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The Neurofibroma in von Recklinghausen Neurofibromatosis
Has a Unicellular Origin
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Summary

von Recklinghausen neurofibromatosis (NFl) is the most common hereditary syndrome predisposing to
neoplasia. NF1 is an autosomal dominant disease caused by a single gene which maps to chromosome
17q11.2. The most common symptomatic manifestation of NF1 is the benign neurofibroma. Our previous
studies of tumors in NF1, studies which detected a loss of heterozygosity for DNA markers from the NF1
region of chromosome 17 in malignant tumors, did not detect a loss in neurofibromas. We report here that
a more extensive study, including the analysis of neurofibromas from 19 unrelated NF1 patients by using
seven probes, failed to detect a single instance of loss of heterozygosity. This finding suggests that neurofibro-
mas are either polyclonal or monoclonal in origin but arise by a mechanism different from that of NF1
malignancies. In order to investigate the first possibility, we analyzed neurofibromas from female NF1 patients
by using an X chromosome-specific probe, from the phosphoglycerokinase (PGK) gene, which detects an

RFLP. The detected alleles carry additional recognition sites for the methylation-sensitive enzyme HpaII, so

that the allele derived from the active X chromosome is digested by HpaII while the one from the hypermeth-
ylated, inactive X chromosome is not. We analyzed neurofibromas from 30 unrelated females with NFL. Eight
patients were heterozygous for the PGK RFLP. By this assay, neurofibromas from all eight appeared
monoclonal in origin. These results suggest that benign neurofibromas in NF1 arise by a mechanism that is
different from that of malignant tumors. This mechanism may involve (a) an NF1 gene mutation that, by
our analysis, is not detectable as a loss of heterozygosity or (b) a gene or genes other than the NF1 gene.

Introduction

Von Recklinghausen neurofibromatosis (neurofibro-
matosis type 1, or NF1) is the most common heredi-
tary syndrome predisposing to neoplasia, affecting ap-
proximately 1/3,000 live births in the United States
(Crowe et al. 1956). The pleiotropic manifestations
of this disease include cutaneous and subcutaneous
neurofibromas, cafe au lait spots, Lisch nodules,
learning disabilities, skeletal abnormalities, and ma-
lignancies of the central and peripheral nervous system
(Riccardi and Eichner 1986). The most common tu-
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mor occurring in NF1 is the neurofibroma, a tumor
composed primarily of Schwann cells and fibroblasts
with numerous perineural, endothelial, and mast cells
(Riccardi and Eichner 1986).
The gene for NF1 has been mapped by two labora-
tories to the long arm of chromosome 17 (Barker et
al. 1987; Seizinger et al. 1987b). Linkage analyses in
multigenerational families with DNA markers from
chromosome 17 have identified DNA fragments that
are very tightly linked to the NF1 gene (Diehl et al.
1987; Fain et al. 1987; Pericak-Vance et al. 1987;
Seizinger et al. 1987a; Stephens et al. 1987; Upadhy-
aya et al. 1987; vanTuinen et al. 1987; White et al.
1987). In addition, two individuals with NF1 have
been identified with chromosomal translocations with
breakpoints in the region of the NF1 gene (Schmidt et
al. 1987; Ledbetter et al. 1989; Menon et al. 1989).
UsingDNA from these patients, two laboratories have
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further localized the NF1 gene within a region of ap-

proximately 600 kb (Fountain et al. 1989; O'Connell
et al. 1989). Since the current work was initiated, the
NF1 gene has been isolated (Cawthon et al. 1990;
Viskochil et al. 1990; Wallace et al. 1990). Its rela-
tively large size, more than 300 kb, may explain the
high rate of sporadic occurrence of this disease (Huson
et al. 1989).
We have observed losses of DNA markers from the

