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Summary

von Recklinghausen neurofibromatosis (VRNF) is one
of the most common inherited disorders affecting the
human nervous system. VRNF is transmitted as an au-
tosomal dominant defect with high penetrance but
variable expressivity. The disorder is characterized
clinically by hyperpigmented patches of skin (café au
lait macules, axillary freckles) and by multiple tumors
of peripheral nerve, spinal nerve roots, and brain (neu-
rofibromas, optic gliomas). These tumors can cause
disfigurement, paralysis, blindness, and death. We
have determined the chromosomal location of the
VRNF gene by genetic linkage analysis using DNA
markers. The VRNF gene is genetically linked to the
locus encoding nerve growth factor receptor, located
on the long arm of chromosome 17 in the region
17q12—+17q22. However, crossovers with the VRNF lo-
cus suggest that a mutation in the nerve growth factor
receptor gene itself is unlikely to be the fundamental
defect responsible for the VRNF phenotype.
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Introduction

von Recklinghausen neurofibromatosis (VRNF) is one of
the most frequent and clinically important Mendelian dis-
orders in man, with an incidence of 1 in 3000 (Crowe et
al., 1956). The disease displays autosomal dominant in-
heritance and affects all races, with half of all cases
thought to result from new mutations (Sergeyev, 1975).
The penetrance of the defect is high, but expression of the
disease phenotype is extremely variable, even within fam-
ilies (Riccardi, 1981). VRNF has numerous manifesta-
tions, including mental retardation, learning disabilities,
macrocephaly, and bone abnormalities, as well as the for-
mation of multiple tumors affecting various organ sys-
tems. While different cell types can be affected, the most
common abnormalities are in cells of neural crest origin
(Riccardi, 1981; Sorensen et al., 1986). The disorder is di-
agnosed by the presence of multiple café au lait macules
and axillary freckles (dysregulated growth or metabolism
of melanocytes), iris hamartomas (Lisch nodules), and
neurofibromas (disordered growth of Schwann cells)
which can be painful, disfiguring, and disabling (Riccardi,
1981). Other nervous system tumors, such as spinal nerve
root neurofibromas and optic gliomas, can lead to serious
neurological complications. Moreover, patients with VRNF
have an increased incidence of malignant neurofibrosar-
comas, which are usually fatal (Sorensen et al., 1986;
Storm et al., 1980). The primary biochemical defect in
VRNF is not known, but may relate to fundamental mecha-
nisms controlling growth and differentiation during devel-
opment of the nervous system.

With the recent use of recombinant DNA techniques to
generate iarge numbers of polymorphic markers in the hu-
man genome, genetic linkage analysis has become a
powerful method for approaching inherited diseases
where no defective protein has been identified (Botstein et
al., 1980; Gusella, 1986). The defects causing Hunting-
ton’s disease (Gusella et al., 1983), polycystic kidney dis-
ease (Reeders et al., 1985), cystic fibrosis (Tsui et al.,
1985; Knowlton et al., 1985; White et al., 1985; Wainwright
et al. 1985), and familial Alzheimer's disease (St George-
Hyslop et al., 1987) have all been localized to specific au-
tosomal regions by demonstrating cosegregation of the
disease with particular DNA markers displaying restric-
tion fragment length polymorphism (RFLP). We have
used this strategy to determine the chromosomal location
of the gene causing VRNF as a first step in applying chro-
mosome specific cloning techniques to isolation and char-
acterization of the defect. In this paper we provide conclu-
sive evidence that the VRNF gene is genetically linked to
the locus encoding the receptor for nerve growth factor
(NGF) on the long arm of chromosome 17 in region
17g12—17g22. The detection of recombination events
separating the two loci suggests however, that if VRNF is
not heterozygous, the NGF receptor gene is not the site
of the primary defect in this disease.
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Figure 1. RFLPs at the NGF Receptor Locus

Genomic DNA from members of the VRNF families was digested with
the restriction enzymes Hincll and Xmnl, respectively. The DNA frag-
ments were separated by electrophoresis on 0.8% agarose gels at 90V
for 16 hr. Southern blots were hybridized to a repeat-free fragment from
genomic clone pE51, representing the NGF receptor locus (Chao etal.,
1986). A1 and A2 represent allelic fragments for the respective RFLPs.
The fragment labeled B2 in the Xmnl digests represents the most fre-
quent aliele of a second Xmnl RFLP whose infrequent alternate allele
(B1) was not seen in this study (Breakefield et al., 1986).

