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Abstract: Progress in understanding the biology of the neurofi-
bromatoses (NF1 and NF2) offers hope for the development of
new, effective methods of treatment. In May 2000, the National
Institute of Neurological Disorders and Stroke (NINDS) hosted a
workshop that included leading researchers and clinicians from
the NF community. The goal of the meeting was to assess current
knowledge and identify priorities for future research. Needs iden-
tified included the development of better animal models, further
study of the function of the NF1 and NF2 genes, and investigation
of the role of modifier genes. The participants agreed that it will
also be important to define further the natural history of NF1 and
NF2 and to develop an infrastructure to support clinical trials.
They also discussed the possible creation of research consortia and
NF centers to promote the integration of basic and clinical
research.

During the past decade, researchers have made remarkable
strides toward understanding neurofibromatosis (NF). This
progress began with the isolation of the genes that cause NF1
and NF2, the two major forms of this neurogenetic disorder.
Identification of these genes led to insights about disease
mechanisms, the development of animal models, and the
formulation of preliminary strategies for therapeutic inter-
vention.

In May 2000, the National Institute for Neurological Disor-
ders and Stroke (NINDS) hosted a workshop in Bethesda,
Maryland, intended to assess the status of NF research and to
facilitate future research efforts. In addition to a panel of 17
basic scientists and clinicians, the meeting included represen-
tatives from five other NIH Institutes (NCI, NICHD, NEI,
NHLBI, and NIDCD), the Department of Defense, the Veter-
an’s Administration, the National NF Foundation (NNFF), NF
Inc., and Capitol Associates.

The meeting was divided into three sessions (Basic Science,
Therapeutics, and Research Strategies), chaired by Luis Parada
(University of Texas Southwestern Medical Center), Mia Mac-
Collin (Massachusetts General Hospital), and Bruce Korf
(Harvard Medical School), respectively. In each session, recent
research results or proposals regarding research priorities were
presented, followed by a discussion of their implications. In
this report, we summarize the highlights of the meeting and

present recommendations made by the participants for future
initiatives.

SESSION 1: BASIC SCIENCE

It was agreed that the ability to develop targeted therapies for
NF1 and NF2 depends upon an improved understanding of the
molecular biology of the NF1 and NF2 gene products. Deter-
mining the function of the NF1 protein (neurofibromin) and
the NF2 protein (merlin/schwannomin) will provide a foun-
dation for designing mechanistically based, NF-specific thera-
peutic strategies. Insights into the mechanisms of action of
these tumor suppressors will also broaden our understanding
of cell growth control, which is important not only for under-
standing the neurofibromatoses, but other diseases as well.

Panelists presented several strategies for investigating the
functions of neurofibromin and merlin. These included mo-
lecular, cellular, and organismal biological approaches.

Molecular and cellular biology of neurofibromin and merlin

Dr. David Gutmann discussed studies aimed at understand-
ing how merlin forms intramolecular complexes required for
its function as a negative growth regulator. He proposed that
merlin exists in two conformations: an open, growth-permit-
ting (inactive) form, and a closed growth-suppressing (active)
form. The ability of merlin to assume these conformations may
dictate its ability to interact with proteins that transduce mer-
lin’s growth suppressive signal.

Dr. Nancy Ratner described experiments involving one of
the most common malignant tumors in NF1, the malignant
peripheral nerve sheath tumor (MPNST). She and Dr. Jeffrey
DeClue have shown that the epidermal growth factor receptor
(EGF-R), which is not normally expressed in Schwann cells, is
expressed in transformed Schwann cells from Nf1-deficient
mice as well as in human MPNSTs. This result suggests that
augmented growth factor receptor activity cooperates with loss
of neurofibromin in the transformation of Schwann cells, an
effect that may be relevant to MPNST pathogenesis. This ob-
servation also suggests possible therapeutic interventions in-
volving the EGF-R pathway for MPNSTs.

Organismal biology of neurofibromin and merlin

Drs. Luis Parada and Tyler Jacks described recent work from
their laboratories aimed at generating mouse models for NF1
by targeted disruption of the mouse Nf1 and p53 tumor sup-
pressor genes. Both groups found that mice heterozygous for
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Nf1 and p53 mutations develop tumors that histologically re-
semble the MPNSTs seen in NF1 patients. Previous studies had
shown that, in humans, NF1-associated MPNSTs harbor inac-
tivating mutations in the p53 gene. This genetic cooperativity
suggests that loss of both Nf1 and p53 expression is critical to
the development of these malignancies in NF1 and the possi-
bility that therapeutic interventions could be targeted to p53.