NF1 region of the long arm of chromosome 17 in
DNA from malignant tumors from patients with NF1,
compared with DNA from nontumor tissue from the
same patients (Skuse et al. 1989). Further, in heredi-
tary cases, we have found that the NF1 allele re-

maining in the tumor was derived from the affected
parent (authors' unpublished observations). These
data and those of others (El-Azouzi et al. 1989) sug-

gest that malignant tumors in NF1 probably arise as

the result of the homozygous deficiency of a tumor-

suppressor gene. This contention is supported by the
recent identification of regions of homology between
the predicted NF1 amino acid sequence and that of the
GTPase-activating protein (Xu et al. 1990) and the
yeast inhibitor of ras proteins IRA1 and IRA2 (Buch-
berg et al. 1990; Xu et al. 1990).
The loss of heterozygosity for DNA markers tightly

linked to the NF1 locus has been observed in malig-
nant tumors but not in neurofibromas. In order to

investigate the possibility that neurofibromas are poly-
clonal in origin, we have analyzed neurofibromas from
female NF1 patients by using an X chromosome-spe-
cific probe, from the PGK gene, which detects an

RFLP.
The Lyon hypothesis describes the process of

X-chromosome inactivation in mammalian females
(Lyon 1972). At some early stage of embryogenesis
oneX chromosome is inactivated in each cell. Whether
the chromosome inactivated is maternally derived or

paternally derived appears to be random. Subse-
quently, all progeny of a given cell have an inactivated
X chromosome of the same parental origin. There-
fore, a female is a mosaic of cells with either the mater-
nally or paternally derived X chromosome inacti-
vated. In view of this, a tumor that has arisen from
more than one cell (i.e., one which is polyclonal or

multicellular in origin) should be composed of a mix-
ture of cells with maternally or paternally derived X
chromosomes inactivated. In contrast, a tumor that
has arisen from only one cell (i.e., one which is mono-
clonal or unicellular in origin) should have inactivated
theX chromosome ofthe same parental origin in every

cell. Earlier studies by Fialkow et al. (1971) using
glucose 6-phosphate dehydrogenase isozymes as

markers provided evidence that neurofibromas were

polyclonal in origin.
We have reinvestigated this question by using re-

cently developed DNA-based methods. Using both an

X chromosome-specific probe which detects an RFLP
and the restriction endonuclease HpaII to differentiate
between the maternal and paternal active X chromo-
somes, we have analyzed neurofibromas from females
with NFL. We obtained evidence which suggests that
the neurofibroma arises as the result of a mutation in
a single cell.

Material and Methods

Neurofibromas

The neurofibromas included in the present study
were obtained from patients with authentic von Reck-
linghausen neurofibromatosis and from either the Uni-
versity of Rochester Medical Center (fresh) or other
medical centers (shipped frozen). Most were cutane-

ous in origin, but one was retroperitoneal. None of
these were plexiform neurofibromas. The diagnosis of
neurofibroma was made on the basis of typical gross

and microscopic features. Skin and other adjacent nor-
mal tissues were removed as completely as possible
prior to DNA preparation.

DNA Probes

The DNA probes used in the present study were

provided by the investigators listed in table 1. The
human DNA component ofeach recombinant plasmid
was purified by agarose gel electrophoresis followed
by ultrafiltration through Ultrafree MC filters (Milli-
pore) according to the instructions provided by the
manufacturer.

Table I

DNA Probes Used in Present Study

Probe Contributor Reference

A10-41 ............ D. Barker Barker et al. 1987
EW301 ............ D. Barker Fain et al. 1987
HHH202 ........... R. White Nakamura et al. 1987
Beta 8-2 ........... D. Barker Personal communication
VAW215-R3 ...... D. Barker Personal communication
EW206 ........... D. Barker Fain et al. 1987
EW207 ........... D. Barker Fain et al. 1987
PGK 800........... B. Vogelstein Vogelstein et al. 1987
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Southern Blot Analyses

Southern blot analyses were carried out as described
elsewhere (Skuse et al. 1989) by using the method of
Southern (1975), with some modifications. For analy-
sis of loss of heterozygosity, DNA was resolved on

agarose gels (1% in Tris-acetate EDTA buffer) and
transferred by capillary blotting to Zeta Bind mem-

brane (AMF Cuno) in 10 x SSC. Following transfer,
the membranes were soaked in 0.4 N NaOH for 1
min, then were neutralized in 0.2 M Tris (pH 7.5), 2
x SSC, and then air-dried. Analyses with the PGK
800 probe involved resolution on 1.5% agarose gels
(in Tris-borate EDTA buffer) and included a prean-

nealing step with sheared salmon sperm DNA (Sealey
et al. 1985). Transfer was carried out in 0.4 N NaOH
followed by neutralization in 2 x SSC for 30 min with
one change of buffer. Transfer membranes were dried
at 370C for 1 h and baked at 800C for 30 min. Hybrid-
izations were carried out as described elsewhere (Skuse
et al. 1989), except that reactions with PGK 800 in-
cluded BLOTTO (Vogelstein et al. 1985) in the hy-
bridization mixture. DNA probes were labeled with
32P-dCTP by random primer labeling according to the
instructions supplied with the labeling kit (Boehringer
Mannheim).

