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Abstract
Neurofibromatosis type 1 (NF1) is a genetic disease that results from either heritable or
spontaneous autosomal dominant mutations in the NF1 gene. A second-hit mutation precedes the
predominant NF1 neoplasms, including myeloid leukemia, optic glioma, and plexiform
neurofibroma formation. Despite this requisite NF1 loss of heterozygosity in the tumor cell of
origin, non-tumorigenic cells contribute to both generalized and specific disease manifestations. In
mouse models of plexiform neurofibroma formation, Nf1 haploinsufficient mast cells promote
inflammation accelerating tumor formation and growth. These recruited mast cells, hematopoietic
effector cells long known to permeate neurofibroma tissue, mediate key mitogenic signals
promoting vascular in-growth, collagen deposition, and tumor growth. Thus, the plexiform
neurofibroma microenvironment involves a tumor/stromal interaction with the hematopoietic
system which depends, at the molecular level, on a stem cell factor/c-kit-mediated signaling axis.
These observations parallel findings in other NF1 disease manifestations and have clear relevance
toward medical neurofibroma management.
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Overview: NF1, neurofibromas, and mast cells
NF1

Neurofibromatosis type 1 (von Recklinghausen's disease) is a genetic disorder caused by
autosomal dominant mutations in the NF1 gene, which encodes Neurofibromin, a protein
that accelerates the intrinsic hydrolysis of Ras from its GTP- to GDP-bound conformation.
The disease afflicts approximately 1 in 3500 persons worldwide in a pandemic fashion, and
it is the most common genetic disorder with a predisposition to cancer (1). NF1 manifests
with both non-tumorigenic and tumorigenic maladies, including learning disabilities,
skeletal dysplasia, non-healing fractures (pseudarthrosis), myeloid leukemia, and tumors
such as optic glioma and the namesake neurofibroma. The disease's hallmark signs include
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hyper-pigmented areas of the skin (café au lait macules) and hamartomas on the iris (Lisch
nodules), which serve as important diagnostic criteria and may be observed in infancy or
childhood of afflicted individuals (2, 3). Because prominent NF1 symptoms arise from
neural crest-derived tissue (e.g. glia, Schwann cells, melanocytes), some reports have
characterized NF1 as a disorder of the neural crest. However, NF1 pathologies arise in
organs derived from all embryonic germ layers, and we should consider NF1 not only a
tumor predisposition syndrome but also a systemic developmental disorder (4).

Neurofibromas
NF1-like cutaneous tumor syndromes appeared in the literature during the 18th century
(5-7), and in the 1880s Friedrich von Recklinghausen published seminal observations
detailing cutaneous tumors comprised of both neuronal and fibroblastic tissue (8). NF1's
pathognomonic neurofibromas are slowly progressing, heterogeneous solid tumors
comprised of Schwann cells, fibroblasts, vascular cells, and invading hematopoietic cells,
predominantly degranulating mast cells (9-14)(Figure 1). Cutaneous and subcutaneous
neurofibromas derive from small peripheral nerve branches during adolescence or adulthood
and are found in nearly all individuals with NF1 (15). By comparison, plexiform
neurofibromas afflict half or fewer individuals with NF1 and develop from cranial and large-
peripheral nerve sheaths, possibly initiating during gestation or early infancy from
abnormally differentiated nonmyelinating Schwann cells or their less-differentiated
precursors (16, 17).

Plexiform neurofibromas are typically a lifelong source of disfigurement, disability, and
mortality. In many cases, plexiform neurofibromas compress cranial nerves and/or
peripheral nerve roots at the vertebral column and create an array of morbidity, including
paresthesia, paralysis, drooling, sleeplessness, respiratory and gastrointestinal distress,
blindness, and loss of bowel and bladder control (18, 19). A plexiform neurofibroma also
has the potential to transform into a malignant peripheral nerve sheath tumor (MPNST), a
highly morbid, metastatic cancer afflicting up to 10% of NF1 patients in their lifetime (20,
21).

Plexiform neurofibroma treatment consists primarily of symptom management and/or
surgical resection. In many cases, the tumor's close involvement with vital nerve tissue,
vasculature, or other viscera complicates surgery (18, 19, 22). Currently, the tumors have no
medical therapy or cure, although several molecularly-targeted compounds are in preclinical
or clinical testing (23-27). Problematically, nerve sheaths and heavily collagenized areas
may resist drug bioavailability, complicating direct pharmacological inhibition of the
tumorous mass. Therefore, therapeutic strategies targeting components of the tumor
microenvironment, including vascular cells and invading mast cells, may prove viable
alternatives (28). In this review, we discuss the therapy-relevant insights into the interactions
between the tumor, the stroma, and the pathogenic mast cell.

Mast cells
Mast cells are granular hematopoietic cells that arise from common myeloid progenitors
prior to granulocyte/monocyte lineage commitment (29). Mast cell precursors migrate from
the bone marrow into the vasculature and enter dermal tissue where they mature into
immune effector cells. Mast cells fight pathogens, protect against venoms and toxins, and
may perform other immunomodulatory functions, both pro- and anti-inflammatory (30-33).
While mast cells are predominantly known as the mediators of allergy and allergic asthma
via IgE/FcεR pathways, they additionally depend on stem cell factor (SCF) signaling at the
c-kit receptor tyrosine kinase for their generation and, in some contexts, pathophysiological
activation (34-37). Indeed, mice naturally mutated at the c-kit receptor tyrosine kinase (W,
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or “white spotting locus” mutants) exhibit profoundly reduced numbers of tissue-resident
mast cells (35).

The pro-inflammatory activities of recruited mast cells and other immune effector cells have
been shown to sustain tumor microenvironments in various disease models (reviewed in
(38-40)). In this inflammatory microenvironment hypothesis, tumorigenic cells recruit and
co-opt the functions of non-tumorigenic hematopoietic cells via unchecked mitogenic and
chemotactic signals. These recruited cells, in turn, coordinate vascular in-growth, collagen
deposition, and the pathological inflammation promoting extracellular matrix remodeling,
tumor expansion, invasion, and metastasis. Specifically, mast cells can synthesize and
secrete matrix metalloproteinases (MMPs), various cytokines (e.g. IL-6 and TNF-α), and
multiple mitogens (e.g. NGF, VEGF, and PDGF) (32, 33) with putative roles in tumor
initiation, maintenance, and growth.

Mast cells have been associated with NF1 since 1911, when H. Greggio first noted les
cellules granuleuses in neurofibroma tissue (14). Decades later, several investigators
confirmed their presence using traditional histology and electron microscopy (9-13)). By the
1980s, mast cells were widely-recognized inflammatory effectors and hallmark histological
features (albeit of unknown significance) of the neurofibroma. Vincent Riccardi
hypothesized that mast cells may critically contribute to neurofibroma formation, proposing
that mast cell degranulation explained his clinical observations of coincident pruritus and
cutaneous neurofibroma formation (41). A small human study with a mast cell granule
stabilizer (ketotifen) reduced pruritus and/or slowed neurofibroma growth (42), but a
subsequent multiphase trial confirmed only anti-pruritic and analgesic effects, not
neurofibroma reduction (43). These inquiries provided important evidence of aberrant mast
cell degranulatory activity in neurofibroma tissue yet suggested that local inhibition of
degranulation alone does not change overall disease course. As discussed in this review,
recent biochemical, transplantation, and pharmacological studies have implicated a
preponderant role for SCF-mediated mast cell gain-in-functions in orchestrating the
neurofibroma microenvironment. This SCF/c-kit coordination of mast cell inflammation and
tumor growth may inform a novel approach to NF1 therapeutics.

NF1 genetics
NF1 mutations

Discovery of the NF1 gene and its cloning have been fundamental to human diagnoses, to
the evolving understanding of NF1 pathogenic mechanisms, and to the ongoing
development of novel therapeutics. Of note, NF1's genetic identification was pre-requisite to
the generation of accurate NF1 disease models in mice, biological tools which have greatly
accelerated research into experimental therapeutics. A century after von Recklinghausen's
seminal case reports, genetic linkage studies in NF1-afflicted families identified the
pericentromeric region of chromosome 17 as the genomic region harboring the gene
responsible for the disease (44, 45). Further studies in patients with translocations of
chromosome 17 (46-49) facilitated the identification and full-length sequencing of the NF1
gene (50), which spans 350 kilobases of human chromosome 17 (17q11.2) and encodes 59
exons producing a 2818 amino acid protein (46, 51-53). Of note, human Neurofibromin and
its mouse homolog share 98% identity at the protein level (54).

