Gene for von Recklinghausen Neurofibromatosis Is
in the Pericentromeric Region of Chromosome 17
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Linkage analysis of 15 Utah kindreds demonstrated that a gene responsible for von
Recklinghausen neurofibromatosis (NF) is located near the centromere on chromo-
some 17. The families also gave no evidence for heterogeneity, indicating that a
significant proportion of NF cases are due to mutations at a single locus. Further
genetic analysis can now refine this localization and may lead to the eventual
identification and cloning of the defective gene responsible for this disorder.

ON RECKLINGHAUSEN NEUROFI-
bromatosis (NF) is one of the most.

common autosomal dominant con-
ditions in humans. Crowe ¢t al. estimated
the prevalence to be 1 in 2500 to 3300 (I).
From this figure and the assumption of a
single autosomal dominant disorder, the
mutation rate was estimated to be approxi-
mately 1 in 10,000 gametes per generation.
This is one of the highest mutation rates in
humans (2). Characteristic manifestations of
NF include cutaneous pigmentary changes,
multiple benign neurofibromas, and iris ha-
martomas or Lisch nodules (3). Affected
individuals are at risk for a diverse array of
complications including osseous and central
nervous system disorders and neoplasias,
which affect approximately 15% of children
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and adults with NF (4). Presentation can
range from a child with multiple congenital
anomalies to an adult with a solid tumor
malignancy. Linkage studies in large families
are especially important for understanding
NF since the high mutation rate and variable
expressivity are suggestive of a heteroge-
neous genetic etiology.

If a genetic map including NF could be
established, it would be useful in genetic
counseling, for resolving the issue of genetic
heterogeneity and for the eventual under-
standing of the molecular defect. Therefore,
genetic linkage studies of NF have been
initiated in a number of laboratories (5). An
exclusion map has been derived from a
compilation of their results (6). As part of
that report we presented preliminary data

Fig. 1. Hybridization of probe pA10-41 to Msp
I-digested DNAs from individuals in NF kindred
1655. The Msp I alleles of pA10-41 are a 2.4-kb
(Al) or 1.9-kb (A2) band. The Pvu II alleles (not
shown) are a 3.2-kb (B1) or 3.0-kb (B2) band.
The two polymorphisms show apparent linkage
equilibrium with each other, with an estimated
combined heterozygosity of over 50%. The fi
shows cosegregation of NF with the A2 allele of
the probe in each of four affected offspring. DNAs
were pre] from lymphocyte nuclei by stan-
dard m and digested with a fivefold excess
of Msp I as suggested by the suppliers except that
reactions were incubated at room temperature for
12 hours. Aﬁ:rose gel electrophoresis, transfers to
nylon membranes, nick translations, hybridiza-
tions, and autoradiography were performed as
described (7, 8).

Table 1. Pairwise analyses of NF and chromosome 17 markers. 0, best estimate of 8; z(6), LOD score

for that recombination fraction.

Recombination fraction (0)
Probe ] 2(0)
0.0 0.05 0.10 0.20 0.30 0.40

p3-6 -0.08 421 3.93 2.85 1.54 049 0.04 421
pl0-5 -7.82 -097 -0.18 0.36 0.43 028 027 044
pHF12-2 -9.84 -376 -2.02 -069 -027 -0.12 050 0.00
pYNZ22 -25.02 -5.31 -2.56 -0.54 0.12 018 0.38 0.19
pTHHS59 -13.78 -5.19 -3.17 -134 -056 -020 050 0.00
1100

for a battery of 39 markers. The only sug-
gestion of linkage was between NF and
probe p3-6, a clone containing alpha satel-
lite DNA from the centromere of chromo-
some 17. Odds favoring linkage were 15 to
1 at a recombination fraction of 0.1. Al-
though this ratio is far from significant, the
combination of this information with the
large number of chromosomes excluded by
the collective results led us to focus our
attention on completing the typing and
analysis of the centromeric marker and other
chromosome 17 probes on our NF families.

