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Abstract

Introduction—Neurofibromatosis type 1 (NF1) is an autosomal dominantly inherited tumor 

predisposition syndrome with an incidence of one in 3000–4000 individuals with no currently 

effective therapies. The NF1 gene on chromosome 17 encodes neurofibromin, which functions as 

a negative regulator of RAS. NF1 is a chronic multi-system disorder affecting many different 

tissues. Due to cell-specific complexities of RAS signaling, therapeutic approaches for NF1 will 

likely have to focus on a particular tissue and manifestation of the disease.

Areas covered—In this review, we discuss the multi-system nature of NF1 and the signaling 

pathways affected due to deficiency of neurofibromin. We explore the cell/tissue-specific 

molecular and cellular consequences of aberrant RAS signaling in NF1 and speculate on their 

potential as therapeutic targets for the disease. We discuss recent genomic, transcriptomic and 

proteomic studies combined with molecular, cellular and biochemical analyses which have 

identified several targets for specific NF1 manifestations. We also consider the possibility of 

patient-specific gene therapy approaches to tackle NF1.

Expert opinion—The emergence of NF1 genotype-phenotype correlations, characterization of 

cell-specific signaling pathways affected in NF1, identification of novel biomarkers, and the 

development of sophisticated animal models accurately reflecting human pathology will continue 

to provide opportunities to develop therapeutic approaches to combat this multi-system disorder.
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1. Introduction

Neurofibromatosis type 1 (NF1: Online Mendelian Inheritance in Man (OMIM), #162200) is 

an autosomal dominantly inherited tumor predisposition syndrome first described by 

Friedrich Daniel von Recklinghausen in 1882. Affecting 1/3000–4000 individuals 

worldwide, it results from constitutional germline mutations of the NF1 gene which is 

located on the long arm of chromosome 17 [1]. Although the disease is usually fully 

penetrant by age 5, there is a high degree of variability and unpredictability in disease 

outcome, even between closely related family members. The major defining features of NF1 

include café-au-lait macules (CALMs), cutaneous neurofibromas (CNF), plexiform 

neurofibromas (PNF), axillary freckling, optic pathway gliomas (OPG), Lisch nodules of iris 
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and skeletal abnormalities [2] (Fig 1A). Patients are predisposed to developing many 

symptoms (Fig. 1B), including near universal benign, but often disfiguring, peripheral nerve 

associated tumors known as neurofibromas. About 10% of NF1 patients develop malignant 

peripheral nerve sheath tumors (MPNSTs) which carry a poor prognosis and are often fatal 

[3, 4]. NF1 patients are at increased risk to develop a variety of other tumors including optic 

pathway gliomas (OPG), astrocytic neoplasms, juvenile myelomonocytic leukemias 

(JMML), gastrointestinal stromal tumors (GIST), breast cancers, phaeochromocytomas, 

duodenal carcinoids, glomus tumor, juvenile xanthogranuloma and rhabdomyosarcomas [1]. 

While the tumor suppressor role of NF1 is well known, NF1 is a chronic multi-system 

disorder whose non-tumor symptoms contribute significantly to its morbidity. These include 

pigmentary lesions, vascular, skeletal abnormalities, and cognitive deficits [5]. No effective 

therapy for any NF1 symptom yet exists.

The NF1 gene encodes neurofibromin, a ubiquitously expressed protein, which functions as 

a RAS-GTPase Activating Protein (RAS-GAP), a negative regulator of RAS activity (Fig. 

2). Consequently, neurofibromin deficiency leads to increased RAS signaling which is 

assumed to be the root cause of NF1 pathology. NF1 is classified as a RASopathy – a group 

of clinically related disorders which include Noonan syndrome, Noonan with multiple 

lentigines, Costello, cardiofacio-cutaneous, capillary malformation-arteriovenous 

malformation, gingival fibromatosis, and autoimmune lymphoproliferative syndrome that 

arise due to mutations in multiple genes encoding components of the RAS-MEK–ERK 

pathway [6].

In this review we focus on the molecular mechanisms and the signaling pathways that are 

affected by loss of neurofibromin and that result in NF1 disease progression. We explore 

potential targets for devising therapeutic strategies that may be useful in combating the 

variety of symptoms in NF1, including gene therapy approaches.

2. Neurofibromatosis type 1 (NF1) – a multisystem disorder

The occurrence of multiple neurofibromas is generally considered to be the hallmark of 

NF1. Neurofibromas are benign peripheral nerve sheath tumors and are a major cause of 

morbidity in NF1 patients. These tumors arise due to bi-allelic inactivation of the NF1 gene 

in a subpopulation of Schwann cells (SCs) and can be subdivided into five subtypes: 

cutaneous, subcutaneous, nodular or diffuse plexiform, spinal and atypical neurofibromatous 

neoplasms of uncertain biologic potential (ANNUBP). CNFs are present in almost all adult 

patients in the dermis and are associated with single nerve endings. Subcutaneous 

neurofibromas are located in epidermis and are evident on palpation of skin. Diffuse PNFs 

are found in 30–50% of NF1 patients, although MRI has revealed internal PNFs in over 50% 

of NF1 young adults [7]. PNFs are usually congenital and generally much larger than CNFs 

and are associated with major nerve trunks and nerve plexi and can be associated with major 

disfigurement. Further complications from large PNFs can arise with compression of vital 

organs and can be debilitating when their overgrowth involves entire limbs or body 

segments. PNFs like CNFs, comprise a mixture of SCs, perineurial-like cells, mast cells, 

macrophages, fibroblasts, blood vessels and extracellular matrix and have a highly 

infiltrative nature, complicating surgery (Fig. 3). Spinal neurofibromas can occur at single or 
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multiple nerve roots and are associated with both sensory and motor deficits. ANNUBPs 

(atypical neurofibromas) exhibit hypercellularity and atypical nuclei but few mitoses and no 

necrosis. They reveal molecular changes that are also found in malignant peripheral nerve 

sheath tumors (MPNSTs) and hence referred to as pre-malignant [8].

Critically, 10–15% of benign PNFs develop into aggressive MPNSTs, via atypical or deep-

seated neurofibromas [9]. In contrast, CNFs rarely undergo malignant transformation. 

MPNSTs are the main cause of mortality in NF1 [3] and surgery is the primary means of 

treating these highly aggressive sarcomas, while adjuvant radiation therapy and/or 

chemotherapy show no clear survival benefits.

The most common non-neoplastic manifestations in NF1 are pigmentary features, including 

CALMs which are dense populations of melanocytes observed in 99% of NF1 patients and 

are used in early childhood diagnosis. Cognitive and behavioural deficits occur in 65–80% 

of children with NF1. Specific learning disabilities affecting performance in visuospatial 

tasks, literacy skills, and oral and written expression often lead to poor academic 

performance [10]. Further, attention-deficit hyperactivity disorder (ADHD) symptoms such 

as decreased impulse control and planning ability have also been observed [11]. Other non-

tumor symptoms in NF1 include skeletal abnormalities, iris hamartomas (Lisch nodules), 

and reduced overall growth. NF1 patients are also at increased risk of developing 

neurofibromatous neuropathies [12]. Cardiovascular manifestations of NF1 include 

vasculopathy, hypertension and congenital heart defects. Patients with constitutional 

mismatch repair deficiency (CMMRD) and Legius syndrome (caused by germline SPRED1 
mutation) may have overlapping clinical symptoms, underlying the need for molecular 

diagnosis [13].

3. Genetic alterations causing NF1

About one half of NF1 cases are sporadic caused by de novo NF1 mutations. 5% of NF1 

patients have segmental NF1 involving one segment of the body, such as a single limb. Such 

cases are the result of genetic mosaicism with NF1 mutations occurring in the developing 

embryo post-fertilization [14]. Currently, over 3000 different inherited mutations in NF1 
have been reported in the Human Gene Mutation Database (HGMD®) as a cause of NF1 

(www.hgmd.cf.ac.uk). Mutational analysis of the NF1 gene can identify 95% causative 

mutations in patients with classic NF1 [15]. Mutations vary in size from large genomic 

deletions spanning several megabases, to single base-pair substitutions (missense/nonsense) 

altering an encoded amino acid or splice site function. The majority (>80%) of germline 

NF1 mutations are predicted to be inactivating, resulting in almost complete absence of 

transcript or protein [16].

While some manifestations associated with NF1, such as cognitive problems, result from 

haploinsufficiency of NF1, others require a somatic mutation resulting in biallelic NF1 
inactivation (the “two-hit” hypothesis, first proposed by Knudson) – as seen in the 

development of CALMs, neurofibromas, GIST, glomus tumors, JMML, bone abnormalities 

and phaechromocytoma [1] (Fig. 1B). Furthermore, additional genetic alterations such as 
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mutation of TP53, CDKN2A or SUZ12, are required for the progression of plexiform 

neurofibromas into MPNSTs [9, 17, 18, 19].