Approximately half of NF1 mutations in humans arise spontaneously (55), with the majority
of mutations leading to premature truncation of the protein neurofibromin (56, 57). When
NF1 mutations occur post-meiotically, individuals may exhibit segmental NF1 with
manifestations confined regionally or to a subset of normally affected cell types (e.g. only
pigmentation defects) (58). Different NF1 frameshift and point mutations do not necessarily
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correlate with phenotypic severity, although some studies have shown that microdeletions
encompassing the entire NF1 locus (which account for less than 10% of mutations) associate
with earlier onset and more profound disease manifestations (59, 60). Phenotypic variation
tends to be high even within families, and pedigree analyses indicate that while NF1
mutations are fully penetrant, variation in genes independent of the NF1 locus critically
modulates time-to-onset and course of the disease (61, 62). Parallel to the human data,
different Nf1-mutant mouse strains exhibit both varied expression levels of Nf1 and variable
susceptibility to different NF1-like disease manifestations (63). Overall, with the exception
of the documented severity associated with NF1 locus-encompassing microdeletions and a
uniquely mild phenotype associated with a 3-base pair deletion in exon 17 (64), particular
genetic mutations or genomic variations which may correlate to specific disease outcomes
are largely unknown.

NF1 encodes neurofibromin, a protein which functions, at least in part, as a p21ras (Ras)
guanosine tri-phosphotase (GTP) activating protein (GAP) (65-69). Neurofibromin and
other Ras-GAPs logarithmically accelerate the intrinsic hydrolysis of Ras-GTP to its
inactive guanosine di-phosphate- (GDP)-bound conformation (70). In response to multiple
mitogenic stimuli, active Ras-GTP orchestrates diverse protein signaling networks,
including mitogen activated protein kinase- (MAPK)- and Akt-directed pathways (71-75).
Hence, by accelerating the conversion of Ras-GTP to Ras-GDP, Neurofibromin negatively
regulates Ras-dependent signaling cascades and, generally, serves to downregulate
mitogenic events across diverse protein networks. In cases of NF1 heterozygosity or
nullizygosity, as observed in somatic cells and in tumor cells of individuals with NF1,
respectively, downstream Ras-mediated phosphorylation and transcriptional events can
increase in duration and total output. This global upregulation of Ras-dependent activity in
NF1/Nf1-disrupted tissue typically leads to cellular gain-in-functions, including enhanced
proliferation, migration, and survival in multiple cell types (reviewed in (76-80). Of note,
the specific Ras effectors potentiated by loss of NF1 may vary by cell and receptor type, and
biochemical consequences in one cell-receptor system may or may not be observed in
another.

NF1 gene dosage
Although NF1 is classified as a classical Knudson tumor suppressor gene, multiple studies
have shown that NF1 heterozygosity critically modulates cell fate and function by altering
Ras-dependent biochemical pathways in distinct cell types (reviewed in (79)). Moreover,
physiological Ras activity regulates embryogenesis, early development, and normal tissue
maintenance. Therefore, neurofibromin may be viewed not only as a tumor suppressor but
also as a regulator of histiogenesis, cellular maintenance, and repair (4). Accordingly, NF1 is
a disorder of both tumor predisposition and of developmental dysplasia.

While somatic cells in an individual with NF1 are heterozygous for NF1, loss of
heterozygosity (LOH) in different cell types typically precedes hallmark hyperplastic,
dysplastic, and neoplastic disease manifestations. LOH has been shown in human tissue
samples and confirmed in NF1 mouse models of certain NF1 pathologies via multiple
molecular techniques, coinciding with NF1's designation as a tumor suppressor gene. As
examples, LOH in Schwann cells or their precursors permits neurofibroma formation (17,
81-83), LOH in skin-derived glial precursors precedes cutaneous neurofibroma formation
(15), LOH in chromaffin cells initiates pheochromocytoma (84), LOH in melanocytes
produces hyperpigmentation (e.g café-au-lait macules) (58, 85), LOH in myeloid progenitor
cells induces myelomonocytic leukemia (86), and LOH in glia permits astrocytoma
formation (87). Recent studies have also shown LOH in tissues extracted from tibial
pseudarthrosis (88), although involved cell types and their exact genetic requirements are, as
yet, not clearly documented (89, 90). (Table 1).
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While it is unknown why some tissues are more susceptible to NF1 LOH and subsequent
disease manifestation, a general hypothesis suggests that normal regulation of Ras signaling
in certain cell types, for unclear reasons, depends more heavily on neurofibromin activity
and/or expression levels than on the activity of other Ras-GAPs. Similarly, identical cell
types located within discrete regions of an organ may demonstrate an increased dependence
on NF1 expression and its Ras-GAP activity. Recent studies have shown that astrocytes and
neuroglial stem cells in the optic nerve and brain stem express more neurofibromin and
more readily manifest phenotypic consequences in its absence when compared to astrocytes
from the frontal cortex (91, 92). These observations help explain the NF1-associated
predisposition of astrocytoma to arise as optic glioma and not within the forebrain. In other
NF1 pathologies, the mechanisms behind regional and tissue type-specific reliance on
functional Neurofibromin is largely unknown, although insights in this area could impel
future discovery of spatially- and/or temporally-targeted molecular therapies.

Individuals with NF1 also have an increased prevalence of multiple generalized
manifestations which do not appear to require cell-specific biallelic inactivation of NF1,
implicating a systemic gene dosage effect. These pathologies include skeletal and
mesenchymal dysplasia (e.g. short stature, osteoporosis, and soft tissue malformation),
disorders of neurocognitive development (e.g. retardation, spatial/visual coordination, and
autism), and vascular pathologies (e.g. fistulae, infarcts, and aneurysms). Corresponding to
these findings, biochemical and animal studies have shown various abnormalities of
function in Nf1/NF1 heterozygous osteoblasts and osteoclasts (93-95), GABA neurons (96),
endothelial cells (97, 98), and smooth muscle cells (99). These studies and others have
additionally demonstrated increased risk for NF1-associated bone, neuronal, and vascular
disease in Nf1 heterozygous mice. Hence, NF1 heterozygosity alone alters Ras-dependent
pathways to a degree sufficient for the pathological alteration of normal developmental and
homeostatic processes in multiple organ systems.

While NF1 heterozygosity may predispose NF1 patients to generalized deficiencies, NF1
heterozygous cells appear to also critically modulate neurofibroma growth and maintenance.
In mice, Nf1 haploinsufficient mast cells and fibroblasts, major constituents of the
heterogeneous plexiform neurofibroma, demonstrate multiple gain-in-function phenotypes
that include enhanced proliferation, survival, migration, and cytokine production in response
to specific stimuli (100, 101). These data parallel findings in Nf1 haploinsufficient microglia
(102), which critically modulate the inflammatory microenvironment of NF1-associated
optic glioma (103-105). In some mouse models of plexiform neurofibroma and optic glioma
formation, tumorigenesis requires Nf1 haploinsufficiency in non-tumorigenic cells.
Specifically, hematopoietic stem cell transplantation studies in the Nf1flox/flox; Krox20Cre
and Nf1flox/flox; P0aCre models (discussed in detail below) have shown that neurofibroma
genesis requires Nf1 haploinsufficiency and c-kit-mediated signaling in the hematopoietic
compartment (24).

