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Neurofibromas are benign tumors comprised primarily of Schwann cells
and fibroblasts. Mast cell infiltration is a well-known phenomenon;
however, their role in tumor pathogenesis has been enigmatic. In an ele-
gant set of experiments using cells derived from a murine model of neu-
rofibromatosis 1 (NF1), Yang et al. (see the related article beginning on
page 1851) dissect the molecular pathways involved in mast cell migra-
tion to neurofibromin-deficient Schwann cells. These results set the
stage for rational development of therapeutics that could influence the
multicellular microenvironment of neurofibromas to inhibit the devel-
opment and/or progression of these tumors in human NF1.
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crine events involving the mast cell as
a major player in neurofibroma for-
mation is a testament to his intuition
regarding the pathogenesis of this
complex genetic condition. 

Yang and colleagues were intrigued
by the seminal observations of Zhu et
al. (3) of neurofibroma formation in
mice expressing the conditional dele-
tion of Nf1, whereby double inactiva-
tion of the gene Nf1–/– in Schwann
cells  could only induce neurofibroma
formation in the context of a het-
erozygous Nf1+/– genetic background.
This supports the paracrine model for
neurofibromas; other cells in these
mixed-cell tumors must be haploin-
sufficient for neurofibromin to sup-
port proliferation. Yang et al. (2) have
taken these observations a step fur-
ther by dissecting the cell types and
the molecular mechanisms by which
the tumor microenvironment con-
tributes to neurofibroma formation.
Through a set of elegant experiments,
they have delineated a complex bio-
logical system and provided a model
demonstrating not just who the major
players are in this process, but how
those players interact in concert to
develop neurofibromas (Figure 1).

Neurofibroma microenvironment
The basic components of an evolving
neurofibroma are: (i) Nf1–/– Schwann
cells, which act as tumorigenic insti-
gators (4–7); (ii) Nf1+/– mast cells,

which act as inducers (2); and (iii)
Nf1+/– fibroblasts, Schwann cells, per-
ineural cells, and endothelial cells,
which act as the responders (8). The
pathways involved in neurofibroma
formation identified by Yang et al. (2)
involve Kit ligand (secreted by Nf1–/–

Schwann cells), c-Kit receptor
(expressed by mast cells), α4β1 inte-
grin (a mast cell surface protein),
VCAM-1 (an endothelial receptor for
α4β1 integrin), Ras (a substrate for
neurofibromin), and the class IA-PI3K–
Rac2 pathway (mast cell transduction
downstream of activated Ras). The
primary observation of Yang et al. is
the enhanced migration of neurofi-
bromin haploinsufficient mast cells
toward the double-inactivated, Nf1–/–

Schwann cells that secrete five times
the normal levels of Kit ligand. Ac-
cording to this paradigm, in human
neurofibromas, a “second hit,” or so-
matic mutation of the normal NF1
tumor suppressor gene allele in het-
erozygous Schwann cells as a random
event, is the initiating event which sets
the stage for mast cells to induce neu-
rofibroma formation by paracrine/
autocrine mechanisms.

Mast cells and neurofibromas
The presence of mast cells in human
neurofibromas, initially reported in
1911 by Greggio (9), is well known to
clinical pathologists. Additional stud-
ies have since supported the finding
of mast cells in peripheral nerve
trunks (10, 11), peripheral nerve tu-
mors (12–14), and neurofibromas in
neurofibromatosis 1 (15–17). The po-
tential involvement of the c-Kit recep-
tor and its ligand (18, 19) in the for-
mation of neurofibromas has also
been reported, but Yang et al. (2) are
the first investigators to evaluate liv-
ing cells of different genetic back-
grounds in order to demonstrate how
increased mast cells populate neurofi-
bromas. Now that a plausible mecha-
nism has been established for the
migration of mast cells to developing
neurofibromas, it is important to dis-
sect potential mechanisms whereby
mast cells can induce cells in the
microenvironment to either tolerate
or enhance cell proliferation. Because
we know that neurofibromas, like
other tumors, are complex tissues