Results

VRNF Pedigrees

For the efficient pursuit of genetic linkage investigations
in VRNF, we have formed an international collaboration to
identify and analyze large disease pedigrees from widely
differing geographic locations. As a permanent source of
DNA for RFLP investigations, we have established perma-
nent lymphoblastoid cell lines from 239 members of 13 in-
dependent kindreds with typical VRNF, including 120
samples from affected individuals. Twelve of the thirteen
pedigrees represent three generation families. Diagnosis
of VRNF was based on criteria in agreement with that re-
cently established by the National Institutes of Health
(Mulvihill, 1986). von Recklinghausen neurofibromatosis
is considered to be present in an individual with two or
more of the following: (1) at least five café au lait macules
over 5 mm in diameter (prepubertal) or six café au lait
macules over 15 mm in diameter (postpubertal); (2) two or
more neurofibromas of any type, or one plexiform neu-
rofibroma; (8) multiple axillary or inguinal freckles; (4)
sphenoid wing dysplasia, congenital bowing, or thinning
of long bone cortex; (5) bilateral optic nerve gliomas; (6)
two or more iris Lisch nodules on slit lamp examination;
and (7) a first-degree relative with VRNF.

Strategy of Linkage Analysis

In the absence of any direct clue to the chromosomal posi-
tion of a particular disease gene, the use of DNA markers
chosen from many different chromosomal regions can
provide a reasonable probability of finding positive ge-
netic linkage (Gusella, 1986). This approach can employ
either anonymous DNA sequences or cloned genes that
detect RFLP. If, however, the markers chosen represent
cloned genes that are reasonable candidates for the site
of the primary defect, positive linkage with no recom-
bination may signify direct identification of the defective
locus. Since VRNF is associated with inherited suscepti-

bility to tumor formation, oncogenes, growth factors, and
their receptors are candidate genes where mutations
might cause the disease phenotype. We have previously
tested a battery of probes for such candidate genes for
linkage to VRNF with negative results (Seizinger et al.,
1987b).

NGF and its receptor are thought to play an important
role in the development of sympathetic and sensory neu-
rons and probably other neural-crest-derived celi types,
such as Schwann cells (Levi-Montaicini and Angeletti,
1968; Thoenen and Barde, 1980; Taniuchi et al., 1986).
The B NGF gene has previously been tested and elimi-
nated as a potential site of the primary defect in VRNF
(Darby et al., 1985; Seizinger et al., 1987b). Recently,
genetic linkage data from a number of laboratories was
compiled at the European Symposium on Neurofibroma-
tosis (Egham, Surrey, UK, February 5-7, 1987). A number
of papers summarizing the data from several groups
along with a tentative exclusion map for VRNF will be pub-
lished in the Journal of Medical Genetics (Sarfarazi et al.,
1987). This exclusion map revealed that the region on the
long arm of chromosome 17 containing the structural gene
for the NGF receptor (Huebner et al., 1986) remained a
possible location of the VRNF defect. in view of recent
studies reporting the expression of NGF receptor in neu-
rofibromas (Ross et al., 1984; Sonnenfeld et al., 1986), we
concentrated our efforts on testing this locus as a candi-
date for the site of the primary defect in VRNF.