Analysis of Loss of Heterozygosity

To investigate loss of heterozygosity, tumor and
nontumor DNA from the same patient were compared
following digestion with a restriction endonuclease
and Southern blotting (Skuse et al. 1989). The blots
were hybridized with sequences previously localized
to the region of the NF1 locus (listed in table 1).

Analysis of Clonal Origin

For neurofibromas donated by females with NF1,
clonality was investigated using the multiple-step
method of Vogelstein et al. (1985, 1987). First, those
heterozygous for the RFLP detected by the X-linked
phosphoglycerokinase gene probe, PGK 800, were

identified by RFLP analysis of nontumor tissue. DNA
from their neurofibromas was then digested with the
restriction endonucleases PstI and BstXI or with BglI,
EcoRI, and BglII. Second, one-half of each reaction
mixture was subjected to further digestion with HpaII.
The detected alleles carry additional recognition sites
for the methylation-sensitive enzyme HpaII, so that
the allele derived from the active X chromosome is
digested by HpaII while the one from the hypermethyl-

ated, inactive X chromosome is resistant to further
digestion. Thus, comparison of the DNA samples di-
gested with and without HpaII revealed whether (1)
the same X chromosome is inactivated in every cell of
the neurofibroma, which would indicate monoclonal
origin (evidenced by loss of one or the other allelic
fragments), or (2) the neurofibroma is a mixture of (a)
cells carrying an active maternally derived X chromo-
some and (b) cells carrying an active paternally derived
X chromosome (evidenced by comparable loss of both
allelic fragments).

Analysis of Tissue Composition

Each neurofibroma was sectioned, stained with
hematoxylin-eosin, and examined by a single experi-
enced neuropathologist who estimated the percentage
of nontumor tissue present in the sample of tumor
from which DNA was purified.

Results

Loss of Heterozygosity

We analyzed 19 sample pairs, each consisting of
DNA from a neurofibroma and peripheral blood from
a NF1 patient (male or female), by using seven DNA
probes localized to chromosome 17. The results are
presented in table 2. We did not observe a loss of
heterozygosity in any of the sample pairs analyzed
with any of the probes.

PGK Heterozygosity

We analyzed nontumor tissue from 30 unrelated
female NF1 patients for heterozygosity detected by a
probe from the PGK locus. Eight individuals heterozy-
gous for this RFLP were identified. DNA from neuro-
fibromas from these individuals was subjected to fur-
ther analysis.

Clonal Origin of Tumor Tissue

DNA from neurofibromas from the eight individu-
als heterozygous for the PGK RFLP was subjected to
analysis by HpaII digestion. Analyses of each of the
eight patients are shown in figure 1 and summarized
in table 3. All of the neurofibromas analyzed demon-
strated a monoclonal pattern-namely, a dispropor-
tionate reduction of one or the other allele after HpaII
digestion; "disproportionate" refers to a greater than
14-fold reduction in density of one band compared
with the other.
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Table 2

Analysis of Neurofibromas from Female NF I Patients, by Using Probes for Chromosome 17