Thus, heterotypic interactions between the tumor, the hematopoietic system, and other
stromal components critically promote and sustain the neurofibroma microenvironment.
Moreover, Nf1/NF1 gene dosage (normal, heterozygous, and nullizygous) in discrete cell
lineages differentially modulates cell fate, function, and, in some mouse models, disease
outcome. These mouse models may illuminate the pathogenic mechanisms underpinning
human genetic disease. While several NF1-associated diseases have been successfully
modeled in mice, this review predominantly focuses on plexiform neurofibroma formation
while making parallel observations in models of optic glioma formation. From the ongoing
insights derived from human data and these mouse models, investigators can seek out novel
molecular therapeutics targeting specific and essential interactions permitting disease
pathogenesis.
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NF1 murine tumor models
Nf1 traditional knockout

Nf1 knockout mice harbor a disruptive neomycin cassette in Nf1 exon 31 (Nf1+/n31) (106,
107), an exon site homologous to a “hotspot” of human NF1 mutations (108). The encoded
neo cassette induces protein instability and degradation, leading to an approximate 50%
reduction in total neurofibromin protein level. Nf1+/n31 (i.e. Nf1+/-) mice have a shortened
lifespan and occasionally develop pheochromocytoma and leukemia, diseases found in
increased incidence in humans with NF1. Other investigations have shown these mice to
have neuronal deficiencies (96), increased risk for vascular pathology (109), and increased
susceptibility to osteoporosis (95). However, Nf1+/- mice do not develop the pathognomic
neurofibroma or hallmark café-au-lait macules and, by themselves, are not used as models of
NF1-associated tumor formation.

The failure of Nf1+/- mice to develop neurofibromas – which individuals with NF1 near-
universally develop – was initially puzzling, as humans, like the heterozygous mice, are
born essentially NF1+/-. This phenotypic disparity may be ascribed to inherent differences
between humans and mice: mice have shorter lifespans, different exposures and responses to
toxins and carcinogens, and, perhaps, different susceptibilities to mutations in the normal
Nf1 allele (106). Therefore, the chance of an Nf1 second-hit and concomitant neoplasia may
be lower for the Nf1+/- mouse compared to a human born heterozygous at the NF1 locus.

Despite the absence of neurofibromas in the Nf1+/- mice, extracted leukemic myelocytes and
pheochromocytoma tissue exhibit Nf1 LOH, providing strong evidence that tumorigenesis
requires a second-hit in these tissues and supporting the classification of Nf1 as a tumor
suppressor gene (106). Hence, many or all cell types and tissues with forced biallelic Nf1
inactivation could demonstrate aberrant and/or neoplastic phenotypes. However, mice born
Nf1-/- die at embryonic day 13.5 secondary to defects in developing structures of the heart
(107). In parallel to these findings, humans are never born nullizygous for NF1, presumably
dying in utero. Due to the developmental requirement for at least one allele of NF1/Nf1, the
investigation of biallelic Nf1 inactivation in adult mice must be performed using chimeric or
conditional knockout models.

Indeed, chimeric Nf1-/- mice (mice with mixed Nf1+/+ and Nf1-/- somatic cells) provided
direct evidence that neurofibroma genesis requires biallelic inactivation of Nf1. To create
this model, investigators injected Nf1-/- embryonic stem cells into wild-type blastocysts
during embryogenesis (81). Moderately chimeric animals developed several hallmark
symptoms of NF1, including neuromotor defects, myelodysplasia, and neurofibromas in the
tongue, limb, and along the dorsal root ganglia. By contrast, high Nf1-/- chimerism was
lethal while low chimerism produced no immediately observable phenotype. In this study,
Nf1-/- embryonic stem cells also carried a β-galactosidase transgene, and tumor histology
revealed widespread β-gal expression. Conclusively, then, the neurofibromas arose
specifically from the cell lineages developmentally derived from Nf1-/- embryonic stem
cells.

Observations from this chimeric model, vis-à-vis findings from the Nf1 heterozygous
mouse, validate biallelic Nf1 inactivation as a condition engendering and, most likely,
required for tumorigenesis. Despite these critical insights, tumor formation in the chimera
depends upon an undefined quantity of Nf1-/- cells (of all lineages) admixed with Nf1+/+

cells (also of all lineages). These genetic doses do not mimic human NF1 genetics, where,
presumably, only the tumorigenic cells are essentially NF1-/- and the surrounding
fibroblasts, pericytes, endothelial cells, and hematopoietic cells – i.e. the microenvironment
– are essentially NF1+/-. While observations from the Nf1-/- chimera have accelerated the
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mechanistic understanding of neurofibroma pathogenesis, they do not allow delineation of
the specific genetic conditions and heterotypic interactions underpinning tumor formation.

Nf1 conditional knockout
Cre-lox site-specific recombination technology permits tissue- and condition-specific gene
disruption, allowing researchers to circumvent the embryonic lethality of traditional
knockout constructs and to investigate protein function in specific cell lineages. To these
ends, Zhu et al engineered a conditional Nf1 knockout construct targeted for disruption in a
subset of Schwann cells (76, 82, 110). First, the investigators generated a mouse harboring
flanking loxP (flox) sites at Nf1's exon 31 and 32 (Nf1flox/flox). LoxP is a 34 base pair
recognition sequence for the bacteriophage-derived protein Cre recombinase, which
mediates excision and recombination at these sites (111). The investigators then crossed this
Nf1flox/flox mouse with a mouse carrying the Krox20Cre construct, which places Cre
recombinase downstream of the promoter element for Krox20. Krox20 is an endogenous
mammalian gene directing peripheral nerve myelination (112), and it robustly expresses in
about 10% of Schwann cells and their precursors (82). In the Nf1flox/flox; Krox20Cre mouse,
then, a subset of Schwann cells harbor biallelic Nf1 disruption while the bulk of somatic
cells remain functionally wild-type.

However, Nf1flox/flox; Krox20Cre mice do not develop neurofibromas. Therefore, biallelic
Nf1 inactivation in only a subset of Schwann cells and/or Schwann cell precursors is not
sufficient to engender tumorigenesis. By contrast, plexiform neurofibromas readily and
reliably form in Nf1flox; Krox20Cre mice additionally carrying the Nf1 knockout allele
(Nf1flox/-; Krox20Cre). In this animal, a subset of Schwann cells are Nf1-deficient while
other somatic cells are phenotypically Nf1+/- (i.e. Nf1flox/- but without Cre-mediated
recombination). At about one year of age, the Nf1flox/-; Krox20Cre mouse develops dorsal
root ganglia tumors grossly and histologically resembling plexiform neurofibromas.
Histological examination of these tumors reveals wavy, dysplastic Schwann cells, abundant
fibroblasts, collagenization, and an infiltration of degranulating mast cells. As observed in
the Nf1flox/-; Krox20Cre model, then, plexiform neurofibroma genesis requires biallelic Nf1
inactivation in Schwann cells and heterotypic interactions with an Nf1 haploinsufficient
stroma, which includes the fibroblasts, vascular cells, and mast cells long known to
comprise the neurofibroma microenvironment.

Of note, widespread Nf1 deletion in glial precursor cells during embryognesis (~E12.5), as
driven by the Nf1flox/flox; DhhCre model, permits plexiform neurofibroma genesis despite
wild-type levels of neurofibromin in the surrounding cells of the microenvironment (17).
These Nf1flox/flox; DhhCre derived plexiform neurofibromas exhibit dysplastic Schwann
cell-like cells, aberrant collagenization, and an abundant infiltration of mast cells, just as the
neurofibromas observed in the Nf1flox/-; Krox20Cre model. Thus, early and widespread
biallelic inactivation of Nf1 circumvents the requirement for an Nf1 haploinsufficient
microenvironment in plexiform neurofibroma formation (17). This model gives important
insights into potential tumor cells of origin and provides a model for sporadic neurofibroma
formation as observed in individuals without genetic neurofibromatosis type 1.