RFLP at the NGF Receptor Locus

We have shown that a 4.1 kb genomic EcoRi-BamHlI frag-
ment of clone pES1 from the NGF receptor locus detects
RFLP with the enzymes Hincll and Xmnl, as displayed in
Figure 1 (Breakefield et al., 1986). A second Xmnl RFLP
seen previously was not detected in the current study. The
Hincll RFLP has allelic fragments of 7.5 kb and 6.9 kb with
frequencies of 0.26 and 0.74, respectively (N=152). The
17.8 kb and 9.1 kb allelic fragments of the Xmnl RFLP have
frequencies of 0.89 and 0.11, respectively (N=152). The
two RFLPs display no apparent linkage disequilibrium
with each other. Typing results from both sites can be com-
bined to generate four haplotypes (as described in Figure
2): A, B, C, and D, with observed frequencies (based on
144 chromosomes) of 0.20, 0.03, 0.65, and 0.12, respec-
tively.

Genetic Linkage of NGF Receptor to VRNF
Members of the 13 VRNF kindreds were typed for both
RFLPs at the NGF receptor locus. Figure 2 shows a repre-
sentative example of segregation of the marker locus in a
single family, pedigree 13. Typing data for all families were
analyzed for genetic linkage to VRNF using the computer
program LIPED (Ott, 1974, 1976). The results are ex-
pressed in Table 1 as a lod score (z) representing the
logyo of the ratio of the likelihood of linkage to VRNF at
the specified recombination fractions (8) relative to the
likelihood of nonlinkage (8 = 0.50). Generally, a lod score
>+3 is considered proof of linkage, while a lod score <-2
excludes linkage at the specified 0 value.

Nine of the 13 families yielded non-zero lod scores, indi-
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Figure 2. Segregation of NGF Receptor Haplotypes in a VRNF Family

Circles and squares represent females and males, respectively. A
black symboi indicates that the individual is affected with VRNF. A
slashed symbol indicates that the individual is deceased. The sexes
have been changed in a few instances to preserve confidentiality.
Members of pedigree 13 were typed for both the Hincll and Xmn!
RFLPs at the NGF receptor locus and the individual alleles for each
RFLP were combined to generate four haplotypes: A, A1 for both
RFLPs; B, At for Hinclil, A2 for Xmnl; C, A2 for Hincll, A1 for Xmnl; D,
A2 for both RFLPs.

cating they contained some genetic information concern-
ing linkage of the disease to the marker, although pedi-
gree 9 contributed minimally. Eight of the pedigrees
yielded positive lod scores, with five of these containing
no detectable crosses between the two loci. One family,
pedigree 10, produced mildly negative scores. Under the
assumption of genetic homogeneity, lod scores can be
summed across families. For this data set, the lod score
exceeded +3 for a wide range of 6 values, constituting sig-
nificant linkage of VRNF to the NGF receptor gene.
The maximum likelihood estimate of the true frequency
of recombination between the two loci (é) corresponds to
the value of 8 with the maximum lod score (2). The maxi-
mum lod score for linkage of VRNF to the NGF receptor
gene, 2 = 441, occurred at 8 = 0.14, indicating a signifi-
cant genetic separation between the two loci. The 1-lod
unit confidence interval on this estimate of 6 (approximat-
ing a 95% confidence interval) extends from 0.05 to 0.28.

Discussion

The discovery of a genetic marker linked to VRNF has pro-

found implications both for fundamental research and
clinical practice, and dramatically enhances the prospect
of identifying the nature of the primary defect in this disor-
der. The observation in some families of recombination
events between the two loci makes it unlikely that the un-
derlying cause of VRNF is a mutation directly affecting ex-
pression of the NGF receptor gene in the pedigrees. It re-
mains possible that VRNF is a heterozygous disorder and
that the NGF receptor locus is the site of the defect in
those families showing no crossovers. However, if there is
only one locus for VRNF, it is most probably at some dis-
tance away from the NGF receptor locus, in a neighboring
gene on the long arm or proximal short arm of chromo-
some 17.

A second gene from chromosome 17q that could be
considered a candidate for causing VRNF is NGL, the hu-
man homolog of the neu oncogene associated with the
formation of neuroblastomas and giioblastomas in the rat
(Schechter et al., 1984; Schechter et al. 1985). The isola-
tion of additional polymorphic DNA markers from this re-
gion, including RFLPs at the NGL locus, and their analysis
in VRNF pedigrees along with construction of a general
linkage map for chromosome 17, should clarify the precise
genetic position of the VRNF gene.