GENOTYPE (nontumor tissue:neurofibroma)a

PATIENT NUMBER A10-41 EW301 HHH202 Beta 8-2 VAW215R3 EW206 EW207

73 ............... 1,2:1,2 1:1 1:1 1,2:1,2 1,2:1,2 1,2:1,2 1,2:1,2
65 ......... ...... 2:2 2:2 1:1 1,2:1,2 1,2:1,2 2:2 1,2:1,2
24 ............... 1:1 2:2 1:1 2:2 1:1 1,2:1,2 1,2:1,2
4 ............... 1,2:1,2 1,2:1,2 1,2:1,2 1,2:1,2 2:2 1,2:1,2 1,2:1,2
64 ............... 1:1 1,2:1,2 1,2:1,2 2:2 1,2:1,2 2:2 1:1
59 ............... 1,2:1,2 1:1 1,2:1,2 1,2:1,2 2:2 2:2 1:1
31 ......... ...... 1:1 1,2:1,2 1,2:1,2 1,2:1,2 1,2:1,2 2:2 1:1
10 ......... ...... 1,2:1,2 1,2:ND 1:1 1:1 1,2:ND 2:2 1:1
21 ......... ...... 1 ,2:1,2 1,2:1,2 1:1 1,2:1,2 1,2:1,2 2:2 1,2:1,2
53 ......... ...... 1,2:1,2 1,2:1,2 1:1 1,2:1,2 1,2:1,2 1 ,2:1,2 2:2
35 ......... ...... 1:1 2:2 1,2:1,2 1,2:1,2 1,2:1,2 2:2 1:1
20 ............... 2:2 2:2 1,2:1,2 2:2 1,2:1,2 2:2 1:1
90 ............... 2:2 1:1 1:1 1:1 1,2:1,2 1,2:1,2 2:2
81 ........ ...... 1,2:1,2 1,2:1,2 1,2:1,2 2:2 1,2:1,2 2:2 2:2
77 ............... 1,2:1,2 1,2:1,2 1:1 2:2 1,2:1,2 2:2 1,2:1,2
63 ......... ...... 1,2:1,2 1,2:1,2 1,2:1,2 1:1 2:2 2:2 1:1
27 ............... ND:1 ND:1 ND:1 1,2:1,2 ND ND:2 ND:1
80 .............. 1,2:1,2 2:2 1,2:1,2 1:1 2:2 1,2:1,2 ND:1
54 .............. 1,2:1,2 1,2:1,2 1:1 2:2 1,2:1,2 2:2 1,2:1,2

a 1 = presence of larger fragment; 2 = presence of the smaller fragment; ND = not determined.

Clonal Origin of Nontumor Tissue
Nontumor tissue was available from six of the eight

patients heterozygous for the PGK RFLP. DNA from
these nontumor tissues was subjected to the same anal-
ysis as was theDNA from neurofibromas. Five ofthese
six had a proportional reduction of both alleles from
HpaII digestion while the sixth had a disproportion-

ate loss of one allele, probably the result of a skewed
pattern of X-chromosome inactivation during em-
bryogenesis (Gartler and Linder 1964; Linder and
Gartler 1965). The eight neurofibromas included in
the present study have been analyzed by our pathology
department to determine their tissue composition. Ex-
cept for patient number 64, who contained approxi-

A 64 80

_.0-1 Figure I Analysis of clonality ofneurofibromas from eight NFl patients heterozygous
for PGK 800. DNA was digested with a mixture of restriction endonudeases, either BgII,
EcoRI, and BglIl (A) or PstM and BstXI (B). Half of each digest was then digested with HpaII
(right-hand member of each pair). Above each sample pair is the laboratory patient number.

2 The two expected alleles are indicated by arrows, with "1" indicating the larger allele and
"2" indicating the smaller allele.

B
77 90 54 81 27 63

--2
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Table 3

Analysis of Clonal Origin of Neurofibromas

FOLD REDUCTION BY DENSITOMETRYa

CONDITION AND PATIENT NUMBER Allele 1 (upper band) Allele 2 (lower band)

Allele 1 chiefly reduced:
27 ........................... 15.3 2.1
63 ........................... 22.2 1.4
81 ........................... 19.8 2.1

Allele 2 chiefly reduced:
54 ........................... 4.5 14.5
64 ........................... 1.7 >20.0
77 ........................... 5.6 >20.0
80 ........................... 1.1 >20.0
90 ........................... 4.3 38.0

a Ratio of band density without HpaII digestion to band density with HpaII digestion.

mately 20% infiltrating normal tissue, all had 0%-
10% associated normal tissue.
Analyses of control tissues are shown in figure 2.