The identification of somatic NF1 mutations in many non-NF1-associated sporadic cancers 

have been reported, including melanoma, glioblastoma, neuroblastoma, breast cancer, 

ovarian serous carcinoma, paraganglioma and phaeochromocytoma, lung adenocarcinoma, 

lung squamous cell carcinoma, bladder and colorectal cancer, and leukaemia (reviewed in 

[20]. Neurofibromin is therefore likely to play both a critical and a general role in cancer, far 

beyond that evident in NF1. Elucidation of the role of NF1 mutations in the initiation and 

progression of these tumors, including how they confer resistance or sensitivity to a 

therapeutic intervention, may provide insights into the mechanisms underlying tumor 

development in NF1.

The complex natural history of NF1 and the relatively small number of recurrent mutations 

has hindered correlating NF1 genotype and disease outcome. So far only four definite 

genotype-phenotype correlations are reported. The clearest genotype-phenotype correlation 

is that of large constitutional NF1 deletions (1.4 Mb), encompassing the NF1 gene and 14 

adjacent genes, which occur in 5 – 10% of NF1 cases. These deletions are associated with a 

more severe phenotype including learning disabilities and increased susceptibility to 

MPNSTs [21]. SUZ12, one of the 14 co-deleted genes, encodes a subunit of the chromatin 

remodelling complex Polycomb repressive complex 2 (PRC2) has been implicated as the 

responsible cooperating tumor suppressor [18, 19, 22]. Two germline mutations are 

associated with milder disease outcomes in NF1: individuals with deletion of Met 992 or 

missense mutation of Arg 1809 lack plexiform or cutaneous neurofibromas [23, 24, 25]. 

Furthermore, individuals with missense mutations of codons 844–848 have a high 

prevalence of a severe phenotype, including plexiform and symptomatic spinal 

neurofibromas, symptomatic optic pathway gliomas, other malignant neoplasms, as well as 

bone abnormalities [26]. Such genotype-phenotype correlations help to highlight amino acid 

residues or regions of neurofibromin with important functions that may be restricted to 

particular tissue/cell types and thereby only result in certain clinical aspects of NF1 when 

mutated.

The extraordinary variation between disease outcome in individuals with the same germline 

NF1 mutation points toward the strong effects of modifier genes. Studies of twins with NF1 

have revealed that each major symptom associated with NF1 is likely to be affected by 

distinct genetic modifiers [27, 28, 29]. Knowledge of these modifiers could potentially 

implicate pathways that impinge significantly on NF1 deficiency; however, the search for 

definite modifiers continues.

4. Neurofibromin - regulator of RAS signaling

The NF1 gene encodes neurofibromin, a 2818 amino acid protein, ubiquitously expressed 

but with its highest levels found in cells of the central nervous system (CNS). Neurofibromin 

functions as 1 of at least 12 human RAS-GTPase activating protein (GAP)-related proteins 

to negatively regulate RAS [30]. All RAS proteins exist in two cellular states; while the 

majority of RAS is found in its inactive GDP-bound form, only a very small fraction is 
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present in its active GTP-bound form. Neurofibromin is able to down-regulate activated 

GTP-bound RAS by stimulating the low intrinsic GTPase-activity of the RAS proteins 

themselves, thereby promoting their conversion into the inactive RAS-GDP state (Fig. 2). 

Consequently, mutations in NF1 which compromise neurofibromin function result in 

sustained intracellular levels of active RAS-GTP, leading to prolonged activation of 

downstream signaling pathways. RAS signaling transduces extracellular signals from ligand-

activated receptors at the cell surface through multiple pathways that ultimately result in 

post-translational modifications of proteins (e.g. phosphorylation) or transcriptional 

alterations, mediating signals responsible for proliferation and survival [31].

The predicted outcome of NF1 deficiency in a particular cell type is confounded due to 

multiple contextual aspects of RAS signaling [31]. Firstly, neurofibromin has been 

demonstrated to not only negatively regulate HRAS, KRAS, and NRAS, but also MRAS, 

RRAS, and RRAS2 (TC21) [32]. RAS-GTP proteins are able to activate a multitude of 

effector proteins, including RAF proteins (ARAF, BRAF, and CRAF), RalGDS, and the PI3 

kinase family (Fig. 2). Differences in the expression and engagement of specific RAS 

effector proteins between cell types and their relative importance on specific signaling 

pathways in a particular tissue adds further complexity when determining the outcome of 

neurofibromin deficiency.

Interaction between RAS and RAF results in the re-localisation of RAF to the plasma 

membrane where it activates the MEK–ERK signaling cascade to control proliferation. 

Activated RAS-GTP also stimulates PI3K/AKT signaling which protects cells from 

apoptosis. In the absence of functional neurofibromin, these pathways can become 

constitutively activated resulting in an increase in cell proliferation and survival. The 

RAF/MEK/ERK and PI3K/AKT pathways both activate mTOR signaling, a pathway found 

to be highly active in neurofibromas. Activation of the mTOR pathway has been shown to 

occur in the absence of growth factors, in both NF1 tumors and neurofibromin-deficient 

cultured cells [33]. Increased RAS activity in neurons, caused by NF1 haploinsuficiency, has 

been implicated in NF1-related learning deficiencies, possibly due to increased γ-

aminobutyric acid (GABA)-mediated inhibitory neurotransmission [34].

To date the only well-established function of neurofibromin is the downregulation of RAS as 

a RAS-GAP. This activity is contained within its most highly conserved region - the 

centrally located GAP-related domain (GRD). However, many pathogenic NF1 missense 

mutations affect residues located outside of the GRD, suggesting other unknown functions 

of neurofibromin or important regulatory interactions either within the protein itself, or with 

other proteins. For example, mutated residues in neurofibromin flanking the GRD have been 

shown to be important for mediating its interaction with SPRED1 (Sprouty-related EVH1-

domain containing protein) [35]. Interaction with SPRED1 is required to translocate 

neurofibromin to the plasma membrane, although it does not appear to affect GAP activity. 

Neurofibromin has been shown to associate with a large number of proteins and the 

functional characterization of these interactions may reveal new avenues for targeting NF1 

[2].
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5. Possible Therapeutic Approaches for NF1

The majority of drugs currently employed for treatment of NF1 are repurposed agents used 

against cancer (clinicaltrials.gov, clinicaltrialsregister.eu and Table 1). However, novel 

therapeutics are also being developed based upon unique aspects of NF1 pathology. High-

throughput animal and human-derived genomic, transcriptomic, proteomic and methylome 

studies combined with molecular, cellular and biochemical analyses of signaling pathways 

have identified several targets for NF1 manifestations. Below we discuss possible gene 

therapy strategies to replace or restore the function of defective neurofibromin, small 

molecule inhibitor approaches to target generic RAS signaling components, as well as more 

specific pathways involved in NF1 that may represent targets for different manifestations of 

the disease.

5.1 Restoring neurofibromin function by targeting the NF1 gene

While a strategy to restore neurofibromin levels within a cell is not trivial, it is possible that 

even a modest decrease in RAS signaling could be beneficial for NF1 patients. As noted 

above, while some symptoms, such as cognitive deficits, result from NF1 haploinsufficiency, 

others, including tumor formation, result from NF1 biallelic inactivation. Due to the diverse 

spectrum of constitutional NF1 mutations and unpredictable nature of somatic mutations, a 

patient-specific approach to gene therapy may have to be employed, depending on the exact 

nature of the NF1 germline lesion. Approaches range from restoring neurofibromin function 

by overcoming the effect of NF1 nonsense or splicing mutations to gene replacement 

requiring efficient in vivo transduction to deliver functional NF1 to affected tissues.

5.1.1 Nonsense suppression—At least 20% of NF1 cases are caused by nonsense 

germline mutations leading to a premature termination codon (PTC) resulting in truncated 

neurofibromin protein [16]. Nonsense suppression therapy would aim to suppress translation 

termination at in-frame PTCs to restore deficient neurofibromin function. Strategies include 

drugs promoting readthrough, suppressor tRNAs, PTC pseudouridylation, and inhibition of 

nonsense-mediated mRNA decay [36]. Aminoglycoside antibiotics have been shown to 

cause a read-through of nonsense mutations and restore functional protein in short-term 

studies using mouse models of various neurological diseases, whereas pilot clinical trials 

have produced variable results [36, 37].