Neurofibroma models as parallels to models of astrocytoma formation
A mouse model of NF1-associated optic nerve glioma formation demonstrates a similar
requirement for Nf1 haploinsufficiency in the tumor microenvironment (113). To generate
this model, the Nf1flox/flox mice were intercrossed with a transgenic mouse carrying Cre
recombinase downstream of the promoter element for glial fibrillary acidic protein (GFAP)
gene, which drives Cre expression in astrocytes. While both Nf1+/- and Nf1flox/flox;
GFAPCre mice demonstrate increased numbers of astrocytes (102, 114), the Nf1flox/flox;
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GFAPCre mice do not develop optic nerve gliomas. These findings directly parallel the
Nf1flox/flox; Krox20Cre mice, which never develop plexiform neurofibromas (113, 114). As
another direct parallel to the Krox20Cre tumor model, additional haploinsufficiency in the
cellular background permits optic glioma formtion. At about one year of age, these Nf1flox/-;
GFAPCre mice reliably demonstrate tumors of the optic chiasm histologically consistent
with low-grade gliomas infiltrated by inflammatory microglia (113).

In another intriguing parallel, biallelic inactivation in neuroglial progenitor cells induces
optic glioma formation independent of the Nf1 genetic dose in surrounding cells (87), just as
in the Nf1flox/flox; DhhCre model of plexiform neurofibroma genesis. These mutant mice
carry a transgenic construct expressing Cre recombinase under control of the human GFAP
promoter (hGFAPCre), which has been shown to express in mature astrocytes as well as in
the more primitive radial glial cell population. In this model, Nf1flox/-; hGFAPCre and
Nf1flox/flox; hGFAPCre mice manifest similar disease phenotypes compared to their
hGFAPCre-negative littermates, including increased numbers of astrocytes, increased
proliferation of glial progenitor cells during brain development, hyperplasia of the optic
nerve, and shortened lifespans (87).

Thus, multiple mouse models in two different NF1-associated pathologies demonstrate
different Nf1 dosage requirements for tumorigenesis, seemingly dependent upon the cell-
specific developmental timing of the gene's deletion. As a general observation, widespread
biallelic inactivation of Nf1 in precursors of the putative tumor cell appears to bypass the
requirement for haploinsufficiency of cells in the tumor microenvironment. Mechanistically,
it is unclear if Nf1-inactivated precursor cells harbor an intrinsic proclivity toward
neoplasm, if they respond more aggressively to recruited nontumorigenic cells, or if they are
simply better at recruiting these cells. Above all, given the consistent observation of
invading mast cells and microglia, these models all suggest pathogenic roles for
hematopoietic effectors co-opted by tumorigenic cells.

Schwann cells, Nf1 haploinsufficient mast cells, and the tumor
microenvironment hypothesis

The Nf1flox/-; Krox20Cre model, among others, approximates the genetic conditions
expected in humans with NF1, wherein all body cells are NF1 heterozygous and only a
small fraction of Schwann cells/Schwann cell precursors experience biallelic NF1
inactivation. Thus, heterozygous non-tumorigenic cells, including vascular cells, fibroblasts,
and mast cells, likely contribute to tumor pathogenesis and maintenance in the human
patient. Here, we focus on cell culture- and transplantation-based studies demonstrating
phenotypic consequence of biochemical deregulation in non-tumorigenic cells as well as the
critical importance of heterotypic interactions between the tumorigenic Nf1-/- Schwann cell,
the recruited Nf1+/- mast cell, and other mitogenic events within the tumor stroma.

Schwann cells
That the Schwann cell is the tumor cell of origin in NF1-associated peripheral nerve tumors
had long been a matter of controversy, with von Recklinghausen himself believing the
tumors to be of a primary fibroblastic or connective tissue origin (see, for example, (115) for
an early and detailed discussion of this debate). Today, preponderant molecular evidence
implicates a Schwann cell or Schwann cell precursor cell as the tumor cell of origin. As
foundational evidence, investigators had detected NF1 LOH in neurofibroma-derived
Schwann cells but not fibroblasts (116-118), and Schwann cells cultured from
neurofibromas demonstrate angiogenic and invasive phenotypes in tissue culture (119).
Importantly, all characterized mouse models of plexiform neurofibroma formation depend
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upon biallelic Nf1 inactivation using Cre drivers primarily restricted to neural crest- and
Schwann cell-directed cell lineages (15-17, 24, 82, 83).

However, questions still exist as to the precise stage of Schwann cell differentiation giving
rise to the tumor (reviewed in ((120)). Plexiform neurofibromas probably develop
congenitally, and, thus, neural crest stem cells or other progenitor cells could generate
tumors during embryogenesis, although investigators largely have agreed that Nf1-deficient
fetal neural crest stem cells cannot directly form a plexiform neurofibroma (83, 120).
Moreover, aggregated observations from studies of the different mouse tumor models
(Nf1flox/-; Wnt1Cre; Nf1flox/-; P0aCre, Nf1flox/-; Krox20Cre, and Nf1flox/-; 3.9PeriostinCre)
implicate differentiated glia, including mature nonmyelinating Schwann cells (i.e. Remak
bundles), as the likely tumor cells of origin (16, 24, 82, 83). However, given the observation
from the Nf1flox/flox; DhhCre model, which expresses Cre at the late boundary cap cell
stage, as well as the fact that P0aCre and Krox20Cre both express in Schwann cell
precursors, tumorigenic events in these precursor cells or their progeny cannot be ruled out
(17). Finally, Le and colleagues have created dermal and plexiform neurofibromas by
autologous transplantation of neural crest-like stem cells derived from the skin (“skin-
derived precursors” or “SKPs”) of adult Nf1flox/- mice carrying a tamoxifen-inducible Cre
transgene (15). This study has shown that adult-type neural precursor cells can form tumors
while demonstrating the importance of localized microenvironment cues, whereby a SKP
can develop into a dermal neurofibroma or a plexiform neurofibroma depending on its
engrafted location. Intriguingly, SKP-derived tumor formation is greatly accelerated in
pregnant females versus males and non-pregnant females, suggesting that hormonal cues, as
well as genetic and spatial, dictate tumor fate.

Based on these studies, firm conclusions cannot yet be made as to the exact tumor cell of
origin, but these models and the multiple molecular studies in human tissues almost
certainly rule out a fibroblast-derived neoplasia, as some once postulated. Likely, then,
biallelic Nf1 inactivation at multiple stages of Schwann cell differentiation can initiate
tumorigenesis with potentially disparate requirements for cooperative cues, whether genetic
or environmental.

As a Schwann cell or Schwann cell-like cell is neurofibroma's tumorigenic cell, Nf1-/-

cultured primary Schwann cells have provided critical insights into putative mechanisms of
neurofibroma pathophysiology. An initial study demonstrated that Nf1-/- Schwann cells
induce endothelial and fibroblastoid cell proliferation by secreting fibroblast growth factor
(FGF-2), platelet-derived growth factor (PDGF), and midkine (MK) (121). These factors
could potentially drive vascularization and collagenization of the growing tumor, thus
suggesting a mechanism by which Nf1-/- Schwann cells orchestrate the nascent tumor
microenvironment. A subsequent study found that Schwann cells derived from Nf1-/- mouse
embryos proliferate more quickly than WT cells, display an irregular morphology in cell
culture, and secrete approximately six times as much soluble SCF as Nf1+/- and WT
Schwann cells (122). Conditioned media from these Nf1-/- Schwann cells promotes the
chemotaxis of primary cultured mast cells, doing so at twice the rate for Nf1+/- mast cells
versus WT mast cells. Recombinant SCF reproduces this chemotactic effect, and genetic
disruption of the mast cell's c-kit receptor (via Nf1+/-; W mutations) or addition of c-kit
receptor blocking antibodies abolishes Schwann cell-mediated chemotaxis. These data
implicate a direct link between the Nf1-/- Schwann cell and the mast cell, one mediated
mechanistically through the SCF/c-kit signaling axis. As further evidence of this signaling
pathway's importance in humans with NF1, previous and subsequent studies have shown
that neurofibroma tissues express SCF mRNA, that human neurofibroma-derived Schwann
cells secrete high levels of SCF, and that serum from individuals with NF1 contains
increased levels of SCF compared as compared to controls (122-125). When considered with
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the well-established histological phenotype of mast cell invasion and degranulation in tumor
tissue (as well as the mast cell's dependence on c-kit for its cytopoiesis), these studies
roundly implicate an SCF/c-kit signaling axis as a potential pathogenic mechanism.