The first pair (fig. 2A) consists ofDNA isolated from a
normal female's blood, a polyclonal tissue. The alleles
present on both X chromosomes are visible and re-
duced by approximately 50% following digestion
with HpaII. The second pair (fig. 2B) consists ofDNA
isolated from a cell line derived from a breast carci-
noma, a tumor of monoclonal origin. Both alleles are
present before HpaII digestion, but only one, from
the hypermethylated inactive X chromosome, remains
after HpaII digestion. The third pair (fig. 2C) consists
ofDNA isolated from the peripheral blood of a male.
Only one allele is observed from the sole X chromo-
some and is degraded by digestion with HpaII.

A B C

2

Figure 2 Analysis of clonality of control tissues. A represen-
tative autoradiograph is shown for several control samples digested
with BstXI and PstI with (right lane of each pair) or without (left
lane of each pair) subsequent digestion by HpaII. The first pair (A)
consists of DNA isolated from a normal female's peripheral blood.
The second pair (B) consists of DNA isolated from cells derived
from a breast carcinoma cell line. The third pair (C) consists of
DNA isolated from the peripheral blood of a male. The two ex-
pected alleles are indicated as in fig. 1.

Discussion

Elsewhere we have reported a loss of heterozygosity
for several markers on chromosome 17 in malignant
tumors occurring in patients with NF1 (Skuse et al.
1989). Here we report no similar losses detected in
benign neurofibromas in a larger series of samples and
with additional chromosome 17 probes. This failure
to observe losses may have several explanations. The
first is that our samples may have been infiltrated with
nontumor tissue; normal cells would not be expected
to have a loss and might therefore obscure any losses
in tumor cells. The eight neurofibromas analyzed in
the present study were minimally contaminated with
nontumor tissue. The second explanation is that neu-
rofibromas may be polyclonal in origin, as was re-
ported by Fialkow et al. (1971). The analyses reported
here used DNA methods that not only are more sensi-
tive but permit study of a larger number of affected
females, because of the three available DNA marker
systems (Vogelstein et al. 1987). The data reported
here demonstrate that the neurofibromas analyzed are
monoclonal in origin. We conclude that neurofibro-
mas in NF1 are true neoplasms in the sense that they
arise from a single cell.
The finding of a monoclonal DNA pattern in a type

of tumor recognized to contain cells of diverse types
requires explanation. First, the resolution of any
method which identifies clonality is finite; the possible
existence of a clone too underrepresented to be de-
tected cannot be excluded. Second, the initial trans-
forming event might have occurred in several cells all
bearing the same active X chromosome. Clearly, the
smaller the region of cells containing inactivated X
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chromosomes of only maternal or only paternal ori-
gin, the more likely is such an occurrence (Linder and
Gartler 1965; Woodruff 1988). Third, chromosome
loss in tumors is common; it is conceivable that
X-chromosome loss might be responsible for an ap-
parent monoclonal pattern. However, if the loss is
random, it is not likely that most cells would lose the
X chromosome of the same parental origin. Fourth,
cells with inactivation of a given X chromosome may
have a selective growth advantage; thus a tumor of
multicentric origin might evolve a monoclonal DNA
phenotype (Raskind and Fialkow 1987). Such a selec-
tion process appears to occur in blood cells of hetero-
zygotes for Lesch-Nyhan disease, an X-linked condi-
tion (Dancis et al. 1968; Nyhan et al. 1970). Fifth, the
tissue analyzed in the present study may have consisted
of a higher proportion of Schwann cells whereas the
tissue analyzed in the previous study of the cellular
origin of neurofibromas (Fialkow et al. 1971) may
have had a larger proportion of non-Schwann cells. If
the non-Schwann cells re not part of the neoplasm,
the polyclonality detected by the glucose-6-phosphate
dehydrogenase isozyme assay is explained. Sixth, per-
haps the most interesting possibility is that the isozyme
analyses and the DNA methods provide answers to
different questions and that these answers are not dis-
cordant. A monoclonal DNA pattern provides strong
evidence of a unicellular origin (subject to the provisos
discussed above); a polyclonal isozyme phenotype
could result from subsequent development of hetero-
geneity of either DNA sequence or transcriptional ac-
tivity. Such a conclusion was reached in the case of
parathyroid adenomas which were reported to be
polyclonal by isozyme analysis (Fialkow et al. 1977)
but were reported to be of unicellular origin by DNA
analysis (Arnold et al. 1988).