5.1.2 Exon skipping—Splicing mutations account for 27% of NF1 germline mutations 

[16]. While many of these mutations result in exon skipping, a small subset (2%) are deep 

intronic single nucleotide changes creating either a novel 5′ or 3′ site and thereby increase 

pseudoexon inclusion into mature mRNA. Splice-blocking antisense oligonucleotide (ASO) 

have been shown to be effective in skipping mutant exons in cultured cells harboring NF1 
deep intronic mutations and restoring expression of neurofibromin [38].

5.1.3 Gene therapy—Precise targeting and efficient delivery of therapeutic payloads for 

gene therapy treatments is still in its infancy. Gene therapy for NF1 without genome editing 

could involve introduction of the full length normal NF1 gene using a recombinant adeno-

associated virus (rAAV) containing an expression cassette, to replace mutant alleles and 

Walker and Upadhyaya Page 6

Expert Opin Ther Targets. Author manuscript; available in PMC 2020 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://clinicaltrials.gov
http://clinicaltrialsregister.eu


thereby restore neurofibromin levels and function. However, due to the large size of NF1 

cDNA (8.5 kb), full gene replacement will require increasing the cargo capacities of 

available vectors or developing novel delivery systems. Alternatively, a truncated version of 

the NF1 gene retaining an appropriate level of function could be employed. For symptoms 

caused by NF1 haploinsufficiency, advances in targeting gene activation, including the 

engineering of transcription factors based on zinc finger proteins and transcription activator-

like effectors (TALE) proteins could potentially be used to increase transcription from the 

remaining NF1 wild-type allele [39]. Another therapeutic strategy could make use of 

modified ASOs designed to bind upstream open reading frames (uORFs) in the 5ʹ-UTR 

region of mRNAs that have been shown to increase translation from the downstream primary 

ORF (pORF) [40]. The 5ʹ-UTR of human NF1 mRNA contains several such uORFs, 

although it is unknown whether these normally affect translation.

Genome editing technologies, such as CRISPR/Cas9 (clustered regularly interspaced short 

palindromic repeats CRISPR- associated 9), have the potential to revolutionize the treatment 

of genetic disorders [41]. Permanent correction of NF1 missense and nonsense mutations 

could produce long-term and even lifelong restoration of neurofibromin deficiency. 

However, due to the thousands of unique NF1 gene mutations, personalized therapeutic 

approaches would be required. This approach is further complicated by the fact that, as 

mentioned before, about half of NF1 cases reflect de novo mutations. Routine use of 

CRISPR/Cas9 gene editing in the clinic will require further developments in efficient 

delivery, precision of editing and resolving safety issues.

5.2 Biomarkers for early detection of MPNSTs

The identification and development of assays for biomarkers of MPNSTs will enable the 

early detection of plexiform/atypical neurofibromas transition into these highly aggressive 

tumors [42]. Although surgery is currently the only effective treatment option available for 

MPNSTs, biomarkers could potentially be exploited together with gene delivery 

technologies to control and potentially kill malignant tumors. Synthetic lethal screens (e.g. 

using siRNA and/or CRISPR libraries) may be useful to identify genetic vulnerabilities of 

MPNSTs that could be exploited to devise therapies to specifically kill NF1-deficient 

tumors.

Telomere length may play a role in driving genomic instability and clonal progression in 

NF1-associated MPNSTs [43]. Furthermore, an increase in telomerase activity in high grade 

MPNSTs, but not detectable in diffuse PNFs or CNFs, is consistent with a role for telomere 

dysfunction during the progression of malignancy [44].

5.3 Inhibiting RAS signaling in NF1-deficient cells

As previously mentioned, the only established function of neurofibromin is that of a RAS-

GAP (Figure 2). If the only consequence of neurofibromin loss is elevated RAS-GTP, 

correcting NF1 symptoms should be easier than dealing with the constitutively active RAS 

alleles found in ~30% of malignant tumors. However, the development of RAS inhibitors 

has been challenging due to the lack of well-defined druggable pockets and cavities on the 

surface of RAS [31]. Approaches have focused on the post-translational modification of 
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RAS isoforms by prenylation (addition of farnesyl or geranyl–geranyl moieties) required for 

their correct localization to the plasma membrane. The farnesyltransferase inhibitors (FTIs) 

to farnesyl- transferase (FTase), the enzyme catalyzing the prenylation of HRAS have been 

developed to combat the transforming activities of oncogenic RAS [45]. While showing high 

preclinical anti-cancer activity in tumors driven by H-RAS, FTIs are not effective against N-

RAS and K-RAS. This reflects at least in part that in the absence of active FTase, RAS can 

also undergo alternative prenylation by geranylgeranyltransferase. Moreover, RAS proteins 

are not the only substrates for FTase [46]. Tipifarnib, an FTI, has been tested in NF1 patients 

with PNFs and although sufficiently tolerated, failed to be effective [47]. Progress in 

developing small molecule inhibitors that bind directly to RAS and prevent guanine 

nucleotide exchange factor (GEF)-mediated GDP/GTP exchange [48] could be used to target 

wild-type RAS in NF1-deficient cells. Despite these advances, chronically blocking RAS 

may not be an appropriate strategy for treating the many non-life-threatening NF1 symptoms 

due to the dose-limiting toxic effects of FTIs and pan- RAS inhibitors.

5.4 Targeting RAS effectors

5.4.1 The RAS-MEK-ERK Pathway—An alternative approach to deal with increased 

levels of activated RAS in NF1-deficient cells, is the ongoing development of drugs 

targeting RAS effectors. Small molecules blocking RAS-binding domains (RBDs), the 

protein–protein interfaces of RAS-effector complexes, have been developed.

Although the first RAF kinase inhibitor to enter clinical trials, sorafenib, showed no benefit 

in KRAS-driven cancers, it is currently in trials for both PNFs and low-grade gliomas (Table 

1). However, although RAF inhibitors are employed for tumors expressing mutant BRAF, 

their usefulness is limited by toxicity caused by their paradoxical enhancement of ERK 

signaling in BRAF wild-type cells (reviewed in [49]). Another potential avenue is provided 

by rigosertib, a first-in-class small molecule RAS-mimetic, currently in clinical trials for the 

treatment of chronic myelomonocytic leukemia. Rigosertib interacts with the RBDs of not 

only RAF kinases, but also of Ral-GDS and PI3Ks, results in the inability of these proteins 

to bind RAS, leading to the disruption of RAF activation, and inhibition of the RAS-RAF-

MEK pathway [50].

Once activated, RAF phosphorylates MEK, which in turn phosphorylates and activates ERK, 

resulting in its translocation to the nucleus where it mediates transcription factor activation. 

MEK inhibitors target their conserved allosteric binding pocket, blocking phosphorylation, 

and subsequent activation. The potential of MEK inhibitors for NF1 treatment is 

demonstrated by selumetinib, which appears to benefit children with inoperable PNFs with 

tolerable side effects [51]. Another MEK inhibitor, PD0325901 appears to be promising in 

preclinical assessments of NF1 murine models of both PNFs [52,53] and JMML [54] and 

this drug is being evaluated in ongoing clinical trials for PNFs. Table 1 lists the usage of 

other MEK inhibitors for the NF1-OPG and other low-grade gliomas.

However, targeting MEK in NF1 has potential serious drawbacks. The toxicity of MEK 

inhibitors may not be suitable for long-term NF1 administration. The MEK/ERK signaling 

pathway is characterized by the presence of multiple nodes with feedback loops that regulate 

their activation [55]. Patients who respond well to MEK inhibitors often become resistant 
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after several months due to re-activation of signal flux through the ERK pathway or 

acquiring MEK mutations. In addition, the PI3K and MEK-ERK pathways interact in 

multiple ways, by co-regulating their functions. Disruption of these regulatory loops can 

cause upregulation of pathway components and/or activation of parallel circuits.

The problems of toxicity and acquired resistance of tumors to BRAF and MEK inhibitors in 

cancer treatment have motivated the development of novel, selective ERK inhibitors, such as 

SCH772984. In addition to its direct effect on ERK activity, SCH772984 also inhibits MEK-

mediated phosphorylation of ERK and could be considered for treatment of NF1 [56].

5.4.2 The PI3K/AKT/mTOR signaling pathway—Activation of the PI3K/AKT/

mTOR pathway downstream of RAS has been shown to be important in the development of 

tumors in NF1 [33]. Both sirolimus (rapamycin) and everolimus (RAD001) bind FKBP12, 

specifically inhibiting mTORC1 and have shown varied efficacy in preclinical studies in 

genetically engineered mouse models (GEMM) of tumors and human NF1-associated tumor 

explants [33,57,58]. Several inhibitors of mTORC1 are currently in clinical trials for NF1-

associated tumors (Table 1).

