploinsufficiency in NFAFs in amplifying collagen VI responses in a RAS-dependent 

manner. Inflammatory and profibrotic factors such as TGFβ, secreted by Nf1+/− mast cells, 

have also been shown to exert paracrine effects on Nf1+/− fibroblasts within the tumor 

microenvironment, resulting in enhanced RAS-c-abl–dependent proliferation and collagen 

synthesis (Yang et al., 2006).

Although the contribution of Nf1 haploinsufficiency in macrophages has not directly 

been interrogated in cNFs to date, Nf1+/− monocytes exhibit increased RAS-dependent 

chemotaxis and functions in response to monocyte chemotactic protein-1 stimulation 

of the CCR2 receptor, resulting in enhanced neointima formation in response to 

carotid artery ligation (Bessler et al., 2016). In addition, macrophages from Nf1+/− 

mice exhibited enhanced RAS/protein kinase C-delta–mediated p47Phox phosphorylation, 

resulting in enhanced macropinocytosis and polarization of macrophages toward a 

proinflammatory M1 phenotype, with increased cytokine secretion (Ghoshal et al., 2019). 

pNFs arising in PlpCre-ERT2;Nf1–floxed mice also exhibited a preponderance of M1 

proinflammatory macrophages (compared with that of M2 protumorigenic macrophages), 

although macrophage levels were not affected by Nf1 heterozygosity status (Liao et al., 

2018).

The contribution of enhanced Nf1/RAS-dependent signaling in neurons themselves is 

another field of study that merits further attention, specifically with respect to the 

pathogenesis of cNF. Nf1 haploinsufficiency in peripheral nervous system neurons resulted 

in increased RAS/Akt-dependent neurite lengths and survival (Brown et al., 2012). Nf1+/− 

mice with conditional biallelic Nf1 inactivation in neurons exhibit increased GABAergic 

interneural excitability resulting from attenuated activity of HTCN1. The N-terminal domain 

of neurofibromin binds directly to HTCN1 to modulate cationic currents (Omrani et al., 
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2015), thus representing a key RAS-independent function of neurofibromin that modulates 

neuronal excitability.

CONCLUSIONS

cNFs are one of the most prevalent, uniform, and burden-some aspects of NF1 for which 

there are currently no FDA-approved therapies. There is an immediate need for improved 

awareness of these tumors and options for therapeutics in clinical dermatology. In addition, 

there are rich opportunities for collaboration across dermatology, neuroscience, oncology, 

molecular biology, and genetics to understand cNF development and progression to not only 

develop needed therapies for cNF but also to improve treatment approaches for the many 

common conditions such as melanoma driven by NF1 variants.

As a modulator of RAS, neurofibromin regulates the development of both benign and 

malignant tumors of the skin, with somatic NF1 variants identified in approximately one 

fourth of all melanoma diagnoses. Although both tumors share a neural crest–derived cell of 

origin, with cNF arising from SCPs and melanoma from melanocytes, cNFs are uniformly 

benign and never progress to malignancy. Moreover, despite the high frequency of somatic 

NF1 variants in melanoma, persons with NF1 rarely develop melanoma (Uusitalo et al., 

2016). Further study is needed to understand how the contributions of the germline NF1 
loss and RAS activity within the tumor microenvironment influence tumor initiation and 

malignant transformation in the skin. The role of epigenetics and differentiative states within 

the respective cells of origin for cNFs and pNFs that acquire NF1 LOH also merits further 

exploration because this may further help to explain the distinct growth patterns and natural 

histories of these tumors.

Development of new and effective treatments for cNFs will require a more refined 

understanding of cNF biology and the role of RAS signaling and downstream effector 

pathways responsible for cNF initiation, growth, and maintenance. RAS exhibits a complex 

and dual role by not only perpetuating the growth and survival of SCPs that give rise to 

cNF but also driving Schwann cell differentiation and senescence-mediated growth arrest. 

The contribution of specific RAS isoforms that show preferential activity in cNF remains 

ill defined. Integrated multiomic approaches to further define epigenetic mechanisms that 

modulate the transmission of RAS-dependent signals through various downstream effector 

pathways across multiple stages of the cNF lifecycle will also be critical in informing 

the utility of putative strategies for cNF treatment and prevention. The revolution of 

single-cell and spatial biology will undoubtedly continue to provide unprecedented insights 

into how NF1/RAS-dependent signaling orchestrates the cNF microenvironment at various 

stages along the continuum from emergence and proliferation to quiescence and stability. 