Additional DNA markers more tightly linked to, and
flanking, the disease gene will also be needed to deliver
accurate prenatal and presymptomatic diagnosis for
VRNF. Before such testing can begin, however, it is essen-
tial to explore the possibility of nonallelic heterogeneity in
VRNF. With one exception, all of the families in Table 1
gave positive lod scores for linkage with the NGF receptor
gene. The negative lod score from family 10 reflects the
presence of an obligate crossover between the marker
and the disease in a relatively small pedigree, and does
not constitute strong evidence in favor of nonatlelic hetero-
geneity. However, it is not advisable to proceed with
predictive testing until markers closer to the disease gene
have been found and many more VRNF pedigrees have
been typed to confirm the absence of heterogeneity.

A remarkable feature of VRNF that has yet to be ex-
plained is the very high apparent rate of new mutations
which has been used as an argument in favor of nonallelic
heterogeneity (Sergeyev, 1975; Riccardi, 1982). An alter-
native explanation, by analogy to the Duchenne muscular

Table 1. Lod Scores for Linkage of VRNF to the NGF Receptor Gene

Recombination Fraction (6}

VRNF S ~ - Peak Lod Score
Pedigree? 0.00 0.01 0.05 0.10 0.20 0.30 0.40 (2) at )
4 0.80 0.78 0.72 0.63 0.44 0.24 0.07 0.80 0.00
5 0.37 0.36 0.32 0.27 0.17 0.09 0.02 0.37 0.00
6 0.28 0.27 0.24 0.20 0.12 0.06 0.02 0.28 0.00
7 0.86 0.84 0.78 0.69 0.51 0.34 0.17 0.86 0.00
9 0.07 0.06 0.05 0.04 0.02 0.01 0.00 0.07 0.00
10 -0 -1.22 -0.55 -0.29 - 0.09 -0.02 0.00
11 - 0.29 0.87 1.02 0.98 0.77 0.44 1.04 0.13
12 -6.38 -2.23 -0.52 0.26 0.80 0.78 0.39 0.83 0.24
13 1.35 1.39 1.46 1.44 1.23 0.86 0.41 1.46 0.06
All Families - 0.54 3.37 4.26 4.18 3.13 1.52 4.41 0.14

2 Pedigrees 1, 2, 3, and 8 were uninformative for the NGF receptor RFLPs, giving lod scores of 0.00 for all vaiues of 6.
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Figure 3. Chromosomal Location of the NGF Receptor Gene

The location of the NGF receptor gene (NGFR) to chromosome 17 in
the region 17q12—17q22 is based on the combined somatic cell genetic
and in situ hybridization analyses of Huebner et al., 1986.

dystrophy locus (Monaco et al., 1986), is that the VRNF
gene is relatively large, increasing the effective target size
for mutation. A third possibility is that VRNF is actually
caused by two very tightly linked mutations (perhaps
within the same gene) that must be present on the same
chromosome (in c¢is) in order to produce the disease
phenotype. Both mutations could then exist indepen-
dently in the population without causing the disease, but
occasional recombination events in doubly heterozygous
individuals could bring them together on the same chro-
mosome, giving the appearance of new mutations occur-
ring at relatively high frequency. The availability of RFLP
markers linked to VRNF should permit testing of this latter
hypothesis even before the disease gene is cloned.
Another gquestion that can now be approached directly
with a linked marker for VRNF relates to the mechanism
of tumorigenesis in this disorder. The germ-line mutation
transmitted in VRNF might produce an altered protein
whose activity predominates over its normal counterpart
and causes tumor formation. Alternatively, the VRNF mu-
tation could involve inactivation of a “tumor suppressor”
gene, similar to that postulated in retinoblastoma (Cav-
enee, 1986). Tumor formation would only occur when a
second somatic mutation event destroyed the activity of
the remaining normal homolog. We have presented evi-
dence that the latter mechanism is operative in bilateral
acoustic neurofibromatosis (BANF), an autosomal domi-
nant disorder genetically and clinically distinct from
VRNF, but also involving formation of Schwann cell
tumors (Seizinger et al., 1986; Seizinger et al., 1987a;
Rouleau et al., unpubished data). In BANF, specific loss
of alleles from chromosome 22 is associated with several
different tumor types (Seizinger et al., 1987a). While we
have not observed loss of alleles from chromosome 22 in
VRNF tumors (Seizinger et al., unpublished observa-
tions), it is possible that a similar mechanism involving