Since the effects of rapamycin and rapalogs are cytostatic and not cytotoxic, co-targeting 

mTOR and MEK-ERK pathways is likely to be more effective in combating MPNSTs than 

using a single agent. Everolimus and PD0325901 have been shown to synergistically inhibit 

proliferation and induce apoptosis in multiple MPNST cell lines, as well as reduce tumor 

burden in a GEMM, although long-term treatment results in the development of drug 

resistance, with reactivation of the target pathways [59].

A study identifying p110α as the specific isoform of PI3K catalytic subunit responsible for 

pro-proliferative PI3K signaling in MPNSTs [60], suggests potentially less toxic, specific 

p110α inhibitors could be useful against NF1 tumors [61]. This study also demonstrated that 

mTORC1 is the key PI3K effector in NF1 tumors, while mTORC2 and AKT are dispensable 

in NF1-deficient tumors [60].

5.5 Receptor tyrosine kinases (RTK) as therapeutic targets for NF1 tumors

While tumors expressing oncogenic RAS are largely resistant to therapies targeting RTKs, 

since NF1-deficient cells contain wild-type RAS proteins, upstream regulators of the RAS 

pathway represent potential therapeutic targets for NF1 (Figure 2). The transition from 

benign neurofibromas to MPNSTs is characterized by gene amplification of several RTKs 

(i.e. EGFR, PDGFR, MET) [62]. Several multi-kinase inhibitors and general RTK inhibitors 

approved for the treatment of various malignant cancers have been commandeered for NF1 

clinical trials. However, inhibitors with relaxed specificity can cause harsh side effects and 

are unlikely to be suitable for long-term use [47]. Moreover, development of drug resistance 

is a major issue when using agents against RTK due in part to compensatory signaling 

pathways activated in response to RTK inhibition. Despite this, several RTK inhibitors 

including those against c-KIT, PDGFR, EGFR and c-MET, either alone or in combination, 

are currently used in clinical trials for neurofibromas and MPNSTs (Table 1).
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Imatinib mesylate, a specific inhibitor of tyrosine kinase domains in ABL, c-KIT, and PDGF 

receptors was originally pinpointed for treating NF1 based on its ability to inhibit 

conditioned media from NF1−/− SCs to hyper-stimulate proliferation of cultured 

heterozygous (NF1+/−) mast cells in vitro, as discussed further in section 5.9 [63]. Although 

attenuation of c-KIT signaling was assumed to be the target of imatinib, an alternative 

mechanism of inhibiting the PDGF signaling pathway required for neovascularization of 

tumors has also been suggested [64]. Imatinib was shown to be effective in reducing the 

volume of PNF in a small-scale phase II trial [65] and additional clinical studies are ongoing 

(Table 1).

Neurofibromas appear to require an ‘angiogenic switch’ for their malignant transformation 

to microvascular blood vessel containing MPNSTs [66]. Several multi-target RTK inhibitors 

with activity against vascular endothelial growth factor (VEGF) RTKs are included in 

ongoing clinical trials for NF1- associated plexiform, cutaneous, and paraspinal 

neurofibromas and low-grade astrocytomas (Table 1). The signal transducer and activator of 

transcription 3 (STAT3) has been suggested to act as a signaling nexus required for the 

angiogenic response by regulating hypoxiainducible factor (HIFα) and VEGF-A expression 

in MPNSTs [67]. Since STAT3 is a common point of convergence of several RTKs, it may 

represent a better therapeutic targeting option for anti-angiogenic therapy than RTK 

inhibition with its potential for acquired drug resistance.

5.6 WNT/β-catenin signaling in NF1-associated tumors

Several studies have shown the importance of WNT/β-catenin pathway activation in NF1 

tumorigenesis with expression of WNT genes being significantly deregulated in both PNFs 

and MPNSTs [68]. In some MPNSTs, the chemokine receptor CXCR4 and its ligand, 

CXCL12, has been shown to stabilize β-catenin through activation of PI3K-AKT-glycogen 

synthase kinase 3β (GSK3β), with β-catenin promoting tumor growth by stimulating cyclin 

D1 expression and cell cycle progression [69]. An insertional mutagenesis screen to identify 

genes and signaling pathways that initiate neurofibroma formation provided an alternative 

mechanism in which P-STAT3 activation represses GSK3β as well as the SWI/SNF gene 

Arid1b to increase β-catenin [70]. This report showed that P-STAT3 represses Arid1b 

through histone modification in a BRG1-dependent manner, suggesting epigenetic 

modification plays a role in early tumorigenesis. Together these studies support WNT/β-

catenin and JAK/ STAT signaling as possible therapeutic targets in NF1-driven tumors.

5.7 Novel therapeutic targets in MPNSTs

While MEK-ERK and AKT/mTORC1 signaling are known to be critical for both 

neurofibroma and MPNST growth, investigations of the molecular events occurring during 

the malignant transformation of benign PNFs have identified promising new therapeutic 

targets for MPNSTs [4,71,72].

Combination therapy is a cornerstone of cancer therapy and recent efforts have focused on 

strategies to co-target multiple pathways in cell and animal MPNST models. For example, 

increasing proteotoxic stress using the HSP90 inhibitor IPI-504, in combination with 

inhibiting the mTOR pathway has been shown to cause MPNST regression in mice [73]. 
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More recently, mTOR and HDAC inhibitors have been used together to promote catastrophic 

oxidative stress and regression of MPNSTs, with both inhibitors causing upregulation of 

thioredoxin-interacting protein (TXNIP) to trigger cell death by inhibiting thioredoxin and 

activating apoptosis signal-regulating kinase 1 (ASK1) [74].

As mentioned previously, the polycomb group gene SUZ12 has been identified as a tumor 

suppressor in NF1-associated MPNSTs and exacerbates the effects of NF1 loss by 

amplifying RAS-driven transcription through its effects on chromatin [18,19,22]. 

Inactivation of SUZ12 results in an epigenetic switch with an upregulation of BRD4 [75]. 

BRD4 is a BET (bromodomain and extra-terminal) family member that regulates expression 

of mitotic genes required for cell cycle progression. The subsequent finding that MPNSTs 

are sensitized to BET bromodomain inhibitors, which induce the proapoptotic BIM, offers a 

new approach for future therapies [18,75]. Combinatorial therapy involving BRD4 and 

MEK1 or mTOR inhibitors has proved to be more effective [18,76].

Transcriptome analysis has revealed that Aurora kinase A (AURKA) is dramatically 

overexpressed and genomically amplified in MPNSTs [77], suggesting that AURKA could 

be a potential MPNST therapeutic target. An AURKA selective inhibitor (MLN8237) 

stabilized tumor volume and significantly increased survival of mice with MPNST 

xenografts [77]. Recently, the same group used a lentiviral short hairpin RNA screen to 

reveal the homeobox protein MEIS1 as a MPNST driver gene [78]. MEIS1 promotes cell 

growth/survival, via the transcription factor ID1, by downregulating expression of a pro-cell 

death protein p27Kip, suggesting cell cycle inhibitors may have therapeutic value for 

MPNSTs.

Group I p21-activated kinases (Group I PAKs, PAK1/2/3) are important effectors of Rho 

family small GTPases RAC1 and CDC42 and are able to modulate signaling through MEK-

ERK, Akt/mTORC1, and WNT/β-catenin signaling pathways [79]. Inhibition of PAK1/2/3 

(Frax1036) and MEK (PD0325901) showed synergistic restriction of MPNST cell growth in 
vitro and dramatically decreased local and metastatic MPNST growth in mouse models [80].

Retinoids regulate specific target genes mediated by retinoid acid receptors (RARs) and are 

known to play a role in tumor growth, angiogenesis, and metastasis. Recent studies have 

shown that cellular retinoic acid-binding protein 2 (CRABP2), a transcriptional co-activator 

of retinoic acid signaling, is upregulated in MPNSTs and promotes their survival [81]. The 

viability and proliferation of MPNST cell lines is reduced by either knockdown of CRABP2 

or by combined application of all-trans retinoic acid (ATRA) and MEK inhibitors, 

suggesting targeting CRABP2 overexpression could represent a novel approach for MPNST 

treatment [82].

Integrated proteomics has identified a novel neurofibromin-associated protein, 

translationally controlled tumor protein (TCTP) as being up-regulated in NF1-associated 

tumors via MEK-ERK and mTOR signaling [83]. Artesunate, a semisynthetic derivative of 

the antimalarial drug artemisinin, which binds to and degrades TCTP, significantly 

suppressed the viability of MPNST cells but not normal SCs, while combinational use of 

artesunate and rapamycin enhanced the cytotoxic effect on MPNST cells [83].