Recognition of a monoclonal pattern by using an
X-linked probe in the analyses presented here implies
that our failure to find a loss of heterozygosity with
chromosome 17 probes is not due to excessive con-
tamination by normal tissue. The finding that neu-
rofibromas do not show this loss of heterozygosity
indicates that neurofibromas arise by a different mech-
anism than do malignant tumors in NF1- presumably
by either a mutation, at the NF1 locus, not detectable
as a loss of heterozygosity or a mutation involving
a locus other than the NF1 locus. The wide-ranging
manifestations of NF1, as well as the observations by
others of the involvement of a chromosome 17p locus
in astrocytomas with and without NF1 (El-Azouzi et
al. 1989; James et al. 1989), suggest that more than
one locus may be involved in malignant tumorigenesis.

This is particularly plausible in view of recently pub-
lished observations of the genetic lesions involved in
the evolution of breast carcinomas (Devilee et al.
1989), gliomas (James et al. 1988), and colorectal
carcinomas (Fearon et al. 1990).

In bilateral acoustic neurofibromatosis, or NF2, a
loss of heterozygosity was reported in six neurofi-
bromas when DNA probes from the NF2 region of
chromosome 22 were used (Seizinger et al. 1987c;
Rouleau et al. 1990). These findings suggest that neu-
rofibromas in NF2 are also monoclonal but may arise
by a mechanism involving the NF2 gene.

Acknowledgments
We would like to acknowledge the National Neurofi-

bromatosis Foundation and the following physicians for
providing the samples used in this study: Drs. E. Caldwell,
J. Devanney, W. Fritsch, P. vanGeisen, G. Hoversten,
E. Jak, N. James, T. Kirchner, J. Lim, D. Lycurgus,
J. McConaughy, R. McCormack, J. McDonald, C. Nelson,
T. Morgan-Mathers, C. Peters, S. Shehadi, M. Waziri,
D. Winchester, and R. C. Wray. We are grateful to Dr.
David Barker for providing probes for this study, to Dr. Bert
Vogelstein for providing the PGK probe, and to Dr. Eric
Fearon for helpful discussions regarding their use. Initial
aspects of this study were supported by American Cancer
Society Institutional Research grant IN-18-31 awarded to
G.R.S. and by NIH grant CA38685 awarded to P.T.R.
G.R.S. is supported by a research grant from the G. Harold
and Leila Y. Mathers Charitable Foundation.

References
Arnold A, Staunton CE, Kim HG, Gaz RD, Kronenberg
HM (1988) Monoclonality and abnormal parathyroid
hormone genes in parathyroid adenomas. N Engl J Med
318:658-662

Barker D, Wright E, Nguyen K, Cannon L, Fain P, Goldgar
D, Bishop DT, et al (1987) Gene for von Recklinghausen
neurofibromatosis is in the pericentromeric region of
chromosome 17. Science 236:1100-1102

Buchberg AM, Cleveland LS, Jenkins NA, Copeland NG
(1990) Sequence homology shared by neurofibromatosis
type-1 gene and IRA-1 and IRA-2 negative regulators of
the RAS cyclic AMP pathway. Nature 347:291-294

Cawthon RM, Weiss R, Xu G, Viskochil D, Culver M,
Stevens J, Robertson M, et al (1990) A major segment
of the neurofibromatosis type 1 gene: cDNA sequence,
genomic structure, and point mutations. Cell 62:193-201

Crowe FW, Schull WJ, NeelJV (1956) A clinical, pathologi-
cal, and genetic study of multiple neurofibromatosis.
Charles C Thomas, Springfield, IL

Dancis J. Berman PH, Jensen V, Balis ME (1968) Absence



606 Skuse et al.

of mosaicism in the lymphocyte in X-linked congenital
hyperuricosuria. Life Sci 7:587-591

Devilee P, van den Broek M, Kuipers-Dijkshoorn N, Kolluri
R. Khan PM, Pearson PL, Cornelissee CJ (1989) At least
four different chromosomal regions are involved in loss of
heterozygosity in human breast carcinoma. Genomics 5:
554-560

Diehl SR, Boehnke M, Erickson RP, Baxter AB, Bruce MA,
Liberman JL, Platt DJ, et al (1987) Linkage of von Reck-
linghausen neurofibromatosis to DNA markers on chro-
mosome 17. Genomics 1:361-363