In an Original article series published
through the March of Dimes Birth
Defects Foundation in 1981, Vic Ric-
cardi outlined his “NF cellular interac-
tion hypothesis,” implicating the mast
cell as a major player neurofibroma
formation (1). He was attempting to
explain the variable expression of neu-
rofibromatosis 1 (NF1) by cellular
interactions and the finding of high
numbers of mast cells in neurofibro-
mas when he posited that “the mast
cell now is seen not as a secondary
arrival in a developing neurofibroma
but as an inciting factor contributing in
a primary, direct fashion to tumor
development.” It has taken over 20
years, but in this issue of the JCI, Yang
et al. (2) clearly set the record straight
by identifying the molecular mecha-
nisms underlying mast cell infiltration
of neurofibromas. The authors de-
monstrated that the inciting factor for
mast cell migration is Kit ligand and
that it is hypersecreted from Nf1–/–

Schwann cell populations. Neverthe-
less, that Riccardi hypothesized para-
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with interactions between genetically
altered Schwann cells, mast cells, and
other supporting coconspirators lead
to cancer development (20), it now
becomes important to determine the
role mast cells play in the microenvi-
ronment of NF1-related peripheral
nerve sheath tumors.

Mast cells in cancer
Mast cell secretions are known to be
integral components of wound heal-
ing and tissue repair, even in the
peripheral nervous system. In addi-
tion to their role in inflammation,
mast cells provide mitogens for
fibroblasts, endothelial cells, and
nerve cells to enhance tissue remod-
eling, and they are also now being
recognized as potential epigenetic
contributors to cancer (21). It will be
important to establish the functions
of the mast cell after it has migrated
to the Kit ligand–secreting Schwann
cells. In addition to secreting mito-
genic and angiogenic substances,
including basic FGF, VEGF, hista-
mine, heparin, prostaglandins, leu-

kotrienes, and proteolytic enzymes,
mast cells may also have novel cell-to-
cell interactions (22) or other unknown
functions that could induce neurofi-
bromas. Thus, the development of
medical treatment targeted to mast
cell function may be a rational
approach to decreasing neurofibro-
ma formation in NF1. In a pilot study,
Riccardi used ketotifen as a stabilizer
of mast cells to demonstrate less
small-vessel bleeding in surgical exci-
sions of neurofibromas (23). He fol-
lowed up this study with a controlled
multiphase trial of ketotifen in 27
patients, assessing pain and itching
associated with neurofibromas, and
showed a response (24) that was
reviewed as encouraging, but not def-
initely beneficial (25). Given that spe-
cific paracrine pathways have yet to
be defined in the microenvironment
of NF1-related neurofibromas, Yang
et al. (2) appropriately point out that
therapeutic agents that target the
migration of mast cells (i.e., inhibi-
tion of c-kit activity and adhesion to
α4β1 integrin) may hold promise in

the early treatment and/or preven-
tion of neurofibromas.