Walker and Upadhyaya Page 11

Expert Opin Ther Targets. Author manuscript; available in PMC 2020 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Activation of the HIPPO signaling pathway has been implicated in the transformation and 

progression of MPNSTs. The kinases LATS1 and LATS2 negatively regulate the HIPPO 

path way by phosphorylating TAZ/YAP, thereby preventing their translocation to the nucleus 

where they interact with transcriptional partners to regulate cell growth [84]. Genomic 

profiling of patients with peripheral nerve sheath tumors has revealed mutations in LATS1, 

loss of a copy of either LATS1 or LATS2, or hypermethylation of their promoters [85,86]. A 

recent study has shown changes in gene expression suggestive of HIPPO-TAZ/YAP 

hyperactivity in human MPNSTs [87]. Ablation of LATS1/2 in mouse SCs results in 

hyperactivation of TAZ/YAP and induces high-grade nerve-associated tumors. Elevated 

TAZ/YAP activity in SCs was also shown to activate oncogenic programs, including PDGF 

signaling. Pharmacological co-targeting of TAZ/YAP (verteporfin) and PDGFR (sorafenib) 

inhibits tumor growth, suggesting a novel therapeutic strategy for MPNSTs [87].

As can be seen, the implication of novel pathways involved in MPNST transformation and 

viability, as well as uncovering their vulnerabilities to existing compounds has led to the 

identification of numerous therapeutic targets (Figure 4). A contrasting approach, of 

screening a library of 200,000 small molecules on mouse Nf1 mutant MPNST cells has 

identified a novel inducer of apoptosis, which may be effective against MPNSTs [88]. 

Compound 21 (Cpd21) inhibits growth and leads to apoptosis of all available in vitro models 

of MPNSTs and human MPNST cell lines, while remaining nontoxic to normally dividing 

SCs. Another study involving a screen of plant-derived compounds revealed silvestrol, an 

eIF4A inhibitor, as being able to induce G2/M arrest in MPNST cell lines, decreasing the 

levels of multiple cyclins, Aurora A, AKT, and ERK and dramatic suppression of tumor 

growth inNF1 MPNST mouse models [89].

5.8 miRNAs as targets for MPNSTs

Numerous studies have implicated miRNAs (miRs) as playing a role in malignant 

transformation of neurofibromas, which could potentially represent therapeutic targets for 

MPNSTs [90]. Comparison of miR expression profiles between PNFs and MPNSTs have 

identified both down- and upregulation of various miRs. Downregulated miRs in MPNSTs 

include miR-34a, miR-29c and miR-204 [91–93]. Restoring expression of these mIRs in 

MPNST cell lines and/or mouse models result in apoptosis [91], reduced cell invasion [93] 

or decreased tumor growth/malignant progression in vivo [92] respectively. In contrast, the 

upregulation of a group of miRs (miR-301a, miR19a and miR-106b) involved in PTEN 

repression has also been implicated in MPNST development [94].

5.9 Importance of the microenvironment and role of immune system in NF1 tumors

Studies with conditional knockout mice and genetic analysis of cells cultured from human 

neurofibromas have collectively shown that while bi-allelic inactivation of the NF1 gene is a 

prerequisite for neurofibroma formation, tumorigenesis can occur only in a NF1+/− 

background [95]. Thus, non-neoplastic cells in the tumor microenvironment play an 

essential role in neurofibroma development. CNFs are thought to arise from skin-derived 

precursor cells. Both benign neurofibromas and MPNSTs are composed of SCs, 

degranulating mast cells, macrophages, fibroblasts, and extracellular matrix. Elucidation of 

the intrinsic and extrinsic factors within the peripheral nerve microenvironment that play 
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essential roles in neurofibroma development have provided therapeutic targets for treatment 

of tumors. In addition, several recent studies have highlighted the potential of targeting the 

immune system for NF1 treatment.

NF1−/+ mast cells play a key role in both tumorigenesis and neoangiogenesis by producing 

matrix metalloproteinases, heparin, and a range of growth factors (Fig. 3). Within NF1-

associated tumors, mast cells differentiate, proliferate, and secrete cytokines in response to 

stem cell factor (SCF), a secreted ligand from NF1−/− SCs, which signals through the c-KIT 

receptor tyrosine kinase [96]. A study using MPNST xenografts suggests PLX3397, a c-KIT 

inhibitor, is superior to imatinib in the treatment of MPNSTs [97]. In addition to inhibiting 

c-KIT signaling, PLX3397 also inhibits CSF1 receptor activity to prevent macrophage 

recruitment to tumors. Further evidence of macrophage involvement in neurofibroma 

formation comes from Nf1 mouse studies showing that injury signals recruit macrophages to 

relieve the normally tumor-suppressive environment of adult peripheral nerve [98]. Further 

clues from the tumor microenvironment for possible therapeutic strategies come from 

experiments on the formation of optic gliomas (OPGs) in Nf1-mutant mice [99]. OPGs 

contain microglial cells expressing the chemokine receptor CX3CR1; genetic reduction of 

Cx3cr1 expression in Nf1 optic glioma mice has been found to delay OPG formation.

Targeted immunotherapy options for NF1 tumors will require identifying their immunologic 

profiles. SCs and macrophages in neurofibromas show distinct differences in their 

inflammatory gene signatures compared to cells in the normal peripheral nervous system 

[100]. Further, network analysis predicted decreased type-I interferon signaling as playing a 

central role in neurofibromas. Treatment of a GEMM neurofibroma model with polyethylene 

glycolyated (PEGylated) type-I interferon-α2b reduced the expression of many cytokines 

overexpressed in NF tumors.

Immune checkpoint inhibitors targeting the programmed cell death 1 (PD-1) receptor or its 

ligand (PD-L1) have been shown to be effective in treating patients with a variety of cancers 

[101]. Clinical response rates correlate with PD-L1 expression on tumor cells, as well as the 

presence of tumor-infiltrating lymphocytes (TILs). Recently, immunohistochemistry has 

revealed the expression of PD-L1 as well as the presence of CD68-, CD3-, or CD8-positive 

TILs in PNF and CNF specimens [102], suggesting adaptive resistance to cell- mediated 

immunity may play a major role in the tumor immune microenvironment of NF1-associated 

tumors. Moreover, expression of PD-L1 and the presence of TILs suggest that NF1-deficient 

tumors may be responsive to immunotherapy with immune checkpoint inhibitors.

An increase in plasma levels of transforming growth factor-beta (TGF-β) in NF1 patients 

suggests that the role of TGF-β signaling in MPNST pathogenesis might be worth 

investigating [103]. While revealing that both neurofibromas and MPNSTS show potential 

targets for T-cell-based immunotherapies, a recent study also showed considerable tumor 

heterogeneity in immune profiles, even within an individual [104]. This could pose a 

significant clinical challenge to using immunotherapies for NF1, which are likely to require 

a highly individualized, patient immunology-based, and tumor profile-based strategy.

Walker and Upadhyaya Page 13

Expert Opin Ther Targets. Author manuscript; available in PMC 2020 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5.10 Therapeutic targets for peripheral neuropathy in NF1

Peripheral neuropathy in NF1 constitutes a potentially severe clinical complication and is 

associated with increased morbidity and mortality [101]. Recently rodent models of NF1 

have provided potential clues to the mechanism underlying pain in NF1 [102, 103]. Loss of 

neurofibromin results in functional remodeling of peripheral nociceptors characterized by 

enhancement of interactions of the tetrodotoxin-sensitive (TTX-S) Na+ voltage-gated 

sodium channel (NaV1.7) and the collapsin response mediator protein 2 (CRMP2). 

Inhibition of CRMP2 phosphorylation with (S)-lacosamide is sufficient to normalize channel 

current densities observed with NF1 loss, suggesting CRMP2 could be a key target for 

therapeutic intervention for NF1-associated pain.

5.11 Therapeutic targets for NF1 cardiovascular disease

NF1 predisposes individuals to an increased risk for premature and severe arterial stenosis. 

Arterial lesions associated with NF1 are characterized by smooth muscle cell (SMC) 

hyperplasia, leukocyte infiltration and arterial remodeling leading to vaso-occlusion and 

tissue ischemia [1]. Similar to NF1 patients, Nf1+/− mice develop a marked arterial stenosis 

and have increased circulating CCR2+ proinflammatory monocytes [108]. Monocyte 

chemotactic protein-1 (MCP-1) has been shown to be a potent chemokine for CCR2 receptor 

activation and is critical for monocyte infiltration into the arterial wall and neointima 

formation in this GEMM [109]. Administration of a CCR2 antagonist (INCB3284) 

significantly reduced Nf1+/− neointima formation, suggesting it may be a viable therapeutic 

target for NF1 arterial stenosis [109].