Dr. Nancy Ratner described her laboratory’s intriguing re-
sults involving wound healing in Nf1 heterozygous (Nf16)
mice. When Nf16 mice sustain a specific nerve injury, they
display abnormal wound healing, develop skin pigmentation
around the site of injury, and occasionally manifest tumors
with some similarities to the benign neurofibromas observed
in NF1 patients. These results point to a role for NF1 in wound
healing.

Dr. David Gutmann described results from his laboratory
on the effect of Nf1 heterozygosity on astrocyte proliferation.
He showed that reduced, but not absent, neurofibromin ex-
pression in mice causes increased astrocyte proliferation both
in vitro and in vivo. This finding suggests that some of the
nontumor phenotypes observed in patients with NF1 may re-
sult from reduced, but not absent, neurofibromin expression.

Drs. Andre Bernards and Yi Zhong described elegant studies
of the Drosophila Nf1 gene. Dr. Bernards isolated the fly gene
and demonstrated that it is strikingly similar in sequence to the
human NF1 gene. He then disrupted the gene, thereby gener-
ating flies lacking neurofibromin. These mutant flies are 20%
smaller than their wild-type counterparts. The size defect was
not modified by manipulating Ras signaling, but was rescued
by increasing, and enhanced or mimicked by decreasing sig-
naling through the adenylyl cyclase (AC)-protein kinase A
(PKA) pathway. A human NF1 transgene rescued the fly Nf1
mutant size defect, and preliminary evidence suggests that ras-
GAP activity is required for rescue. Therefore, the NF1 protein
either has separate Ras and AC/PKA modulating activities, or
defects in Ras pathways are upstream of AC/PKA signaling
defects. Finally, Dr. Bernards described experiments using the
fly to identify genes that cooperate with loss of neurofibromin
to specify particular cellular defects. These other genes “mod-
ify” the effect of neurofibromin loss and could have human
homologues that determine whether a particular individual
develops an optic pathway glioma or a bony abnormality.

Dr. Zhong demonstrated that flies lacking neurofibromin
have abnormal neuromuscular transmission as a result of de-
fective PKA signaling. These Nf1-deficient flies also have subtle
behavioral abnormalities in learning and memory. Dr. Zhong
and his colleagues are trying to dissect the signaling pathways
in the fly that are important for learning and memory. These
studies may elucidate the pathways disrupted in NF1 patients
with learning disabilities.

Priorities for future basic research

The panelists agreed upon several research priorities. These
priorities included the development of more refined animal
models for NF1 and NF2, the further analysis of the mecha-

nisms of action of neurofibromin and merlin, and the identi-
fication of modifier genes.

Refined animal models of NF1 and NF2

It was agreed that developing genetically refined and tissue-
specific animal models is a high research priority. Genetically
refined models include those in which cooperating genes are
introduced into existing animal models to determine the inter-
play between neurofibromin/merlin and other proteins im-
portant in growth regulation. Tissue-specific models in which
neurofibromin/merlin is disrupted in astrocytes, neurons, and
other cells will provide important insights into the role of neu-
rofibromin/merlin in specific tissues and may provide tissue-
specific preclinical models. The effect of heterozygosity de-
serves further exploration in that some of the clinical features
of NF1 and NF2 may not result from total absence of neurofi-
bromin/merlin expression. Lastly, the function of neurofibro-
min and merlin in specific tissues may reflect a particular de-
velopmental or cellular context. In this regard, loss of
neurofibromin or merlin may result in tumor formation only
in a particular cellular environment or during a specific devel-
opmental time frame. The development of animal models for
NF1 and NF2 that permit Nf1 and Nf2 inactivation under these
different conditions may provide insights into why some NF1
and NF2 tumors grow in an unpredictable fashion.

Function of neurofibromin and merlin

Further studies are required to determine the function of
these two critical growth regulators. Although neurofibromin
has been shown to function as a rasGAP, studies using Dro-
sophila suggest that the PKA pathway may also be affected by
neurofibromin loss. In addition, multiple molecules are acti-
vated by ras. The effect of neurofibromin deficiency on the
activity of these downstream molecules in specific tissues may
provide additional targets for therapeutic intervention. Fi-
nally, the function of the 90% of the neurofibromin protein
that lies outside the rasGAP domain is unknown. Future work
may elucidate tissue-specific neurofibromin protein interac-
tions involving this region. Further work also needs to be done
to identify the mechanism of action of merlin. Of particular
importance will be the identification and analysis of proteins
that interact with merlin.