Nf1 haploinsufficient mast cell phenotype
SCF regulates mast cell cytopoiesis, proliferation, survival, and cytokine synthesis,
functions which Nf1 haploinsufficiency potentiates. In fact, the study of SCF-stimulated
Nf1+/- mast cells provided foundational evidence that haploinsufficiency of the Nf1 “tumor
suppressor” could modulate multi-lineage cell fate and function, in tissue culture and in vivo
(100). In these experiments, Nf1+/- mice were intercrossed with mice naturally mutated at
the c-kit receptor tyrosine kinase (W41). This naturally-occurring mutation at the W – or
“white spotting” – locus reduces c-kit receptor tyrosine kinase activity by about 85%,
leading to albinism and tissues largely absent of mast cells (34, 126-129). Ingram and
colleagues found that Nf1+/-; W41/W41 intercrossed mice exhibit increased numbers of
dermal and peritoneal mast cells compared to their W41/W41 counterparts. Likewise, Nf1+/-

mice demonstrate increased numbers of dermal and peritoneal mast cells. Mast cells cultured
from Nf1+/- and Nf1+/-; W41/W41 bone marrow progenitor cells display several SCF-
mediated gain-in-functions, including proliferation at about twice the rate of WT and W41/
W41 mast cells, respectively. Nf1+/- and Nf1+/-; W41/W41 bone marrow cells also form
increased numbers of mast cell colonies ex vivo (100). In vivo, Nf1+/- mast cells and mast
cell precursors demonstrate an exquisite hypersensitivity to low doses of soluble SCF, as
measured by mast cell proliferation and recruitment using SCF-loaded micro-osmotic pumps
implanted in dermal tissue (130). Moreover, Nf1+/-; W41/W41 animals have a black mottling
of the W41/W41 mouse's normally predominant albino coat, showing that Nf1
haploinsufficiency restores c-kit-impaired melanocyte function (100), a neural crest-derived
lineage that expresses neurofibromin and has relevance to human NF1 (e.g. café-au-lait
macules)(Figure 2)(131). Biochemical inquiries further demonstrated increased latency and
potency of GTP-bound Ras in SCF-stimulated Nf1+/- mast cells. Taken together, these data
indicate that Nf1 haploinsufficiency restores c-kit-dependent kinase activity to a biologically
relevant degree, alters mast cell cytopoiesis and functional potential, and modulates fate and
function in multiple cell lineages in the live animal.

Nf1 haploinsufficient biochemistry in the SCF-stimulated mast cell
Subsequent studies have detailed the biochemical mechanisms modulating SCF-mediated
gain-in-functions in the Nf1 haploinsufficient mast cell. Principally, these alterations arise
from deregulated signaling events in Ras-dependent networks. In response to ligand binding
at diverse cell surface receptors, Ras activates to its guanine triphosphate (GTP)-bound state
and promotes phosphorylation in downstream protein networks, including those orchestrated
by MAPKs and phosphoinositide-3-kinase (PI-3K)(72-75). Neurofibromin, which contains a
highly-conserved GAP-related domain (GRD) with homology to the yeast gene products
IRA1 and IRA2, logarithmically accelerates the intrinsic hydrolysis of active GTP-bound
Ras to its GDP-bound state (47, 52, 65, 68, 76, 132). Generally, loss-of-function mutations
in genes encoding Ras-GAPs promote cell growth, proliferation, migration, and survival
(40). In myeloid progenitor cells, microglia, and mast cells, loss of one or both alleles of Nf1
leads to increased duration of Ras-GTP and the activity of specific effectors within Raf-
Mek-Erk, PI-3K-Rac-Pak-P38, and PI-3K-Akt cascades (86, 100, 105, 122, 133-138).

Cell culture and in vivo studies of genetically disrupted mast cells indicate that the Raf-
Mek-Erk pathway may primarily modulate SCF-mediated proliferation while the PI-3K-
Rac2-Pak-p38 pathway controls F-actin dynamics and cellular motility.(130, 135, 136,
138-140). However, biochemical investigations have additionally shown that the PI-3K-
dependent pathway reinforces the classical Raf-Mek-Erk cascade through the activity of the
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p21 activated kinases (Paks) (130, 136). Thus, PI-3K directly modulates SCF-mediated
proliferation. In this schema, PI-3K-activated Rac2 induces Pak1 to phosphorylate Mek at
serine 298 as well as Raf1 at serine 338, potentiating Raf1's phosphorylation of Mek at
serine 217/222. These activities potentiate phosphorylation of the extracellular regulated
kinases, Erk1 and Erk2. Erk1/2 phosphorylate cytoplasmic targets (e.g. p90rsk), translocate
to the nucleus, and activate multiple mitogenic transcription factors (e.g. c-Fos, Elk1, C/
EBP), although Erk-dependent transcriptional events and gene products are largely
undocumented for the SCF-stimulated Nf1+/- mast cell. Ultimately, Erk activity appears to
regulate SCF-mediated cell cycle progression, events potentiated in the Nf1+/- mast cell.
Furthermore, these studies have suggested that SCF-mediated hyper-proliferation in the
Nf1+/- mast cell directly relies on PI-3K-Rac2-Pak1's aberrant potentiation of Erk1/2.

In addition to promoting proliferation through reinforcement of Raf-Mek-Erk, SCF-
dependent hyper-activation of PI-3K critically orchestrates Nf1+/- mast cell migration and
survival (130, 136, 137). Genetic and chemical inhibitor- (PD98059, SB203580,
LY294002)-based studies have described a PI-3K-dependent activation of Rac2 controlling
SCF-mediated mast cell chemotaxis as well as Nf1-dependent gain-in-motility. Specifically,
a Rac2-Pak1-p38 signaling pathway induces F-actin rearrangement and cell motility,
although the precise downstream effectors remain unknown (136). These cytoskeletal
observations directly correlate with a genetic study showing that Nf1+/- mast cells require
PI-3K activity for Nf1-/- Schwann cell conditioned media-dependent degranulation (140).
Moreover, SCF-induced PI-3K-Rac2 activity promotes Akt's modulation of Bcl-2 family
proteins (e.g. BAD/Bcl-XL), increasing mast cell survival through suppression of pro-
apoptotic pathways (139). Taken together, these biochemical data explain SCF-mediated
gain-in-functions in the Nf1+/- mast cell, and they illuminate potential molecular therapeutic
targets within Ras-dependent pathways. Figure 3 summarizes these pathways.

The tumor microenvironment
Nf1-/- Schwann cells potently recruit normal and Nf1+/- mast cells via SCF-mediated
activation of Ras pathways, but what role do these recruited mast cells play in the nascent
and mature plexiform neurofibroma microenvironment? As a matter of definition, the
plexiform neurofibroma microenvironment includes (but is perhaps not restricted to)
tumorigenic Schwann cells and/or their precursors, recruited mast cells, other hematopoietic
cells, pericytes, smooth muscle, and endothelial cells (i.e. vasculature), fibroblasts, and the
extracellular matrix, including a large amount of collagen. Indeed, fibroblasts and fibroblast-
secreted collagen are major constituents, and extracellular matrix material typically accounts
for about half of dry neurofibroma weight (141). Given that SCF-stimulated mast cells can
synthesize and secrete pleiotropic cytokines and growth factors, the mast cell could promote
growth and activity in the tumor microenvironment through multiple hypothetical
mechanisms, including nerve growth factor (NGF) stimulation of Schwann cells, vascular
endothelial growth factor (VEGF) stimulation of vascular cells, and transforming growth
factor beta (TGF-ß) stimulation of fibroblasts.