Families segregating for NF were identi-
fied by J. Carey through the Division of
Medical Genetics of the Department of Pe-
diatrics, University of Utah School of Medi-
cine and the National Neurofibromatosis
Foundation (Utah Chapter). Additional
families were identified by G. Meyers,
through the Primary Children’s Hospital,
Salt Lake City, Utah. From each patient, we
obtained (with informed consent) the medi-
cal history, physical exam, and slit-lamp eye
exam; we also collected saliva and approxi-
mately 40 ml (up to 20 ml in young chil-
dren) of peripheral blood for DNA isolation
and separation of serum, plasma, and red
cells. In order to make a positive diagnosis,
at Jeast two of the following conditions had
to be present: (i) five or more café-au-lait
spots greater than 0.5 cm in diameter, (ii)
one or more biopsy-proven neurofibromas,
(iii) multiple iris Lisch nodules, (iv) axillary
or groin freckling, (v) the presence of dis-
tinctive NF manifestations—either optic gli-
oma or tibial pseudoarthrosis, and (vi) pres-
ence of NF in a first degree relative. A total
of 15 families (out of 17 examined) met the
clinical criteria for von Recklinghausen NF
and were informative for linkage.

Blood samples were obtained from 128 of
157 affected and at-risk family members and
spouses. An example of the hybridization
analyses used is shown in Fig. 1 (7, 8). For
six kindreds, marker information was avail-
able from or inferrable for three or more
generations of kindred members affected
with NF. For two of the remaining nine
families, both grandparents were unaffected;
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Fig. 2. Genetic map for the short arm and centro-
mere region of chromosome 17. Numbers above
each interval (top line) reflect the odds favoring
the given order compared to the order obtained
by reversing markers that bound the interval.
Numbers below each interval give the estimated
recombination fraction between the adjacent
markers. Genetic distance from the centromere is
shown on the bottom line.

however, their marker types contributed in-
formation for determining marker phase in
multilocus analyses.

The LOD score (z) for a given value of
the recombination fraction, 6;, is the decimal
logarithm of the odds in favor of the hy-
pothesis of linkage at 6; compared to the
unlinked case, ® = 0.5. A LOD score of 3.0,
representing odds for linkage of 1000:1, is
conventionally accepted as significant. For
our initial analyses, equal recombination
rates were assumed to occur in males and
females (0, = 6f). The gene frequency for
NF was fixed at 0.0002 and a penetrance of
95% was assumed, as a few cases of trans-
mission through unaffected individuals have
been reported [for example, see (5)]. This
genetic model is consistent with a popula-
tion prevalence of about 1 per 2500.

Results of pairwise analyses between NF
and five chromosome 17 markers for our
current data set are given in Table 1. Analy-
ses were performed with the LOD score
method of Morton (9) as implemented in
the LINKAGE programs (10). Characteris-
tics of the DNA markers are provided in
Table 2 (11-15). A maximum LOD score of
4.2 was observed for the centromeric mark-
er, probe p3-6, at 4% recombination. There
was no evidence of close linkage to any of
the other chromosome 17 markers.

To identify candidate markers which

Table 2. Probes used for mapping of NF. Probe
pHF12-2 recognizes locus D1781; probe p10-5
recognizes gene MYH2; probe p3-6 recognizes
locus D17Z1.

etero-

Probe* Enzyme ggosity
pYNZ22 (11) Pst I 0.86
pYNH37-3 (11) Taq I 0.63
pMCT35.1 (11) Msp I 0.43
pHF12-2 (12) Msp I 0.43
pl0-5 (13) Hind III 0.38
Msp I 0.51
pA10-41 (14) Pvu II 0.29
Msp I 0.49
p3-6 (15) Hind III 0.42
pTHHS59 (11) TaqI 0.71

*References for the probes described are shown in
parentheses.
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could confirm linkage of NF to chromo-
some 17, a linkage map of markers near the
centromere and on the short arm of chromo-
some 17 (17p) was constructed from geno-
typic analysis of 59 reference families. Forty-
six three-generation families with large sib-
ships were ascertained in Utah, including 27
families which have been submitted to the
Centre d’Etude du Polymorphisme Humain
(CEPH) reference panel (16). Thirteen ad-
ditional families from the CEPH panel (17)
included a mixture of two- and three-gener-
ation families, also with large sibships.