Addressing these knowledge gaps will allow us to accelerate the identification and clinical 

translation of novel therapeutic agents to ameliorate a significant and life-long source of 

morbidity for persons with NF1 and potentially other diseases of the skin.
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Figure 1. Signaling pathways of RAS isoforms.
NMDA and GFs activate NMDA receptors and receptor tyrosine kinases, respectively, to 

activate canonical N/H/KRAS, which signal through the RAF/MEK/ERK cascade to activate 

downstream effector proteins, including ETS transcription factors, cyclin D1, SPRED1 

and SPRED2, Sprouty, and DUSPs, which not only drive cellular proliferation but also 

complex feedback mechanisms depicted by the red inhibitory signals. MKK, which activates 

p38 to drive inflammatory cytokine production, represents another distinct signaling axis 

governed by RAS. Neurofibromin, SPRED1, and SPRED2 also function as GAPs for 

nonclassical RRAS/RRAS2 isoforms, which signal predominately through PI3K and other 

less-characterized pathways to modulate EMT and other cellular phenotypes. Undoubtedly, 

other downstream effectors of both canonical and noncanonical RAS isoforms have yet to 

be determined. Illustration: Tim Phelps © 2022 JHU AAM Department of Art as Applied 

to Medicine, Johns Hopkins University School of Medicine. AAM, Department of Art as 
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Applied to Medicine; Akt, protein kinase B; EMT, epithelial-to-mesenchymal transition; 

ERK, extracellular signal–regulated kinase; GAP, GTPase-activating protein; JHU, Johns 

Hopkins University; MEK, MAPK/extracellular signal–regulated kinase kinase; MKK, 

MAPK kinase; NMDA, N-methyl D-aspartate; PI3K, phosphoinositide 3-kinase.
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Figure 2. Structural and functional domains of neurofibromin.
(a) Neurofibromin exists as a lemniscate-shaped homodimer as a result of head-to-tail 

dimerization between the NH- and C-terminal domains. Recruitment of neurofibromin 

from the cytosol to associate with RAS at the plasma membrane is shown. Complex 

interactions between SPRED1 and the GRD are thought to reorient the Sec14-PH to allow 

for RAS binding at the plasma membrane. (b) Functional domains of neurofibromin and 

their putative protein–protein interacting partners (top). Amino acid residues spanning 

each domain are denoted in the figure. The domains include CBD, CSRD, CTD, 

GRD, HLR, LRD, PH, SBR, and TBD. The proteins include ALK, CELF, CRMP-2, 

FAK, GPCRs, LIMK2, LRPPRC, SPRED1, and TTIA-1. Reported genotype–phenotype 

correlations associated with recurrent NF1 variant hotspots (bottom) are shown. The 

figure is adapted from Mo et al. (2022). Illustration (for Figure 2b): Tim Phelps © 2022 

JHU AAM Department of Art as Applied to Medicine the Johns Hopkins University 

School of Medicine. AAM, Department of Art as Applied to Medicine; CBD, caveolin-

binding domain; CSRD, cysteine/serine-rich domain; CTD, C-terminal domain; FAK, focal 
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adhesion kinase; GPCR, G-proteine–coupled receptor; GRD, GTPase-activating protein–

related domain; HLR, HEAT-like repeat; JHU, Johns Hopkins University; LRD, leucine-rich 

domain; NF1, neurofibromatosis type 1; PH, pleckstrin homology; SBR, syndecan-binding 

region; TBD, tubulin-binding domain.
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Figure 3. Dueling roles of NF1/RAS-dependent signaling in governing the fate and function of 
cNF cells of origin.
Schematic depicting the complex cellular phenotypes invoked by chronic RAS 

hyperactivation in Schwann cell precursors, promoting proliferation, survival, and cell 

stemness on one hand while driving senescence, growth arrest, apoptosis, and cellular 

differentiation on the other hand. Emerging data suggest that these phenotypes are 

highly context dependent upon the lineage and cellular differentiation state in which the 

NF1 inactivation occurs and may further be influenced by epigenetic programs as well. 

Illustration: Tim Phelps © 2022 JHU AAM Department of Art as Applied to Medicine 

the Johns Hopkins University School of Medicine. AAM, Department of Art as Applied 

to Medicine; cNF, cutaneous neurofibroma; GDP, guanosine diphosphate; GTP, guanosine 

triphosphate; JHU, Johns Hopkins University; NF1, neurofibromatosis type 1.
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Figure 4. Schwann cell–microenvironment interactions shape cNF development.
Nf1 LOH leads to aberrant proliferation of Schwann cells and their precursors, the 

tumorigenic cells of origin for cNF. Paracrine and cell–cell contact interactions between 

(Nf1−/−) Schwann cells and other Nf1 heterozygous (Nf1+/−) components of the tumor 

microenvironment, including neurons, mast cells, macrophages, T cells, fibroblasts, and 

endothelial cells, further affect cNF development. These Nf1+/− heterozygous lineages 

exhibit multiple RAS-dependent gain in functions in response to inflammatory cytokines 

and growth factors that further perpetuate cNF initiation and growth. Fibroblasts deposit 

abundant ECM and collagen, which comprises a significant proportion of the tumor’s dry 

weight. Illustration: Tim Phelps © 2022 JHU AAM Department of Art as Applied to 

Medicine the Johns Hopkins University School of Medicine. AAM, Department of Art as 

Applied to Medicine; cNF, cutaneous neurofibroma; ECM, extracellular matrix; JHU, Johns 

Hopkins University; LOH, loss of heterozygosity; NF1, neurofibromatosis type 1.
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