Fibroblasts
Accordingly, Yang and colleagues have experimentally demonstrated that SCF-stimulated
Nf1+/- mast cells modulate multiple fibroblast functions through secreted TGF-ß (101).
TGF-ß induces fibroblasts to migrate, proliferate, and synthesize collagen, well-documented
and critical biological processes, especially during embryogenesis and inflammatory wound
healing. SCF-stimulated mast cells not only secrete TGF-ß, but Nf1+/- mast cells generate
2.5 fold more TGF-ß compared to WT mast cells. In response to mast cell conditioned
media, WT and Nf1+/- fibroblasts proliferate, migrate, produce collagen, and promote
extracellular matrix remodeling, with Nf1+/- mast cell/Nf1+/- fibroblast interactions
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demonstrating the greatest biological activity. Yang et al's study directly demonstrated TGF-
ß-dependence by disrupting the fibroblast gain-in-function phenotype through addition of
TGF-ß blocking antibody to the Nf1+/- mast cell-conditioned media. Intriguingly, TGF-ß-
stimulated fibroblasts derived from human neurofibroma samples demonstrated gain-in-
functions similar to the murine Nf1+/- cultured fibroblasts, and re-introduction of the NF1
GAP-related domain restores normal activity. Mechanistically, TGF-ß induces hyperactivity
of the non-receptor tyrosine kinase c-abl, and genetic or pharmacological suppression of c-
abl corrects multiple fibroblast gain-in-function phenotypes. Correspondingly, imatinib
mesylate (Gleevec©), an FDA-approved inhibitor of c-abl, suppresses collagen production
and fibroblast migration/invasion in mice implanted subcutaneously with TGF-ß and Nf1+/-

mast cell conditioned media. This study, in conjunction with previous studies of Schwann
cells and mast cells, illuminates critical microenvironment interactions, whereby the Nf1-/-

Schwann cell recruits the Nf1+/- mast cell which, in turn, promotes fibroblast proliferation
and collagenization.

Vascular cells
Neurofibromas, like other human tumors, require the in-growth of new vessels for their
expansion and metastasis (40, 142). An initial study found that Nf1-/- Schwann cells directly
promote angiogenesis when engrafted on chorioallantoic membranes of post-fertilization
chicken eggs, potentially through aberrant Ras-mediated expression of VEGF (143). An in
vivo murine study corroborated these findings, as Nf1-/- Schwann cell-conditioned media
implanted into mice induces angiogenesis, with Nf1+/- mice showing a greater angiogenic
response than WT mice (97). Likewise, endothelial cells (ECs) cultured from Nf1+/- mice
and humans with NF1 exhibit a heightened migratory and proliferative response to
neurofibroma-derived and recombinant growth factors, including VEGF and basic fibroblast
growth factor (bFGF). Both proliferation and migration in patient-derived and Nf1+/- ECs
appear to require aberrant Mek-Erk activity, an interesting contrast to Nf1+/- mast cells,
where Mek-Erk are largely dispensable for SCF-mediated migration. A concomitant study
from the same laboratory found enhanced proliferation and migration in Nf1+/- vascular
smooth muscle cells (VSMCs) in response to PDGF-BB (99). Intriguingly, Nf1+/- fibroblasts
secrete five-fold higher concentrations of PDGF-BB than their WT counterparts, suggesting
that the haploinsufficient fibroblast directly participates in promulgating the pathogenic
microenvironment. As in ECs, this PDGF-BB-mediated potentiation of VSMC function
requires hyperactivity in the Raf-Mek-Erk pathway. The investigators detected no Nf1
haploinsufficient enhancement of Akt activity in either ECs or VSMCs, a surprising finding
given Ras's well-documented modulation of PI-3K in the mast cell and other cell types.
Thus, Nf1 haploinsufficiency modifies biochemistry in a cell type-specific manner.

Other lineages
Macrophages and pericytes may also modulate plexiform neurofibroma genesis and
maintenance, but their roles remain, as now, largely undocumented. Although mast cells
comprise the majority of hematopoietic cells in the neurofibroma, macrophages account for
about 10 to 15% of CD45+ cells, at least in murine models (24). And, in some cancers,
tumor-associated macrophages (TAMs) mediate key angiogenic and mitogenic signals
promoting tumor vascularization, remodeling, and growth (144). Therefore, macrophages
emerge as a reasonable target for future investigations of pathogenic mechanisms in the
neurofibroma microenvironment. Likewise, pericytes, which are less-differentiated cells
supporting vascular and connective tissue growth, could modulate events in the
microenvironment, including angiogenesis. Intriguingly, intracranial tumors in Nf1+/–;
Trp53+/– mice secrete stromal-derived factor-1 (SDF1) which recruits endothelial precursor
cells from the bone marrow to the tumor site (145). These recruited precursors can
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differentiate into either endothelial cells or pericytes, although this phenomenon has not
been directly studied in plexiform neurofibroma formation.

In sum, complex heterotypic interactions underlie neurofibroma genesis and maintenance.
As a global model, tumorigenic cells secrete SCF, recruiting inflammatory mast cells, which
then promote fibroblast proliferation and collagenization. Tumorigenic cells and hyperactive
fibroblasts can promote neo-angiogenesis, potentially through their stimulation of ECs and
VSMCs via VEGF, bFGF, and PDGF-BB. Moreover, other cell types, including
macrophages and pericytes, could modulate angiogenic and mitogenic events in the
microenvironment, although their roles are relatively unknown. Figure 4 presents the
microenvironment model, including both known and hypothetical interactions.

Parallels to the optic glioma microenvironment
Mouse models of NF1-associated optic glioma formation have demonstrated the importance
of heterotypic interactions between the tumorigenic astrocyte and gliomagen-elaborating
microglia, hematopoietic effectors derived from monocyte precursor cells (reviewed in
(146)). Neoplastic and pre-neoplastic astrocytes secrete multiple factors attracting and
expanding microglia populations (146). Similar to the Nf1+/- mast cell, Nf1+/- microglia
demonstrate multiple gain-in-functions, including enhanced macrophage-colony stimulated
factor- (M-CSF)-mediated proliferation and production of hyaluronidase (105). This
secreted hyaluronidase drives aberrant Nf1-/- astrocyte proliferation and correlates with
glioma formation in vivo, both in mouse models and in humans with NF1. Mechanistically,
Nf1+/- microglial gain-in-function appears to depend upon the aberrant activity of c-Jun-
NH(2)-kinase (JNK) and not upon hyperactive Mek-Erk, p38, or PI-3K-Akt, reinforcing the
notion that Nf1 haploinsufficiency modifies signaling in a cell type-specific manner (104).
Nf1+/- microglia also express three-fold more CXCL12 than WT microglia, which,
intriguingly, promotes astrocyte growth only in the context of Nf1 deficiency (CXCL12
induces apoptosis in normal astroycytes). This finding associates with aberrantly low cyclic
AMP (cAMP) levels in the CXCL12-stimulated Nf1-deficient astrocyte (147), and forced
suppression of cAMP can induce NF1-associated glioma formation in brain regions typically
not susceptible to this tumor (148). Thus, optic glioma genesis demonstrates a direct parallel
to neurofibroma genesis, whereby tumorigenic cells co-opt inflammatory cells which, in
turn, enable tumor growth and maintenance through secreted mitogens.

The SCF/c-kit in plexiform neurofibroma formation and its therapeutic
implications
Tumorigenesis requires an Nf1+/- hematopoietic system

Given the requirement for an Nf1 haploinsufficient cellular background for plexiform
neurofibroma formation in multiple mouse models combined with the various studies
showing interactions between Nf1 disrupted Schwann cells, mast cells, fibroblasts, and
endothelial cells, the question arises as to which haploinsufficient cell types specifically
engender tumorigenesis. To address this question, Yang et al transplanted hematopoietic
stem cells from Nf1+/- mice into lethally-irradiated Nf1flox/flox; Krox20Cre mice, a genetic
status which, as discussed above, does not lead to tumor formation (24). This Nf1+/-

hematopoietic stem cell transplant into Nf1flox/flox; Krox20Cre mice created animals with 5
to 10% of their Schwann cells and Schwann cell precursors biallelically inactivated for Nf1,
their hematopoietic system haploinsufficient for Nf1, and all other cells phenotypically
normal (i.e. Nf1flox/flox). Approximately six months after transplantation, the Nf1flox/flox;
Krox20Cre mice reconstituted with an Nf1+/ hematopoietic system developed enlargements
along their dorsal root ganglia histologically resembling plexiform neurofibromas. The
tumor formation and increased mortality directly compared to the symptoms observed in the
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reliably tumorigenic Nf1flox/-; Krox20Cre mice. Figure 5 presents the schematics for
hematopoietic stem cell transplantation into tumor model mice.