A database of genotypes for markers on
chromosome 17 had been previously con-
structed on these families and linkage to
chromosome 17 was detected for two previ-
ously unassigned markers, pAl0-41 and
pMCT35.1. Thus, seven marker loci on
chromosome 17 were found to form a link-
age group that included the centromere
(Fig. 2).

Estimates of recombination fractions and
likelihoods for different orders were deter-
mined by multilocus linkage analysis with
the LINKAGE program (10). Results are
reported in Fig. 2. While the order of most
of the markers is clear from the analyses, the
orientation of pA10-41 with respect to the
centromere remains unresolved. The recom-
bination fraction in females was significantly
higher than in males (P < 0.01).

The map led us to expect close linkage
between NF and a previously unassigned
marker, probe pA10-41. Pairwise analysis of
NF and pAl0-41 for the complete data set
confirmed our expectation. Detailed charac-
teristics of the two significant NF linkages
(p3-6 and pA10-41) are reported in Table 3
in accordance with recommended guidelines
(18). Probe pAl0-41 gave a maximum
LOD score of 4.4 at 5% recombination
(8m = 0¢). LOD scores for individual fam-
ilies are given in Table 4. All but one family
were informative for at least one of the two
linked markers. No evidence for heterogene-
ity among families was revealed by a statisti-
cal test for admixture (P = 0.5) (19).

Because the relative order of the centro-
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Fig. 3. Location scores for the NF locus relative
to the best regional map of chromosome 17 (A)
and the nearly equally likely alternative (B). The
LINKMAP program of the LINKAGE package
was used to determine the location of NF in
relation to the two most likely maps of the region
of interest, which included the p3-6, pAl0-41,
and p10-5 marker loci. The NF locus was moved
along each fixed genetic map of marker loci, and
the position of the NF gene within each map that
maximized the likelihood of the observed family
data was obtained.

mere and pA10-41 was unresolved, different
locations for the NF gene were compared
for two map orders and the overall odds in
favor of the NF gene being located on each
map were calculated. Fig. 3 (A and B)
present these results. The overall odds in
favor of NF belonging to this linkage group
on this map are over 80 million to 1. The
order of the centromere and pA10-41 loci
within the linkage map remains unresolved.
Furthermore the NF gene has nearly equal
probability of falling into two intervals:
between the centromere and pl0-5 (Fig.
3A) or distal to the centromere (Fig. 3B).
When both the NF and reference families
were used to refine the genetic map, the
probability that NF is located between the

Table 3. Detailed results of pairwise analyses for two DNA probes that show significant linkage to NF.
Global maxima were 4.7 and 5.0 for p3-6 and pA10-41, respectively. Descriptions of the theoretical
bases for considering different recombination fractions ((-)) for males (m) and females (f) have been
described (18). Symbols: 8, best estimate of 8; z(8), LOD score for that recombination fraction.

Recombination fraction (6)

Probe Model [} 2(6)
0.0 005 010 020 030 040

p3-6 O = 0¢ -0.08 421 393 285 154 049 0.04 421
Om, 0 = 0.13 472 438 394 292 184 1.03
0g, 0, = 0.00 -0.08 455 470 464 441 413

pAl0-41 6, = 6; -045 437 414 3.03 1.71 056  0.05 4.37
Om, 6; = 0.11 499 457 414 324 232 148
s, 6, = 0.00 -045 478 499 475 423 370
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Table 4. Pairwise LOD scores by family between
NF and the two closest markers at the most likely
recombination fraction for the entire set of fam-
ilies. Ni, not informative.

LOD
Kindred p3-6 pA10-41
(6 =0.04) (6 = 0.05)
1388 Ni Ni
1391 0.26 0.75
1393 1.10 0.50
1611 Ni 0.24
1618 -0.38 0.60
1620 0.81 0.52
1621 0.25 Ni
1623 0.58 Ni
1624 Ni 0.24
1626 0.55 0.54
1629 0.28 Ni
1647 0.79 0.77
1650 Ni ~0.48
1655 Ni 0.81
1765 Ni ~0.12

centromere and pA10-41 increased (see Ta-
ble 5).