5.12 Therapeutic targets for skeletal abnormalities in NF1

Recalcitrant bone healing following fracture (pseudarthrosis) is one of the most problematic 

skeletal complications associated with NF1. Multiple studies have shown reduced osteogenic 

potential of NF1-deficient osteoprogenitors due to increased RAS-ERK signaling [110]. The 

MEK inhibitor PD0325901 in combination with recombinant human bone morphogenetic 

protein (rhBMP-2) has been shown to increase bone formation in a GEMM of NF1 

pseudarthrosis [111]. Further murine studies have demonstrated a role for aberrant c-Jun N-

terminal Kinase (JNK), a non-canonical RAS effector pathway [112], TGF-β1 [113] and 

fibroblast growth factor receptor 1 (FGFR1) signaling [114] in NF1 skeletal defects, 

suggesting further potential therapeutic targets for NF1 osseous defects. Two recent reports 

have also highlighted the importance of elevated β-catenin levels at fracture sites in Nf1 
mice [115, 116]. The5increased fibrous tissue at fracture sites was rescued by local 

treatment with a WNT antagonist, Dickkopf-1 (Dkk1) or by conditional β-catenin gene 

inactivation, suggesting pharmacological modulation of β-catenin could be used to treat 

pseudarthrosis in NF1 patients.

5.13 Therapeutic targets for NF1 cognitive dysfunction

Cognitive manifestations of NF1 are the result of neurofibromin deficiency on both brain 

development (aberrant myelination) and brain function [117]. Defects in hippocampal 

spatial learning in Nf1+/− mice are due to enhanced RAS activity, leading to enhanced 

GABA-mediated inhibitory neurotransmission and subsequent impaired long-term 
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potentiation (LTP) [118]. In addition, some defects observed in NF1-deficient neurons are 

dependent on cyclic AMP signaling [119].

Lovastatin, a HMG-CoA-reductase inhibitor, has so far been unsuccessful in improving 

learning in children with NF1, despite promising preclinical test in Nf1 mice [120]. Studies 

showing that defective dopaminergic function is a contributing factor underlying impaired 

spatial learning and memory in Nf1 mice [121, 122] have led to clinical trials of a 

dopamine–norepinephrine reuptake inhibitor, methylphenidate, originally developed for 

ADHD. The interneuron-specific attenuation of hyperpolarization-activated cyclic 

nucleotide-gated (HCN) current has been suggested as a cause for increased neuronal 

inhibition [123]. The HCN channel agonist, lamotrigine (a sodium channel blocker) was able 

to rescue the electrophysiological and cognitive deficits in two Nf1 mouse models and is 

currently in clinical trials. Studies in Drosophila and mice have implicated the neuronal-

specific RTK, Anaplastic Lymphoma Kinase (ALK), as an upstream activator of RAS 

signaling in neurons [124, 125, 126]. Altering ALK activity in these animal models partially 

ameliorates NF1 cognitive deficits, suggesting it represents a potential therapeutic target.

6. Conclusions

NF1 is a complex multi-system disorder affecting many different tissues. While benign and 

malignant tumors are often considered to be the main characteristics of NF1, other 

symptoms including cognitive problems, skeletal and vascular abnormalities contribute to 

the morbidity of the disease. Neurofibromin controls RAS signaling in many cell types and 

its deficiency affects a variety of molecular and cellular processes. Rather than seeking a 

panacea for the diverse manifestations of the disease, therapeutic strategies will require an 

understanding of the specific defects caused by loss of NF1 in defined cell types underlying 

a particular symptom. Elucidation of the canonical and non-canonical effector pathways 

downstream of RAS activation and their ultimate cell-specific consequences has identified 

promising therapeutic targets for this chronic disease.

7. Expert opinion

Despite the NF1 gene having been identified in 1990, a multitude of factors have hampered 

research into the disease, for which there is still no effective treatment. In the laboratory, the 

technical limitations of working with such a large gene (the genomic locus spans >350 kb) 

have hindered experiments using transfection of full-length NF1 cDNAs (>9kb). In the 

clinic, the multisystem nature of NF1, coupled with the extreme variability of complications 

between individuals within and between families has also been challenging. Environmental 

factors, age, as well as genetic modifiers all play a role in disease development. Even though 

the underlying cause of NF1 is monogenic, the heterogeneity of both germline and somatic 

NF1 mutations adds an additional level of complexity in attempting to understand the 

disease. However, improved molecular diagnosis of patients has revealed several genotype-

phenotype correlations, which may provide new clues into the pathogenesis of NF1 and 

potentially reveal critical regions of neurofibromin outside of its RAS-GAP domain.
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One of the biggest challenges for devising therapies for NF1 will be considering treatments 

of both the acute and chronic aspects of the disorder. While short-term aggressive therapies 

for MPNSTs may be tolerated, the use of anti-tumor agents are of limited value to the NF 

population for prolonged administration in order to achieve tumor shrinkage or stabilization. 

Furthermore, many of the non-tumor symptoms will require long-term treatment to improve 

the quality of life of the individual, while safety issues are of particular concern in treating 

infants with NF1.

The cellular pathways affected in NF1 tumors and their downstream effects continue to be 

elucidated. A great deal of evidence indicates that multiple pathways function cooperatively 

in tumor formation. Many of the therapeutic strategies currently being tested for NF1 

involve inhibiting the RAS/MEK and AKT/mTORC1 pathways. Several studies highlight 

combinatorial approaches as likely to be more effective than single agents, as well as 

delaying or preventing the emergence of preexisting drug-resistant clones to extend the 

duration of response.

Neurofibromas usually arise during puberty, with their growth being influenced by 

hormones and increase in number with age. Understanding the mechanism that underlies the 

transition of NF1−/+ SCs into tumors may provide potential therapeutic interventions. For 

example, recently, EGFR-STAT3 signaling has been shown to be involved in the self-

renewal of SC precursors (SCPs), which result in PNF initiation [127], raising the possibility 

that it might be possible to devise a pre-emptive strategy to inhibit PNF formation. The 

recent development of three-dimensional (3D) cell culture models of PNFs may facilitate 

pre-clinical identification of potential targeted therapeutics for these tumors [128].

MPNSTs represent one of the more serious complications in NF1 and do not respond to 

standard chemotherapy or radiation therapy. The most effective treatment of MPNSTs 

appears to be early diagnosis and surgery; discovery of biomarkers that can be used for the 

early detection of MPNSTs could greatly aid treatment of these tumors. Synthetic lethal 

screens using the latest technologies (e.g., CRISPR-based libraries) may reveal specific 

vulnerabilities of NF1-deficient tumors that could be exploited for therapy. While GEMMs 

offer systems for validation of potential tar- gets and therapeutics, the establishment of 

orthoxenograft mouse models of patient-derived MPNSTs offers a chance for personalized 

therapy and the ability to perform preclinical drug testing [129].

The recent advances in therapeutic genome editing and targeted immunotherapy offer 

personalized approaches for treating NF1. CRISPR/Cas9 or gene editing technology may 

potentially be used to alter the genome of NF1 patients, to provide a long-term solution. 

However, while these approaches have yet to be implemented in the clinic, they may be 

impractical in overcoming neurofibromin deficiency in all cells and tissues within an 

individual, especially in patients with de novo NF1 mutations. Targeted immunotherapy has 

dramatically changed cancer treatment recently. Efforts to identify the immunologic profiles 

of NF1 tumors may provide a therapeutic option for using this personalized approach on 

neurofibromas and MPNSTs.
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The continuing development of novel cell and animal disease models will greatly aid both 

the understanding of basic NF1 biology as well as providing tools for screening novel 

therapeutics. We anticipate that studies using induced pluripotent stem cell (iPSC) will help 

both to elucidate the pathways and cell-specific defects caused by NF1 loss and the 

subsequent discovery of novel therapeutic interventions [130]. Not only do iPSCs allow the 

derivation of the different cell types involved in NF1 (e.g. neurons, SCs, melanocytes), this 

approach also provides an opportunity to develop patient-specific cell models of NF1 (B. 

Korf, pers. comm). The continued identification of biomarkers associated with NF1 
deficiency in specific cell types should be useful in both devising effective treatments, as 

well as for assessing whether therapeutic interventions are successful. Preclinical testing of 

potential therapeutic agents for NF1 has been aided by the availability of well-characterized 

mouse models of PNFs, MPNSTs JMML, OPG and cognitive dysfunction. It is anticipated 

that the ongoing development of a porcine NF1 model (CTF) may be more accurate for 

testing new therapeutic targets.

The establishment of the multiple-institutional Neurofibromatosis Preclinical Consortium 

(NFPC) and Neurofibromatosis Clinical Trials Consortium (NFCTC, http://www.uab.edu/

nfconsortium) has accelerated therapeutic trials for both the benign and malignant features 

of NF1 [131, 132] (Table 1). However, it is not certain whether treatment with these drugs 

will change the natural history of tumors, therefore long-term patient follow-up is warranted. 