These transplant experiments indicate that Nf1 haploinsufficiency in the hematopoietic
system permits tumorigenesis in Nf1 disrupted Schwann cells. However, these observations
do not exclude the possibility that Nf1+/- fibroblasts, endothelial cells, and/or other stromal
cells could permit tumorigenesis despite a genetically normal hematopoietic system. To test
this hypothesis, Yang et al additionally transplanted wild-type hematopoietic stem cells into
lethally-irradiated Nf1flox/-;Krox20Cre mice, creating mice with Nf1 disrupted Schwann
cells, a wild-type hematopoietic system, and all other cells phenotypically Nf1+/-. These
mice never developed tumors. Therefore, an Nf1+/- hematopoietic system is both required
and sufficient for tumorigenesis in the Krox20Cre model.

Similar investigations have revealed that the P0aCre tumor model requires an Nf1+/-

hematopoietic system and that an Nf1+/- hematopoietic system increases the penetrance and
severity of tumors in the PeriostinCre model. Thus, in multiple murine plexiform
neurofibroma models with clear relevance to the human genetic disease, pathogenesis hinges
on the inflammatory cues granted by an Nf1 haploinsufficient hematopoietic system. We
reiterate, however, that the early glial-driven DhhCre model does not require an Nf1
haploinsufficient hematopoietic system, and we emphasize that different mouse models may
distinctly inform the varied constellation of NF1-associated pathologies observed in humans
with or without heritable NF1.

Tumorigenesis requires high functioning c-kit in an Nf1+/- hematopoietic system
The Nf1+/- hematopoietic stem cell transplant experiments do not rule-out possible
contributions from other Nf1+/- hematopoietic cells, such as macrophages and endothelial
precursor cells. To test the hypothesis that tumor formation requires Nf1+/- mast cells, Yang
and colleagues also transplanted Nf1+/-hematopoietic stem cellscarrying one of two
naturally occurring c-kit receptor tyrosine kinase mutations, W41/W41 or Wv/Wv. These
mutations reduce kinase activity 85% and 92-95%, respectively, leading to loss of coat color
and failed mast cell cytopoiesis, as discussed above. In these transplant experiments,
Nf1flox/flox; Krox20Cre mice reconstituted with an Nf1+/-; W41/W41 or Nf1+/-; Wv/Wv

hematopoietic system protected against dorsal root ganglia hyperplasia and mast cell
invasion, as compared with the Nf1flox/flox; Krox20Cre mice reconstituted with an Nf1+/--
only hematopoietic system. Of note, because c-kit-mutated hematopoietic stem cells do not
necessarily engraft as efficiently as wild-type hematopoietic stem cells, the authors used
Southern blot analysis of myeloid colonies grown from bone marrow progenitor cells in
Nf1+/-; W41/W41 or Nf1+/-; Wv/Wv recipients to assay engraftment efficiency. In the
transplant recipients, approximately 95% of hematopoietic progenitors originated from the
Nf1+/-; W donor stem cells, indicating successful engraftment. These data indicate that
plexiform neurofibroma formation requires an Nf1 haploinsufficient and c-kit-competent
hematopoietic system, and, in light of the other studies discussed above, roundly implicate
the SCF/c-kit-dependent mast cell as a principal pathogenic effector underpinning
neurofibroma genesis.

Pharmacological modulation of the SCF/c-kit axis
Imatinib mesylate (Gleevec©) inhibits multiple receptor and non-receptor tyrosine kinases,
including c-kit, PDGF-β, and bcr/abl and carries FDA approval for use in children and
adults (149). Imatinib mesylate is principally used to treat chronic myelogenous leukemia,
other hematological cancers, and some solid tumors. Given the findings that plexiform
neurofibroma genesis and/or maintenance requires c-kit-mediated signals, Yang et al used
Imatinib mesylate to treat Nf1flox/-;Krox20cre mice with pre-existing tumors, as measured
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by fluoridinated deoxyglucose signals in positron emission tomography (FDG-PET). After a
three-month course of treatment, volumetric analyses on FDG-PET demonstrated reduced
tumor volume and metabolic activity and histology of the dorsal root ganglia showed fewer
mast cells, more orderly patterned Schwann cells, increased numbers of apoptotic cells, and
diminished cellular proliferation, as compared to the placebo cohort. In fact, the placebo
cohort showed a small increase in glucose metabolism in affected areas, suggesting tumor
growth throughout the three month treatment course.

Imatinib mesylate also successfully reduced a progressively growing plexiform
neurofibroma in a pediatric patient with hallmark symptoms of NF1. By six months of age,
the girl had developed a histologically identified neurofibroma involving the left floor of her
mouth, tongue, mastoid bone, carotid artery and jugular vein. As the tumor was compressing
her airway, she had symptoms of drooling, insomnia, and anorexia. The tumor's intimate
involvement of vasculature and nerve tissue precluded surgical resection. Given the absence
of treatment options and the results from the study of imatinib mesylate in the murine
plexiform neurofibroma model, clinicians discussed the risks and potential benefits of this
experimental therapeutic with her pediatrician and her parents, leading to initiation of
medical therapy. Following three months of treatment with 350 mg/m2/dose of imatinib
mesylate, the tumor diminished in size to about a third of its pre-treatment volume, as
assessed by magnetic resonance imaging. Importantly, the patient's symptoms of drooling,
insomnia, and anorexia resolved, and imatinib mesylate produced no apparent side effects.
Based on these findings, a phase II trial of NF1 patients with plexiform neurofibromas has
recently been completed and is being submitted for publication.

How does imatinib mesylate treatment reduce a plexiform neurofibroma?
A neurofibroma's maintenance depends upon continual Schwann cell proliferation and/or
survival, mast cell invasion, angiogenesis, and fibroblast proliferation and secretion of
collagen. A simplistic hypothesis would suggest that imatinib disrupts SCF/c-kit-mediated
mast cell cytopoiesis and inflammation, interrupting a key link between the tumorigenic
Schwann cell and the mitogenic cues required to sustain itself and its microenvironment.
However, cooperating mechanisms of action likely exist. For one, imatinib's well-
characterized inhibitory action on the c-abl non-receptor tyrosine kinase may additionally
disrupt TGF-β-mediated signaling in biochemically deregulated fibroblasts comprising the
tumor stroma, as suggested experimentally in studies of murine and patient-derived cells.
Further, imatinib can inhibit signaling at the platelet-derived growth factor receptor
(PDGFR), which experiments have shown neurofibroma-derived Schwann cells to express
and to respond to imatinib treatment in tumor xenograft models (27). Similarly, vascular
cells in the tumor microenvironment may also depend on PDGFR signaling (99).
Accordingly, imatinib may operate on several cell-receptor systems important for tumor
growth, although the data from transplantation-based and other studies compellingly suggest
that disruption of the SCF/c-kit signaling axis is of primary importance.

Future targeted therapies
In addition to imatinib mesylate, then, novel agents targeting the c-kit receptor tyrosine
kinase and other relevant receptors/kinases may be viable therapeutics for the medical
treatment of plexiform neurofibromas. A deeper understanding of the multiple mechanisms
doubtlessly underlying heterotypic tumor interactions, as well as uncovering associations
between genomic variation and disease course, will permit treatments tailored to the specific
way in which a plexiform neurofibroma manifests within the individual patient. In a medical
era increasingly cognizant of the potentials of personalized medicine and receptor-specific
therapeutics, we view the results from imatinib as a first step. Indeed, singular or combined
use of novel antiangiogenic drugs (e.g. bevacizumab), targeted anti-inflammatory agents
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(e.g. infliximab), and other c-kit antibodies (e.g. sunitinib) could prove beneficial, perhaps in
a case-specific manner. Moreover, pharmacological grade small molecule kinase inhibitors,
which typically modulate intracellular effectors involved in multiple ligand-receptor
systems, may be efficacious, given the observed hyperactivity of MAPK and PI-3K
pathways in Nf1-deficient cell types. Of note, accurate murine models of tumorigenesis are
currently facilitating the high-throughput testing of multiple experimental therapeutic
agents.