Modifier genes

Further work to identify genes that modify the phenotypic
expression of neurofibromin and merlin is essential. The use of
more malleable systems, such as Drosophila, may uncover
some of these genes. Studies using both the mouse and the fruit
fly will be crucial, given the inability of present genetic testing
to provide predictive information.

SESSION 2: THERAPEUTICS

The goal of this session was to determine how the develop-
ment of rational therapeutics for NF can be facilitated. The
panelists discussed current therapeutic strategies and identi-
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fied key issues that must be resolved before successful pharma-
cological treatment of NF can be achieved. Discussion focused
primarily on the treatment of tumors associated with NF. Al-
though learning disabilities, skeletal malformations, and other
symptoms can be of equal clinical importance, they may re-
quire a fundamentally different therapeutic approach.

Natural history issues and outcome assessment

The development of successful therapeutic interventions for
NF will depend on a detailed understanding of phenotype and
natural history (Table 1).1– 6 A number of features make NF
unique among neoplastic diseases, including (1) the presence
of both tumorous and nontumorous manifestations, which
may have distinct pathogenetic mechanisms and natural his-
tories; (2) the unpredictability of growth rate of NF-related
tumors, which can include cessation of growth without treat-
ment; and (3) the wide range of variability of phenotypic ex-
pression among patients.

Much of our knowledge of the natural history of NF1 is
based on clinical observations made decades ago. Although
important, these observations lack the depth and detail that
can be obtained using modern methodologies, such as molec-
ular genetics and magnetic resonance imaging. Improved as-
sessment will be imperative to judge the outcomes of treatment
trials. The following were identified as major needs to permit
more sophisticated outcome assessment:

1. Developing a standardized set of tools for clinical docu-
mentation (including a phenotypic database), reliable
mechanisms for measuring tumor growth, and standard-
ized markers of functional impairment.

2. Obtaining a better understanding of the role of the NF
genotype and modifier genes in the variable expressivity
of NF.

3. Establishing an infrastructure to support clinical trials
for NF.

Current therapeutic approaches

Recent advances in our understanding of signal transduc-
tion, apoptosis, cell cycle regulation, angiogenesis, and other
cellular processes are providing a basis for developing antican-
cer pharmaceuticals. Jackson Gibbs (Merck) summarized
progress in this area. An increasing number of clinical trials
involve drugs targeted to proteins in specific signal transduc-
tion cascades. For example, promising results are being ob-
tained with a small molecule inhibitor of bcr-abl kinase (for
CML) and with inhibitors of the EGF receptor. Further re-
search will be necessary to reveal if these and other inhibitors
can affect NF-associated tumors.

Several approaches have been taken to modulate the Ras
signaling pathway, which is activated in NF1 tumors. Among
the reagents being tested are farnesyl transferase inhibitors and
Ha-ras and Raf antisense constructs. Small molecule inhibitors
directed against Raf and MEK are also being developed. Other
agents in development that should be considered for NF tu-
mors include inhibitors of cyclin-dependent kinases and On-
yx-015 (a p53 based therapeutic), which is showing activity in
head and neck cancers and in liver metastases. It will also be
important to determine whether antiangiogenesis inhibitors
are effective in blocking NF tumor growth. Finally, trials have
shown that metalloproteinase inhibitors are not more effective
than existing therapeutics, but this finding may be due to clin-
ical trial design.

Clinical trials involving NF patients

Specific drugs have been tested in clinical trials that have
included NF patients, and other agents have been suggested for
future trials based on their mechanism of action (Table 2).
There are indications that tumor responsiveness may differ in
NF patients as compared to patients with single sporadic tu-
mors, but this issue has not been systematically studied. For
example, in optic nerve glioma, radiation therapy may cause a
higher incidence of sequelae in NF patients. For other NF-
associated tumors, such as plexiform neurofibromas, treat-
ment options are very limited. There is some clinical evidence
that drugs such as alpha-interferon and thalidomide may pro-
vide symptomatic relief and occasionally cause tumor shrink-
age. A major limitation of the study of patients with progres-
sive plexiform neurofibromas who undergo treatment is the
lack of an infrastructure to perform such studies.