The availability of emerging NF1 genotype-phenotype correlations, development of 

sophisticated animal models accurately reflecting human pathology and NF1 patient-

associated iPSC reagents will continue to improve our knowledge of the function of 

neurofibromin, the cellular pathways it regulates and identify novel biomarkers (Fig. 5). The 

synthesis, high-throughput screening and application of small molecule libraries using these 

disease models will expand the repertoire of targeted agents. Genome-guided therapeutics 

including gene editing may offer new options for the application of precision medicine for 

NF1. Furthermore, establishing a preclinical framework culminating in actionable drug 

targets, marked collaborations between academia, hospitals and pharmacological industries 

to implement the clinical drug pipeline will offer promising opportunities for imminent NF1 

treatment.
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Figure 1. Neurofibromatosis type 1 (NF1) is a multisystem disorder.
A. NF1 patients are predisposed to developing symptoms affecting multiple cells of origin 

and tissues. Some manifestations associated with NF1, such as cognitive and vascular 

problems, result from haploinsufficiency of NF1. In contrast, other symptoms are triggered 

by somatic NF1 mutation/loss of heterozygosity (LOH) resulting in biallelic NF1 
inactivation. Further, transformation of plexiform neurofibromas (NFs) into malignant 

peripheral nerve sheath tumors (MPNSTs) involves additional genetic events. Abbreviations: 

juvenile myelomonocytic leukemias (JMML) and gastrointestinal stromal tumors (GIST). B. 

The major defining features of NF1 include: (i) Café-au-lait macules, (ii) cutaneous 

neurofibromas, (iii) axillary freckling, (iv) Lisch nodules, (v) plexiform neurofibromas, (vi) 

thinning of long bone cortex and (vii) optic pathway glioma. Adapted from [2].
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Figure 2. Neurofibromin is a negative regulator of the RAS signaling pathway
RAS proteins function as fundamental signaling switches controlling a multitude of cellular 

processes including normal cell growth and differentiation. RAS proteins exist in two 

cellular states: an inactive GDP-bound form and an active GTP-bound form. Although RAS 

has a low intrinsic GTPase-activity, RAS-GTPase activating proteins (GAPs) stimulate this 

activity and consequently help to hydrolyze bound GTP back to GDP. Conversely, guanine 

nucleotide exchange factors (GEFs), e.g. SOS, convert RAS to its active GTP-bound form. 

NF1 encodes neurofibromin, a RAS-GAP, which is able to negatively regulate HRAS, 

KRAS, NRAS, MRAS, RRAS, and RRAS2 (TC21). Neurofibromin deficiency therefore 

results in elevated RAS signaling. RAS signaling transduces extracellular signals from 

ligand-activated receptors, both receptor tyrosine kinases (RTKs) and G protein-coupled 

receptors (GPCRs) at the cell surface through multiple pathways. RAS-GTP proteins 

activate a multitude of effector proteins, including RAF proteins (ARAF, BRAF, and CRAF) 

and the MEK–ERK signaling cascade, RalGDS, and the PI3 kinase family. The molecular 

and cellular events controlled by normal and aberrantly regulated RAS signaling are cell-

type specific, depending on the expression of different RAS isoforms and their relative 

engagement of particular RAS effector proteins. Small molecule inhibitors to upstream 

regulators of RAS and its downstream effectors in NF1 clinical trials are shown in red. 

Abbreviations: Growth factor receptor-bound protein 2 (GRB2), src homology 2 domain 

(SHC), adenyl cyclase (AC), cyclic adenosine monophosphate (cAMP), α, β and γ represent 

the subunits of a heterotrimeric G protein complex.
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Figure 3. Plexiform neurofibromas in NF1
Plexiform neurofibromas (PNFs) develop from NF1+/− Schwann cells (SC) with a second 

hit resulting in NF1 biallelic inactivation (NF1−/−). These tumors comprise a mixture of 

SCs, mast cells, macrophages and fibroblasts intrinsic to the peripheral nerve. The growth of 

PNFs depends on the complex interplay between these cell types. KIT ligand is secreted by 

NF1−/− SCs and acts as a chemo-attractant for NF1+/− mast cells. In turn, NF1+/− mast 

cells produce TGFβ, stimulating NF1+/− fibroblasts to increase collagen production and 

other extracellular matrix (ECM) proteins. NF1+/− mast cells also produce heparin, vascular 

endothelial growth factor (VEGF) and matrix metalloproteinases (MMPs) promoting tumor 

vascularization and tumor invasiveness. NF1−/− SCs secrete colony-stimulating factor 

(CSF1) thereby recruiting macrophages, aiding tumor progression. Small molecule 

inhibitors in NF1 clinical trials are shown in red. Recent reports have highlighted the 

importance of inflammation, increased signaling through the WNT/β-catenin pathway and 

misregulated miRNAs in PNFs, all of which may represent potential therapeutic targets.
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Figure 4. Progression of plexiform neurofibromas to malignant peripheral nerve sheath tumors
MPNSTs are highly invasive soft tissue sarcomas that frequently metastasize and arise from 

benign PNFs harboring biallelic NF1 inactivation. Additional genetic changes leading to the 

transition from PNFs to MPNSTs include loss-of-function mutations in tumor suppressors 

such as TP53, CDKN2A and PTEN, or genomic amplification of RTKs or signaling factors. 

NF1−/− SCs consequently have dramatically increased proliferation rates compared to those 

in benign PNFs. Potential therapeutic targets for MPNSTs are highlighted. Target proteins 

implicated in the malignant progression of MPNSTs are shown in blue (p21-activated 
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kinases (PAK1/2/3), bromodomain-containing protein 4 (BRD4), Cellular Retinoic Acid 

Binding Protein 2 (CRABP2), heat shock protein 90 (HSP90), mTOR, Translationally 

controlled tumor protein (TCTP) and Aurora kinase A (AURKA)) and small molecule 

inhibitors (BET bromodomain inhibitors, FRAX1036, IPI-504, rapamycin, HDAC 

inhibitors, artesunate, MLN8237, all-trans retinoic acid (ATRA)) in red. Increase in level of 

protein/miRNA in MPNSTs is denoted by red arrow, blue arrow denotes decrease.
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Figure 5. Network of approaches leading to discovery and testing of new therapeutic targets in 
NF1
1) Clinical examination of patients combined with molecular analyses is beginning to reveal 

NF1 genotype-phenotype correlations - findings that may define novel functions of 

neurofibromin and identify new therapeutic targets. In addition, genome-wide association 

studies (GWAS) offer a platform to identify genetic modifiers, which will facilitate the 

identification of novel targets and biomarkers. Understanding the effect of environmental 

factors and hormones on NF1 disease progression may also reveal novel treatments. 2) 

Patient-derived biopsies will aid in the generation of: a) induced pluripotent stem cells 

(iPSCs) to allow development of patient and cell-specific models and give insights for new 

targets and biomarkers for different NF1 clinical manifestations; b) tumor-specific cell lines 

and animal models accurately reflecting the human disease that will permit improved 

screening of small molecule inhibitors; c) patient-derived cell line models will facilitate 

cellular pathway analysis (in particular RAS pathway and its upstream and downstream 

effectors (including receptor tyrosine kinases and micro RNAs) identification of therapeutic 

targets and biomarkers, and will also allow the testing of novel drugs including small 

molecule inhibitors prior to their use in clinical trials; d) synthetic lethal screening (using 

CRISPR libraries) could be exploited to devise therapies to selectively kill NF1-deficient 

tumors; e) immune profiling leading to immunotherapy and generation of novel biomarkers 

for NF1-associated tumors. 3) Gene therapy approaches focus on antisense oligonucleotides 

(ASOs) and nonsense suppression, whereas potential correction of mutations via gene 

editing offers a possibility of restoring endogenous NF1 gene function, thereby providing a 

long-term solution for NF1 patients. Highlighted boxes: clinical studies/biopsies (orange), 
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genetic analysis and screening (green), disease models (blue), new insights into basic NF1 

biology (red), potential therapeutic approaches and clinical treatments (yellow).
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Table 1

Clinical Trials for NF1.