Mast cells: missing in action
There is one caveat to bear in mind in
regard to the role Nf1+/– mast cells may
play as they nestle into their new-
found microenvironment. With re-
spect to the role of inflammation in
cancer and the recognition that mast
cells are one of the inflammatory cell
types involved in protumor actions
(26), it should be acknowledged that
neurofibromas are benign tumors,
especially the dermal neurofibromas,
which never progress to malignancy. It
is also important to recognize that
the neurofibromas that develop in
the mouse models are not dermal
neurofibromas, but are more like
human plexiform neurofibromas.
These tumors often progress to ma-
lignant peripheral nerve sheath tu-
mors (MPNSTs); however, unlike in
other tumor model systems where
inflammatory cells are in excess in
tumor microenvironments, there are
relatively few mast cells in MPNSTs
(ref. 27; H. Zhou, personal communi-
cation). Is it possible that an influx of
mast cells, drawn by a small cohort of
malignant Nf1–/– Schwann cells, in-
duces fibroblasts to synthesize the
plethora of extracellular matrix seen
in dermal neurofibromas, which
could then serve as a “glue” to corral
the deviant Schwann cells? By this rea-
soning, only when mast cells are lost,
as seen in the MPNSTs, would there
be diminution of the anti-cancer
effects of mast cells in maintaining
the benign nature of neurofibromas.
Thus, until the paracrine/autocrine
paradigm is deciphered in neurofi-
broma formation, it behooves the
NF1 research community to continue
working toward the identification of
mast cell signals (inducers) that spec-
ify responses from the microenviron-
ment before implementing clinical tri-
als using agents that inhibit mast cell
migration toward the tumorigenic
Schwann cell. To this end, Yang and
colleagues (2) will likely make more
outstanding contributions both to
the NF1 research field and to the work
of those who are dissecting the roles
of inflammation and the microenvi-
ronment in cancer.
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Figure 1
Illustration depicting the molecular pathways involved in mast cell recruitment to neurofibro-
mas. A neurofibromin-deficient Schwann cell (Nf1–/–) secretes five times the normal Kit ligand,
which serves as a chemoattractant for mast cells expressing c-Kit. Mast cell migration is medi-
ated by the Ras/PI3K/Rac2 signal transduction pathway, which is enhanced in Nf1+/– cells.
Although not shown, endothelial cells also play a role in mast cell migration through the inter-
action of the endothelial cell VCAM-1 receptor and α4β1 integrin of the mast cell. Heterozygous
inactivation of Nf1 promotes rapid mast cell haptotaxis specifically on α4β1 integrins in response
to KitL. It is known that mast cells are activated in neurofibromas and degranulate; however it
is yet to be determined if and how the presence of mast cells induces tumor progression. Figure
courtesy of D. Wade Clapp, Indiana University School of Medicine. KitL, Kit ligand.
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Tumbling down a different pathway 
to genetic instability
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Ulcerative colitis (UC), a chronic inflammatory condition associated with
a predisposition to colon cancer, is frequently characterized by DNA dam-
age in the form of microsatellite instability (MSI). A new report links
inflammation in UC with increases in the DNA repair enzymes 3-methy-
ladenine DNA glycosylase and apurinic/apyrimidinic endonuclease, and,
paradoxically, with increased MSI (see the related article beginning on
page 1887). These findings may represent a novel mechanism contribut-
ing to MSI in chronic inflammation. 
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Ulcerative colitis, genetic 
instability, and cancer
A longstanding question in cancer
research is the strong association
between certain chronic inflammatory
conditions and the concomitant elevat-
ed risk for malignancy in affected tis-
sues. Understanding the molecular me-
chanisms driving the progression to
cancer may not only provide more effec-
tive means of prevention but also shed
light on mechanisms of carcinogenesis.
Ulcerative colitis (UC), which affects as
many as 6 per 100,000 people in the

United States, is a relapsing form of
chronic inflammatory disease of the
large bowel. Patients with more than a
10-year history of disease have a 20- to
30-fold greater risk of developing col-
orectal cancer (1). Both chromosomal
instability (CI) and microsatellite (short,
repetitive nucleotide sequences in DNA)
instability (MSI) are present in UC and
can be detected early in dysplastic, pre-
malignant tissues (2, 3). What are the
sources of these changes in DNA se-
quence? Chromosomal changes are fre-
quent in cancer and MSI has been clear-
ly documented as a result of mutations
in mismatch repair enzymes in the
hereditary nonpolyposis colon cancer
syndrome. MSI is also observed in many
other malignancies (4). Accumulation
of mutations in microsatellites could be
the result of alterations in enzymes that
normally guarantee DNA stability, thus
leading to a mutator phenotype (4).
Existing hypotheses postulate that
excess amounts of free radicals found in
inflamed UC tissues overwhelm DNA
repair pathways, leading to the accumu-
lation of damaged DNA (5), or that mis-
match repair pathways are inactivated,
either directly by oxidative stress (6) or
by hypermethylation (7). In the tradi-
tional view, members of DNA repair
pathways are heroic players, stoically
laboring against the overwhelming tide
of genetic insults thrown their way.
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