The panelists agreed that treatment endpoints for clinical
trials involving patients with plexiform neurofibromas and
other NF-associated tumors must be redefined. Although lin-
ear measures of tumor growth will continue to be a criterion
for drug efficacy, such measurements are not easily determin-
able for slow-growing tumors with irregular margins. Volu-
metric analyses of tumor size are more precise but cumber-
some to determine and of unproven utility. The ultimate
standard of treatment efficacy should probably be the time to
clinical progression, but this is a subjectively defined parame-

Table 1
Major tumor manifestations of NF

Feature % Affected % Requiring intervention

NF1

Cutaneous tumors 100 25

Plexiform neurofibromas 33 8

MPNST 5 5

Optic pathway changes 15 1.5

NF2

Vestibular schwannoma 100 90 (estimated)

Meningioma 50 25 (estimated)

Spinal cord tumor 75 25

At this time, intervention for all tumor types is primarily surgical. Note that
MPNST in NF1 is uniformly fatal if not treated. Data derived from Evans et
al.,1 Huson et al.,2 Listernick et al.,3 Mautner et al.,4 Parry et al.,5 Thakker et al.,6

and M. MacCollin, personal observations.
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ter that varies according to tumor location. Another important
factor is improvement in quality of life, and this issue should be
evaluated in future trials. In certain cases, surrogate markers
will be useful, particularly when therapeutic reagents are used
that affect known cellular processes. For example, vascular en-
dothelial growth factor assays could be used for evaluating an-
tiangiogenesis agents, and measures of cellular proliferation
employed for testing drugs that block signal transduction cas-
cades (e.g., farnesyl transferase inhibitors).

Gene therapy for NF

Gene therapy, although at an early stage of development,
offers promise for the treatment of NF lesions. The most prom-
ising initial targets would be overgrowths that are accessible to
direct injection with vectors and that are otherwise inoperable
or life/function threatening. Such overgrowths could include
plexiform neuromas, spinal meningiomas, and vestibular
schwannomas. Vectors that do not express viral genes and,
therefore, cause minimal toxicity and immunoreactivity
should be used. These include retrovirus/lentivirus, adenoas-
sociated virus (AAV), “gutted” adenovirus, and helper virus-
free HSV-1 amplicon vectors. Hybrid vectors, such as the HSV/
Epstein Barr Virus (EBV)/retrovirus amplicons, also allow
direct conversion of tumor cells to retrovirus packaging cells,
thus expanding the range of gene delivery.

The key issue for gene therapy will be the selection of appro-
priate therapeutic genes. Genes being tested against malignant
tumors frequently target angiogenesis or rapid cell division
and may not be appropriate for many NF-associated lesions. In
addition, even after multiple injections, gene delivery will gen-
erally be limited to a small region of a tumor. The therapeutic
efficacy of a particular gene product will be amplified if it can

act in a nonautonomous fashion. For example, proteins that
induce the release of secreted factors (that, for example, pro-
mote apoptosis) may be effective outside the site(s) of
injection.

Using animal and cell culture models to test potential therapies

Given the difficulties involved in performing clinical trials
and measuring efficacy in NF patients, murine models provide
attractive systems for preclinical testing of rational therapeu-
tics. Collaborations involving the Shannon, Jacks, Parada,
Copeland, and Jenkins laboratories resulted in the production
of mice with a myeloproliferative disorder (MPD) closely re-
sembling JMML, caused by the injection of Nf1-deficient fetal
liver cells into irradiated hosts. Children with NF1 are strongly
predisposed to JMML.

A recent set of experiments using Nf1 mutant mice ad-
dressed the general question of how abnormal responsiveness
to growth factors might contribute to the pathologic features
of NF1. Because of in vitro data implicating GM-CSF in the
development of JMML, the Shannon laboratory crossed strains
of GM-CSF and NF1 mutant mice. This study showed that
hypersensitivity to a specific growth factor plays a central role
both in establishing and maintaining the aberrant growth of
NF1 mutant hematopoietic cells. These findings raise the pos-
sibility that growth factors that act upon other tissues could
contribute to the pathogenesis of other malignant and nonma-
lignant complications of NF1, and may, therefore, be appro-
priate targets for therapeutic intervention.

This mouse model of JMML is promising for preclinical
testing of anti-Ras pathway therapeutics for several reasons.
These include the subacute nature of the MPD that arises in the
immunocompetent recipients of Nf1-deficient fetal liver cell
transplants and the central role of hyperactive Ras in this and
other human malignancies. Perhaps most importantly, it will
be possible to perform biochemical studies on primary hema-
topoietic cells to determine directly whether experimental
therapeutics interact with their intended molecular targets. For
example, the Shannon laboratory recently used this model to
evaluate the effects of the farnesyl transferase inhibitor (FTI)
L-744,832 on specific parameters of Ras signaling in vivo and
in vitro.

A major challenge has been to develop better models for
neurofibroma, sarcoma, vestibular schwannoma, meningi-
oma, and astrocytoma. The laboratories of Drs. Jacks and
Parada utilized mice lacking both p53 and Nf1 in cis to produce
a reproducible sarcoma model, and many cell lines have been
generated that will facilitate the screening of promising agents.
The Jacks lab also produced neurofibroma-like lesions in chi-
meras constructed by injecting Nf1-deficient ES cells into wild-
type blastocysts. Finally, the production of strains of mice in
which inactivation of Nf1 or Nf2 can be restricted to specific
tissues and/or induced during a specific time window holds
great promise.