El-Azouzi M, Chung RY, Farmer GE, Martuza RL, Black
P McL, Rouleau GA, Hettlich C, et al (1989) Loss of
distinct regions on the short arm of chromosome 17 asso-
ciated with tumorigenesis of human astrocytomas. Proc
Natl Acad Sci USA 86:7186-7190

Fain PR, Barker DF, Goldgar DE, Wright E, Nguyen K,
Carey J, Johnson J, et al (1987) Genetic analysis of NF1:
identification of close flanking markers on chromosome
17. Genomics 1:340-345

Fearon ER, Cho KR, Nigro JM, Kern SE, Simons JW, Rup-
pert M, Hamilton SR, et al (1990) Identification of a
chromosome 1 8q gene that is altered in colorectal cancers.
Science 247:49-56

Fialkow PJ, Jackson CE, Block MA, Greenawald KA (1977)
Multicellular origin of parathyroid 'adenomas.' N Engl J
Med 297:696-698

Fialkow PJ, Sagebiel RW, Gartler SM, Rimoin DL (1971)
Multiple cell origin of hereditary neurofibromas. N Engl
J Med 284:298-300

Fountain JW, Wallace MR, Bruce MA, Seizinger BR,
Menon AG, GusellaJF, Michels VV, et al (1989) Physical
mapping of a translocation breakpoint in neurofibro-
matosis. Science 244:1085-1087

Gartler SM, Linder DL (1964) Selection in mammalian mo-
saic cell populations. Cold Spring Harbor Symp Quant
Biol 29:253-260

Huson SM, Compston DAS, Clark P, Harper PS (1989) A
genetic study ofvon Recklinghausen neurofibromatosis in
south east Wales. I. Prevalence, fitness, mutation rate,
and effect of parental transmission on severity. J Med
Genet 26:704-711

James CD, Carlbom E, Dumanski JP, Hansen M, Norden-
skjokd M, Collins VP, Cavenee WK (1988) Clonal geno-
mic alterations in glioma malignancy stages. Cancer Res
48:5546-5551

James CD, Carlbom E, Nordenskjold M, Collins VP, Ca-
venee WK (1989) Mitotic recombination of chromosome
17 in astrocytomas. Proc Natl Acad Sci USA 86:2858-
2862

Ledbetter DH, Rich DC, O'Connell P, Leppert M, CareyJC
(1989) Precise localization ofNF1 to 17ql 1.2 by balanced
translocation. Am J Hum Genet 44:20-24

Linder D, Gartler SM (1965) Distribution of glucose-6-
phosphate dehydrogenase electrophoretic variants in

different tissues of heterozygotes. Am J Hum Genet 17:
212-220

Lyon MF (1972) X-chromosome inactivation and develop-
mental patterns in mammals. Biol Rev Cambridge Philo-
sophic Soc 47:1-35

Menon AG, Ledbetter DH, Rich DC, Seizinger BR, Rouleau
GA, Michels VF, Schmidt MA, et al (1989) Characteriza-
tion of a translocation within the von Recklinghausen
neurofibromatosis region of chromosome 17. Genomics
5:245-249

Nakamura Y. O'Connell P, Leppert M, Barker D, Wright
E, Skolnick M, Lathrop M, et al (1987) A primary genetic
map of chromosome 17. Cytogenet Cell Genet 46:668

Nyhan WL, Bakay B, Connor JD, Marks JF, Keele DK
(1970) Hemizygous expression of glucose-6-phosphate
dehydrogenase in erythrocytes of heterozygotes for Lesch-
Nyhan syndrome. Proc Natl Acad Sci USA 65:214-218

O'Connell P. Leach R, Cawthon RM, Culver M, Stevens
J, Viskochil D, Fournier REK, et al (1989) Two NF1
translocations map within a 600-kilobase segment of
17q11.2. Science 244:1087-1088

Pericak-Vance MA, Yamaoka LH, Vance JM, Small K, Ro-
senwasser GOD, Gaskell PC, Hung H-Y, et al (1987)
Genetic linkage studies of chromosome 17 RFLPs in von
Recklinghausen neurofibromatosis (NF1). Genomics 1:
349-352

Raskind WH, Fialkow PJ (1987) The use of cell markers in
the study of human hematopoietic neoplasia. Adv Cancer
Res 49:127-167