Target Therapeutic Children/
Adults

Clinical Trial 
Identifier

Sponsor Phase Active/
Recruiting/
Completed

Results 
Posted/
Reference

Study 
Start Date

Plexiform 
neurofibromas

MEK Selumetinib 2Y-18Y NCI II Recruiting 2011

>18Y NCI I/II Recruiting 2015

>18Y NCI II Recruiting 2015

MEK PD-0325901 >16Y UAB II Active 2014

MEK Binimetinib >1Y UAB II Recruiting 2017

MEK/B-RAF Trametinib + 
Dabrafenib

1mth-17Y Novartis I Recruiting 2015

mTOR Everolimus 
(RAD001)

18Y-60Y Novartis II Completed 2011

>6Y Novartis II Terminated Yes 2012

2Y-65Y EUCTR-2016–
001563–36

Novartis II Recruiting 2016

mTOR Sirolimus 3Y-75Y UAB II Completed [133] 2008

c-MET, VEGFR2 Cabozantinib >16Y UAB II Active 2014

KIT Pexidartinib 3Y-35Y NCI I/II Suspended 2015

ABL, c-KIT, 
PDGFR

Imatinib 
Mesylate

3Y-65Y IU II Completed [65] 2006

<18Y EUCTR-2009–
016922–15

HSJD II Active 2009

2Y-65Y EUCTR-2012–
000869–21

IRCCS I Active 2012

3Y-65Y IU School 
of 
Medicine

I/II Completed Yes 2012

2Y-21Y St. 
Justine’s 
Hospital

II Recruiting 2014

RTK: PDGFR, 
VEGFR, RET, 
CSF-1R, Flt3

Sunitinib 3Y-65Y IU II Suspended Yes 2012

RTK Nilotinib >18Y IU I Completed Yes 2011

JAK/Stat Peg-Interferon 
alpha-2b

2Y-30Y SHH II Active Yes 2008

18 
mth-21Y

Univ. of 
Pittsburgh

II Completed 2006

TGF-beta Pirfenidone 18Y-70Y Mayo 
Clinic

II Completed [134] 2000

3Y-21Y NCI I Completed [135] 2002

RAF, VEGFR, 
PDGFR

Sorafenib 3Y-18Y NCI I Completed [136] 2008

VEGFR Cediranib >18Y NCI II Terminated Yes 2006

RAS Tipifarnib 3Y-25Y NCI II Completed [137] 2001
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Target Therapeutic Children/
Adults

Clinical Trial 
Identifier

Sponsor Phase Active/
Recruiting/
Completed

Results 
Posted/
Reference

Study 
Start Date

DHFR inhibitor/
mitosis inhibitor

Methotrexate + 
Vinblastine

-25Y CHoP II Completed 2001

Photosensitizer Talaporfin 
sodium (LS11)

3Y-21Y CHoP I Terminated 2008

14Y-30Y MCW II Recruiting 2016

Cutaneous 
neurofibromas

MEK Selumetinib >18Y NCI II Recruiting 2017

VEGF-A Ranibizumab >18Y MGH I Completed 2008

mTOR Everolimus >18Y UTHealth II Completed Yes 2015

mTOR Sirolimus 
(rapamycin)

>13Y UTHealth I Completed 2009

Photosensitizer Levulan (5-
aminolevulinic 
acid)

18Y-90Y MCW I Active 2011

Immune response 
modifier

Imiquimod >18Y MGH I Completed 2009

MPNSTs

EGFR Erlotinib >18Y NCI II Completed [138] 2003

ABL, c-KIT, 
PDGFR

Imatinib 
Mesylate

>10Y NCI II Completed [139] 2002

RAF/VEGFR Sorafenib >18Y NCI II Completed [140] 2005

RTK Dasatinib >13Y SARC II Active [141] 2007

AURKA Alisertib >18Y NCI II Completed [142] 2012

Granulocyte - 
colony 
stimulating factor 
(G-CSF)

Filgrastim All ages NCI II Completed 2005

BET CPI-0610 >18Y UTSW II Recruiting 2017

RTK, mRTOR PLX3397 + 
Sirolimus

>18Y Columbia 
Univ.

I/II Recruiting 2015

mTOR/VEGF-A Everolimus + 
Bevacizumab

>18Y SARC II Active [143] 2012

mTOR/HSP90 Sirolimus + 
Ganetespib

>16Y SARC I Active 2013

Anti-PD-1 
immunotherapy

Pembrolizumab >18Y EUCTR-2015–
004747–39/

Oslo Univ. 
Hospital

II Recruiting 2015/2016

Gastrointestinal 
Stromal Tumors 
(GIST)

MEK Selumetinib >18Y NCI II Recruiting 2017

All tumors

MEK Binimetinib >18Y Array 
BioPharma

II Completed 2013

MEK Cobimetinib 6 
mth-30Y

Hoffmann-
La Roche

I/II Recruiting 2016

Neuroendocrine 
tumors
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Target Therapeutic Children/
Adults

Clinical Trial 
Identifier

Sponsor Phase Active/
Recruiting/
Completed

Results 
Posted/
Reference

Study 
Start Date

RTK PDGFR, 
VEGFR, RET, 
CSF-1R, Flt3/
mTOR

Sunitinib + 
Everolimus

>18Y NCI II Recruiting 2015

Optic Pathway 
Glioma

Anti-angiogenic Lenalidomide <21Y NCI II Active 2012

Anti-angiogenic 
and anti-myeloma 
cell growth

Pomalidomide 3Y-20Y NCI I Active 2015

Low-Grade 
Gliomas

RAF, VEGFR, 
PDGFR

Sorafenib >2Y NYUSM II Terminated [144] 2011

MEK Selumetinib 3Y-21Y NCI I/II Recruiting 2010

MEK Binimetinib 1Y-18Y CHLA I/II Recruiting 2016

EGFR/mTOR Erlotinib + 
Sirolimus

<21Y CRI I Completed 2007

mTOR Everolimus 1Y-21Y UAB II Active 2011

Cytotoxic Carboplatin + 
Vincristine

<9Y NCI III Completed [145] 1997

Cytotoxic Carboplatin + 
Vinblastine

<21Y COG I Completed 2006

Mitosis 
inhibitor/RTK

Vinblastine + 
Nilotnib

<65Y EUCTR-2012–
003005–10

Gustave 
Roussy

I/II Active 2012

Juvenile 
Myelomonocytic 
Leukemia

TNF-alpha Etanercept 6mth-18Y M.D. 
Anderson

II Terminated Yes 2004

Cognition

Dopamine–
norepinephrine 
reuptake inhibitor

Methylphenidate 7Y-12Y Hospices 
Civils de 
Lyon

IV Completed [146] 2004

HMG-CoA 
reductase 
inhibitor

Lovastatin 8Y-15Y UAB II Active [120] 2009

HMG-CoA 
reductase 
inhibitor

Simvastatin <18Y EUCTR-2009–
010965–22

Erasmus 
MC

III Completed [147, 148] 2009

Na-channel 
blocker

Lamotrigine <18Y EUCTR-2013–
003405–26

Erasmus 
MC

II Active 2013

12Y-18Y Erasmus 
MC

II Recruiting 2014

Autism

HMG-CoA 
reductase 
inhibitor

Simvastatin <18Y EUCTR-2012–
005742–38

CMFT II Completed [149] 2012

Bone deficits
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Target Therapeutic Children/
Adults

Clinical Trial 
Identifier

Sponsor Phase Active/
Recruiting/
Completed

Results 
Posted/
Reference

Study 
Start Date

Vitamin D 
supplement

Cholecalciferol 25Y-40Y University 
of Utah

II Recruiting 2017

Recombinant 
human bone 
morphogenetic 
protein-2

rhBMP-2 2Y-18Y UAB II Recruiting 2016

<18Y EUCTR-2007–
003835–22

HCL III Active 2008

Drug therapies in clinical trials are listed for specific NF1 complications including their molecular targets. Children/Adults refers to age of 
participants eligible for trial. The clinical trial identifier refers to either that of either NIH ClinicalTrials.gov or the European Clinical Trials 
Database (EudraCT). Sponsor abbreviations: University of Alabama at Birmingham (UAB), Massachusetts General Hospital (MGH), Children’s 
Hospital of Philadelphia (CHoP), Medical College of Wisconsin (MCW), Indiana University (IU), Spectrum Health Hospitals (SHH), The 
University of Texas Health Science Center at Houston (UTHealth), University of Texas Southwestern Medical Center (UTSW), Sarcoma Alliance 
for Research through Collaboration (SARC), NYU School of Medicine (NYUSM), The Foundation of the Carlo Besta Neurological Institute, 
IRCCS, Italy (IRCCS), Hospital Sant Joan de Deu (HSJD), Erasmus Medical Center (Erasmus MC), Children’s Hospital Los Angeles (CHLA), 
Children’s Research Institute (CRI), Novartis Pharmaceuticals (Novartis), Children’s Oncology Group (COG), MD Anderson Cancer Center (MD 
Anderson), Central Manchester University Hospitals NHS Foundation Trust (CMFT), Hospices Civils de Lyon (HCL).
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