The Department of Defense recently approved a proposal to
form a Consortium to enhance existing murine models of
NF1- and NF2-associated tumors, and to develop new strains.

Table 2
Possible pharmacological agents for NF1 and NF2

Clinical trials that have included NF1
patients

Clinical trials that have included
NF2 patients

Retinoic acid Hydroxyurea

Interferon RU486

Thalidomide Antineoplastin

Optic nerve glioma Interferon alpha

FTI (R115777) Temozolomide

MPNST protocols

Ketotifen

Agents proposed for NF1 Agents proposed for NF2

Other antiangiogenesis agents Quinidine

Other Ras pathway inhibitors Gene or protein product
replacement

Although there is no accepted pharmacological treatment for NF1 or NF2,
several clinical trials have focused on or included NF patients and additional
pharmacological agents have been proposed based on cell or molecular bio-
logical results.
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These mice will be valuable for preclinical testing of com-
pounds that might provide benefit to patients with NF1 and
NF2. The participants in the NINDS meeting generally favored
this idea, and there was extensive discussion of the challenges
involved in modeling neurofibroma, astrocytoma, and other
NF-associated lesions. It was also agreed that developing in
vitro cell culture models that could be used for high through-
put drug testing should be a priority.

SESSION 3: RESEARCH STRATEGIES

As discussed in the previous two sessions, progress in under-
standing the biology of NF1 and NF2, as well as advances in
neurobiology and cancer research in general, offer hope for the
development of effective therapies. In this session, the panelists
discussed funding strategies that could accelerate the pace of
basic research, the development of therapeutics, and the per-
formance of clinical trials.

To date, most of our understanding of the basic biology of
NF1 and NF2 has derived from investigator-initiated research
funded either by the NIH or the Department of Defense. The
Department of Defense has also funded natural history studies
of both NF1 and NF2. Much of the research needed to advance
our approach to the neurofibromatoses, however, is not hy-
pothesis-driven; this includes the development of animal mod-
els, identification of genotype-phenotype correlations, search
for modifying genes, investigation of natural history, and de-
velopment of outcomes measurements. Thus, while traditional
investigator-initiated funding will be important to continue
progress in understanding of basic biology, a number of addi-
tional funding mechanisms will be needed.

Two complementary approaches would be to fund NF Re-
search Consortia and NF Centers. The consortia would consist
of groups of laboratories or clinical programs that would work
together to accomplish a goal such as the development of ani-
mal models or clinical assessment tools. NF Centers would be
collaborations of one or more clinical programs and research
laboratories that would provide care to a group of patients and
utilize this resource to investigate the biology of NF1 and/or
NF2 in collaboration with research laboratories. The consortia,
therefore, would have specific missions aimed at developing
resources needed by the NF community; the NF Centers would
concentrate clinical and research resources aimed at providing
a more comprehensive approach to clinical and basic research.

Consortia

The panelists proposed that multicenter consortia be estab-
lished to develop resources needed to facilitate the develop-
ment and testing of new therapies. These would include (1) the
development of animal models and preclinical drug testing
schemes; (2) the development of in vitro assays and large scale
drug screening schemes; and (3) the development of standards
for clinical trials, including measurement tools for tumors, a
database system for recording clinical information, and meth-
ods for assessing functional impairment.

NF centers

It was proposed that programs be established that combine
one or more strong clinical centers with one or more research
laboratories. The goal would be to provide comprehensive
care, conduct clinical research, and systematically investigate
aspects of the pathogenesis of NF1 and NF2. These centers
would not necessarily be geographically based; rather, a strong
clinical program could group with one or more additional clin-
ical programs and research laboratories that might be geo-
graphically distributed but would be linked together by a com-
mon clinical approach and a set of related research questions.
A number of such centers distributed around the country
would develop highly concentrated clinical expertise, which
would attract patients and make clinical material available for
research use.

CONCLUSION

At the present time, there are remarkable opportunities for
basic and clinical researchers investigating the neurofibroma-
toses. The isolation of the NF1 and NF2 genes, the preliminary
discoveries regarding their function, the development of ani-
mal models, and other advances have begun to provide the
tools for the development of rational therapeutic approaches.
To capitalize on this opportunity, the panelists agreed that the
results of this workshop would be discussed with the broader
NF research community at the national meeting in Aspen,
Colorado.
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