Conclusion
Neurofibromin-deficient glial cells do not grow in isolation. Rather, they send mitogenic
signals that co-opt endothelial cells, fibroblasts, and hematopoietic cells, orchestrating the
tumor microenvironment. As experimentally demonstrated, SCF-recruited mast cells
buttress nascent tumors and support mature microenvironments by promoting fibroblast
expansion and collagen synthesis, and Schwann cells and fibroblasts secrete factors directly
contributing to vascular in-growth. The SCF-stimulated mast cell may also release factors
promoting recruitment and/or growth of endothelial cells (e.g. VEGF, PDGF, bFGF), other
hematopoietic cells (e.g. IL-6, TNF-α, MCP-1), and Schwann cells (e.g. NFG, PDGF), but
the importance of these signals remain largely unexamined. Thus, broadly, complex and
cooperating events in tumor genesis are obscure, potentially including multiple ligand-
receptor interactions across diverse cell types and the modulating influences of variation in
other genes. Regardless, genetic dosage of NF1 is central to neurofibroma pathogenesis,
with a requirement for NF1 nullizygosity in the tumorigenic cell and, in several disease
models, Nf1 heterozygosity in the hematopoietic system. Whether or not this requirement
for Nf1 heterozygosity holds special relevance for the tumor's medical treatment in humans
is uncertain, although these insights have revealed the discrete importance of the SCF/c-kit
signaling axis in modulating disease course. Above all, continued exploration of the
genomic variance between individual phenotypes and a deeper delineation of heterotypic
interactions underlying tumorigenesis will propel the development and application of
targeted, effective medical therapies.
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Figure 1. Cutaneous neurofibromas, plexiform neurofibromas, and histology
Example of cutaneous neurofibromas covering the chest and abdomen of a patient with
neurofibromatosis type 1 (a). MRI of a large plexiform neurofibroma compressing the spinal
column and abdominal viscera (b). Murine models of NF1-associated plexiform
neurofibroma development develop enlarged dorsal root ganglia (c, red arrows), which are
histologically comprised of wavy Schwann cells, numerous fibroblasts, and a granular mast
cell infiltrate (d). Alcian blue deeply stains mast cell granules (e, red arrows), and trichrome
stain highlights the abundant collagenization typical of neurofibromas (e). Human
photograph samples reproduced with permission from the Children's Tumor Foundation:
www.ctf.org.
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Figure 2. Effect of haploinsufficiency of Nf1 on coat color and total numbers of cutaneous and
peritoneal mast cells
(A) Coat color pattern of a representative mouse from each of the following genotypes: +/+;
+/+, Nf1+/-;+/+, +/+;W41/W41, and Nf1+/-;W41/W41. Haploinsufficiency at Nf1partially
corrects the coat color deficiency in mice homozygous for the W41 allele in a C57BL/6
genetic background. (B) Representative cytospins from peritoneal lavages stained for mast
cells from individual mice of the four Nf1 and W genotypes. Peritoneal cells were stained
with toluidine blue to quantify the total number of mast cells per peritoneal lavage. A higher
magnification of a representative mast cell is shown in the inset of the wild-type mouse
(original magnification: 3200). Bar (inset) 10 μm. Bar (far right) 30 μm. (C) Representative
ear biopsies stained for cutaneous mast cells from individual mice of the four Nf1 and W
genotypes. Specimens were stained with hematoxylin-eosin to assess routine histology, and
with Giemsa to identify mast cells. Ear biopsies were stained with Fontana-Masson to
differentiate melanin-containing cells from mast cells. Cutaneous mast cells (Giemsa-
positive, Fontana-Masson–negative) were quantitated in a blinded fashion by counting the
distal 5 mm of ears. Black arrows indicate Giemsa-positive mast cells, and open arrows
indicate Fontana-Masson melanin–containing cells. Bar, 35 μm. © Ingram et al.,2000.
Originally published in J. Exp.Med. 191: 181–188.

Staser et al. Page 26

Annu Rev Pathol. Author manuscript; available in PMC 2013 June 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Hyperactive SCF/c-kit pathways in the Nf1+/- mast cell
Kit-ligand (SCF) binding at the c-kit receptor tyrosine kinase induces receptor dimerization,
activates Ras to its GTP-bound conformation, and induces Ras-Raf-Mek-Erk and PI-3K-
Rac-Pak-p38 signaling pathways. While Mek-Erk signals may principally mediate mast cell
proliferation, PI-3K mediates survival, motility and, through its Pak-dependent crosstalk
with Raf-Mek, proliferation. Nf1 accelerates the intrinsic hydrolysis of Ras-GTP to inactive
Ras-GDP and serves, at least in part, to negatively regulate Mek-Erk- and PI-3K-directed
pathways. Although SCF-c-kit interactions initiate other molecular events (e.g. Akt-mTOR),
this schematic highlights only those thus far shown to be hyperactivate in the Nf1+/- mast
cell. Dashed lines indicate multiple downstream effectors not fully detailed.
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Figure 4. Hypothetical tumor/stromal/hematopoietic interactions in the neurofibroma
microenvironment
In this tumor microenvironment model, loss of heterozygosity in Schwann cells or their
precursor leads to aberrant SCF production and secretion, the ligand for the c-kit receptor
tyrosine kinase. SCF induces maturation, proliferation, and recruitment of mast cells from
bone marrow progenitor cells. These SCF-activated mast cells generate and release multiple
inflammatory cytokines and growth factors acting on macrophages, vasculature, fibroblasts,
and the tumorigenic Schwann cells. TGF-β-stimulated fibroblasts, in turn, aberrantly
proliferate and produce collagen, increasing tumor bulk and pressure. Schwann cells,
fibroblasts, and macrophages may all directly contribute to vascularization through various
growth factors. Asterisks denote heterotypic interactions with experimental validation.
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Figure 5. Transplant experiments in the Krox20Cre tumor model
The left column shows the genetic status of Schwann cells, vascular cells, fibroblasts, and
marrow cells in two different mice genotypes: the Nf1flox/-Krox20Cre tumor model and the
Nf1flox/floxKrox20Cre model, which does not develop tumors. The arrows indicate the
genotype of the hematopoietic stem cells transplanted into these two different genotypes of
mice. “W” represents either W41 or Wv c-kit receptor tyrosine kinase deficient mutations.
The right column and bottom box show the resultant genetic status of each cell lineage, post-
transplant. As indicated, only those mice with Nf1-/- Schwann cells and c-kit-competent
Nf1+/- bone marrow develop tumors. HSCT: hematopoietic stem cell transplant.
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Table 1

The cell of origin and known heterotypic interactions in multiple NF1 symptoms

Neoplasia Cell of origin Other cells

Plexiform neurofibromas Nf1-/- Schwann cells or their precursors Nf1+/- mast cells

CNS gliomas Nf1-/- astrocytes Nf1+/- microglia

Dermal neurofibromas Nf1-/- skin-derived glial precursors Nf1+/- background/Unclear
a

Pheochromocytomas Nf1-/- chromaffin cells Unclear

Early CNS gliomas Nf1-/- astrocytes None
b

Early glial tumors Nf1-/- glia None

Myeloid leukemia Nf1-/- myeloid cells None

Other symptoms

Café-au-lait macules Nf1-/- melanocytes Unclear

Pseudoarthroses Nf1-/- or Nf1+/- connective tissue Unclear

Osteoporosis Nf1+/- osteoblasts
Nf1+/- osteoclasts

Unknown
c

Cognitive deficits Nf1+/- neurons Unknown

Vascular disease Nf1+/- endothelia
Nf1+/- vascular smooth muscle

Unknown

a
“Unclear” indicates that the data were derived from mice and/or human samples with a heterozygous Nf1/NF1 background but that a firm

conclusion has not been made as to whether the condition requires this background.

b
“None” indicates that these symptoms can emerge despite wild-type supporting cells.

c
“Unknown” indicates that while Nf1 haploinsufficiency appears to be sufficient for pathogenesis, the possibility of undetected cooperating events

cannot be ruled out. These data principally derive from studies in both mice and humans.
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