Two other possible chromosomal loca-
tions for an NF gene have been previously
suggested. Spence ¢t al. (20) found some
evidence indicating a locus linked to Gc on
chromsome 4. Ichikawa et al. (21) described
a kindred with cosegregation of NF and
myotonic muscular dystrophy which is lo-
cated on chromosome 19. Several studies
attempted to map other families to chromo-
somes 4 or 19 with negative results (5).

The present study provides conclusive evi-
dence that a locus for NF is located on
chromosome 17 in the centromeric region.
Although our study does not eliminate the
possibility of more than one NF locus, it
does provide evidence that a significant pro-
portion of NF is caused by a locus on
chromosome 17. The issue of heterogeneity
can best be resolved by studying a large set
of families with a battery of highly informa-
tive ordered markers in the centromeric
region of chromosome 17. The availability
of a chromosome 17 map constructed from
the CEPH and Utah control families was
central to the mapping of NF. Once the
initial suggestion of linkage to the chromo-
some 17 centromere was obtained, a region-

al map was constructed. This map explained
the negative LOD scores of the more distal
probes. It also indicated that a new probe,
pA10-41, was in the region of the NF gene.

The best two-locus LOD score in this
study (NF to pAl0-41) provided odds of
approximately 23,000 to 1 in favor of link-
age. By incorporating the chromosome 17
map in the analysis we were able to demon-
strate linkage to the map with odds of
approximately 80 million to 1. Tightly
linked flanking markers are essential for
both genetic counseling and for further mo-
lecular studies of NF. However, this study
has not provided unambiguous flanking
markers and there is still uncertainty wheth-
er the centromeric probe (p3-6) or pA10-41
is the nearest marker studied to date. Re-
solving marker order and finding closer
flanking markers is a high priority for future
studies.

A number of important diseases have
been mapped to DNA markers in the last
several years (8, 22), and several significant
examples of gene mapping leading to further
understanding of an underlying defect have
been reported recently (23). Most notably
Duchenne muscular dystrophy (DMD) has
progressed from gene mapping to identifica-
tion and cloning of the gene which causes
the disease; the cloned gene has in turn been
used to identify messenger RNA in fetal
tissue (24). In a similar set of experiments,
the gene for chronic granulomatous disease
has been identified (25). Furthermore, evi-
dence exists that the retinoblastoma gene
may have been cloned (26). In all three cases
deletions were used to narrow down the
range of candidate sequences (23). If the
process of tumor formation in NF-derived
malignancies occurs by similar genetic
mechanisms as for retinoblastoma, then the
techniques used to isolate the retinoblas-
toma gene could be repeated to isolate the
NF gene. DMD and neurofibromatosis have
the highest mutation rates known in hu-
mans. In both cases, heterogeneity was a
possible explanation until the linkage studies
proved otherwise; this explanation is clearly
an insufficient explanation for the mutation
rate in NF given the consistency of our
linkage results. In DMD, an unusually large

Table 5. Results of joint four-locus analyses of NF and reference families. LOD scores are for the
alternate hypothesis that 8, = 6,3 = 654 = 0.5. Odds are relative to the best order.

Lolcus b Lozcus Brs Loscus Ba Lo‘fus LOD Odds
NF 2.8 p3-6 4.4 pAl10-41 20.8 pl0-5 27.2 —
p3-6 2.3 NF 3.7  pAlo4l 20.8 pl0-5 27.1 1:1.2
p3-6 4.8 pA10-41 4.2 NF 20.3 pl0-5 25.3 1:72
NF 5.0 pAl0-41 4.4 p3-6 20.5 pl0-5 25.2 1:95
pAl10-41 3.3 NF 2.1 p3-6 20.6 pl0-5 26.3 1:7
pAl10-41 3.8 p3-6 2.6 NF 20.1 pl0-5 26.4 1:6
o2

gene size appears to be responsible for the
high mutation rate. Therefore, a similarly
large gene is a possible explanation for the
high mutation rate in NF.

It is thought that recombination is re-
duced near the centromeres (27). Therefore,
the approximately 4 centimorgans (cM) be-
tween NF and the centromere may represent
a longer sequence of DNA than one would
predict from the usual equation of 1 million
bases per centimorgan. Our results still leave
a region of at least 10 cM on either side of
the centromere for the physical location of
NF.
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