chromosome 17 occurs in this disorder. If so, the search
for small deletions in tumors associated with VRNF may
provide a means to narrow the location of the defective
gene and to facilitate its isolation.

Even if chromosome 17 deletions or rearrangements do
not play a role in tumorigenesis in VRNF, cloning and the
characterization of the disease gene should be possible
from the knowledge of its map location provided by linked
DNA markers. Numerous methods have been developed
in recent years to implement this strategy, which is cur-
rently being pursued in several other chromosomally
localized disorders, and has already been successful in
certain instances (Royer-Pokora et al, 1986; Friend et al.,
1986; Monaco et al., 1986). The isolation of the VRNF
gene would probably permit generation of a true animal
model for the disorder. An understanding of the nature of
the VRNF defect might also provide the basis for design-
ing rational therapies to interfere with expression of the
disease phenotype. Ultimately, it is likely that efforts tar-
geted at elucidating the function of both defective and nor-
mal alleles at the VRNF locus will yield significant insights
into mechanisms controlling differentiation of neural crest
cells, and development of the nervous system in man.

Experimental Procedures

Pedigree DNAs and Cell Lines

Approximately 40 ml of blood was obtained from each individual from
the 13 VRNF families. Twenty milliliters of each sample was used to es-
tablish Epstein-Barr virus-transformed lymphoblastoid cell lines as a
permanent source of DNA (Anderson and Gusella, 1984). The remain-
ing portion of each sample was used for direct DNA extraction
(Seizinger et al., 1986). DNA was also prepared from lymphoblastoid
cell lines as previously described (Gusella et al., 1979).

RFLP Typing

For RFLP typing, 5 ug of each DNA was digested to completion with
the indicated restriction enzyme as outlined by the supplier
(Boehringer Mannheim and New England Biolabs). The resuitant DNA
fragments were resolved according to size by horizontal agarose gel
electrophoresis in TBE buffer, and, after staining with ethidium bro-
mide for direct visual inspection, the DNA fragments were denatured
in situ in the gel with 1 N NaOH. The denatured DNA fragments were
transferred to a nylon filter support (Zetapor, AMF/Cuno, Meriden, CT)
by Southern blotting, and fixed to the filter by baking. DNA probes were
labeled with [32P}]-ATP (Amersham) by random oligonucleotide prim-
ing {Feinberg and Vogelstein, 1984), and then hybridized to the filter
for 48 hr at 65°C in 6x SSC, 1x Denhardt's solution, 0.3% SDS, and
100 ug/mi of saimon testis DNA. The filters were washed in 0.5 x SSC
at 65°C, and exposed to X-ray film (Kodak XAR-5) with a Dupont Cro-
nex intensifying screen at —80°C for 48 hr. Alleles present in each in-
dividual were deduced from the sizes of bands on the developed film.

Linkage Analysis

Linkage analysis was carried out using the LIPED computer program
(Ott, 1974, 1976). For the calculations in Table 1, the mutation rate was
set at 0.00015, the frequency of the defective allele at 0.0003 and
penetrance at 95% based on the infrequent observation of obligate
gene carriers showing no signs of the disease (Spence et al., 1983;
Carey et al., 1979). Altering these assumptions to a zero mutation rate,
0.0001 frequency for the disease gene or to each of 100%, 90% and
85% penetrance did not significantly alter the overall lod scores.
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Note Added in Proof

In agreement with the findings reported in this paper, Barker et al. in-
dependently found genetic linkage of von Recklinghausen neu-
rofibromatosis to a probe that maps to the centromeric region of chro-
mosome 17 (Science, in press).