Riccardi VM, EichnerJE (1986) Neurofibromatosis: pheno-
type, natural history and pathogenesis. Johns Hopkins
University Press, Baltimore

Rouleau GA, Seizinger BR, Wertelecki W, Haines JL, Su-
perneau DW, Martuza RL, Gusella JF (1990) Flanking
markers bracket the neurofibromatosis type 2 (NF2) gene
on chromosome 22. Am J Hum Genet 46:323-328

Schmidt MA, Michels VV, Dewald GW (1987) Cases of
neurofibromatosis with rearrangements of chromosome
17 involving band 17q11.2. Am J Med Genet 28:771-
777

Sealey PG, Whittaker PA, Southern RM (1985) Removal
of repeated sequence from hybridization probes. Nucleic
Acids Res 13:1905-1922

Seizinger BR, Rouleau GA, Lane AH, Farmer G, Ozelius LJ,
Haines JL, Parry DM, et al (1987a) Linkage analysis in
von Recklinghausen neurofibromatosis (NF1) with DNA
markers for chromosome 17. Genomics 1:346-348

Seizinger BR, Rouleau GA, Ozelius LJ, Lane AH, Faryniarz
AG, Chao MV, Huson S, et al (1987b) Genetic linkage
of von Recklinghausen neurofibromatosis to the nerve
growth factor receptor gene. Cell 49:589-594

Seizinger BR, Rouleau G, Ozelius LJ, Lane AH, St George-
Hyslop P, Huson S, Gusella JF, et al (1987c) Common
pathogenic mechanism for three tumor types in bilateral
acoustic neurofibromatosis. Science 236:317-319



Unicellular Origin of Neurofibromas 607

Skuse GR, Kosciolek BA, Rowley PT (1989) Molecular ge-
netic analysis of tumors in von Recklinghausen neurofi-
bromatosis: loss of heterozygosity for chromosome 17.
Genes Chromosomes Cancer 1:36-41

Southern E (1975) Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J Mol
Biol 98:503-507

Stephens K, Riccardi VM, Rising M, Ng S, Green P, Collins
FS, Rediker KS, et al (1987) Linkage studies with chromo-
some 17 markers in 45 neurofibromatosis 1 families. Ge-
nomics 1:353-357

Upadhyaya M, Sarfarazi M, Huson SM, Stephens K, Broad-
head W, Harper PS (1987) Chromosome 17 markers and
von Recklinghausen neurofibromatosis: a genetic linkage
study in a British population. Genomics 1:358-360

vanTuinen P, Rich DC, Summers KM, LedbetterDH (1987)
Regional mapping panel for human chromosome 17: ap-
plication to neurofibromatosis type 1. Genomics 1:374-
381

Viskochil D, Buchberg AM, Xu G, Cawthon RM, Stevens
J, Wolff RK, Culver M, et al (1990) Deletions and a trans-
location interrupt a cloned gene at the neurofibromatosis
type 1 locus. Cell 62:187-192

Vogelstein B, Fearon ER, Hamilton SR, Feinberg AP (1985)
Use of restriction fragment length polymorphisms to de-
termine the clonal origin of human tumors. Science 227:
642-645

Vogelstein B, Fearon ER, Hamilton SR, Preisinger AC, Wil-
lard HF, Michelson AM, Riggs AD, et al (1987) Clonal
analysis using recombinant DNA probes from the X-chro-
mosome. Cancer Res 47:4806-4813

Wallace MR, Marchuk DA, Anderson LB, Letcher R, Odeh
HM, Saulino AM, Fountain JW, et al (1990) Type 1 neu-
rofibromatosis gene: identification of a large transcript
disrupted in three NF1 patients. Science 249:181-186

White R, Nakamura Y, O'Connell P, Leppert M, Lalouel
J-M, Barker D, Goldgar D, et al (1987) Tightly linked
markers for the neurofibromatosis type 1 gene. Genomics
1:364-367

Woodruff MFA (1988) Tumor clonality and its biological
significance. Adv Cancer Res 50:197-229

Xu G, O'Connell P, Viskochil D, Cawthon R, Robertson
M, Culver M, Dunn D, et al (1990) The neurofibro-
matosis type 1 gene encodes a protein related to GAP. Cell
62:599-608


