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Type 1 neurofibromatosis ( NF1) gene encodes for a member of the GTPase activating protein family and is
considered to be a tumor suppressor gene. Its very high rate of de novo  mutation in humans led us to study a
specific feature of this gene: the presence of numerous NF1-related sequences. According to our results, the
human genome contains at least 11 NF1-related sequences, nine of which are scattered near centromeric
sequences of seven different chromosomes. These NF1-related sequences, whose extent is quite varied
according to loci, are unprocessed copies of the NF1 gene, and bear numerous mutations. A phylogenetic
analysis of the six largest sequences indicates that they are all derived from a common ancestor, which would
have appeared 22–33 million years ago, and was subsequently duplicated several times during hominoid
evolution. The most recent duplication and interchromosomal transposition occurred in the last million years
suggesting that the process could still be ongoing. Intriguing similarities between the evolution of alpha-satellite
DNA and NF1-related sequences suggest the involvement of a common genetic mechanism for the generation
and pericentric spreading of these NF1 partial copies.

INTRODUCTION

Neurofibromatosis type 1 is a dominantly inherited genetic disorder
involving the development of benign and malignant tumors in
tissues derived from the neural crest (1). The gene responsible (NF1)
encodes for a GTPase activating protein which is considered to be
a suppressor of Ras (2–4). Apart from its large size (300–350 kb),
the NF1 gene also displays several other unusual characteristics: its
estimated de novo mutation rate (1×10–4) is one of the highest
among human disorders (5), and it is accompanied, in the human
genome, by numerous NF1-related sequences (6–11).

Related sequences are encountered in genomes as diverse as
bacteria, Drosophila and mammals. They either belong to
families of functional genes with analogous roles (immunoglobu-
lin genes, tyrosine kinase genes, etc.) or to non-functional

pseudogenes, believed to play a part in evolution as a reservoir of
DNA sequences out of selective constraints, and occasionally
used, as a rapidly evolving source of genetic material, for gene
conversion or for future creation of novel genes (12). Previous
data suggest that NF1-homologous sequences could belong to the
second class (7,9). While the aim of the previously reported
characterizations was to avoid possible misinterpretation in the
study of the mutations occurring in NF1 patients, we were
interested in more thoroughly studying the NF1-related se-
quences to obtain insight into the molecular events which have led
to the generation of this family of sequences. For this purpose,
NF1-related sequences were characterized by FISH (fluorescence
in situ hybridization), Southern analysis, cloning and sequencing.
A phylogenetic tree showing the relationships between these
sequences was constructed. The dating of the emergence of these

*To whom correspondence should be addressed
Sequence data from this article have been deposited with the GenBank/EMBL/DDBJ Data Libraries under Accession Nos. YO7850 (HcoNF1), YO7851
(HcoNF1-RSa), YO7852 (HcoNF1-RSb), YO7853 (HsaNF1), YO7854 (HsaNF1-RS14A), YO7855 (HsaNF1-RS14B), YO7856 (HsaNF1-RS15A),
YO7857 (HsaNF1-RS15B), YO7858 (HsaNF1-RS2), YO7859 (HsaNF1-RS22), YO7860 (MfuNF1)



 

Human Molecular Genetics, 1997, Vol. 6, No. 110

related sequences was estimated using published rates of neutral
substitutions, and finally confirmed by molecular and FISH
analysis of NF1-related sequences in primate genomes. According
to our results, a partial duplication of the NF1 gene occurred
recently in primate evolution (22–33 Myr), and this initial
ancestral copy subsequently duplicated, generating new copies
which rapidly spread out to the pericentromeric region of other
chromosomes. The strategy developed here proved to be efficient
and reliable, and we suggest it could be used for the evolutionary
study of multigene families and related sequences.

RESULTS

Determination of the extent of individual NF1-related
loci by Southern analysis of monochromosomal somatic
cell hybrids

NF1-homologous sequences present in the human genome were
first analyzed by FISH with an NF1 cDNA probe covering 99% of
the coding region of the gene, in order to confirm the various loci
previously observed, and help us to select monochromosomal
somatic cell hybrids for molecular analysis. Intense and frequent
signals were observed in 15q11 and 14q11, as 84 and 80%,
respectively, of the metaphases displayed at least one signal at
these loci compared with 83% for the NF1 gene. Lower signal
frequencies were observed in 2q21 and 22q11 (59 and 51% of the
metaphase cells had at least one signal at these loci, respectively).
Finally, a few faint signals were observed in 12q12, 21q11, 1p32,
18?p/q11 and 20?p/q11 (30–15% of the metaphases showed at
least one spot for these loci). No hybridization signal above the
background was observed in either 2q33–34 or 15q24-qter (8,10),
suggesting an exon content smaller than a few hundred base pairs
for these two loci.

The composition of these various NF1-related loci was studied by
Southern blot analysis of genomic DNA from monochromosomal
somatic cell hybrids and the membranes were successively hybrid-
ized with the nine different cDNA probes defined in Table 1. Both
human and rodent DNA hybridized to the probes. Consequently, a

complex pattern of radioactive bands was often observed in the
tracks. These bands could be identified by the use of several human
DNAs (looking for possible polymorphisms), as well as mouse and
hamster DNA which were identically digested and run in parallel.
All results are summarized in Figure 1. Probe 1 corresponding to the
beginning of the NF1 coding sequence, and probes 6, 7, 8 and 9
corresponding to its 3′ part (exons 28–49) hybridized to human
DNA from chromosome 17 containing cell hybrid, but not to any
human DNA from other monochromosomal hybrids. These results
confirm that NF1-related sequences do not contain these regions. On
the contrary, probes 2, 3, 4 and 5, corresponding to the central part
of NF1 cDNA, hybridized to human DNA of several other
monochromosomal hybrids. The extent of homology proved to be
quite varied. A group of four chromosomes, comprising chromo-
somes 2, 14, 15 and 22, exhibited extensive regions of homology
with the functional NF1 gene. They all hybridized the four probes
covering exons 7–28. In contrast, chromosomes 12, 18 and 21
appeared to contain very restricted homologous regions, as chromo-
some 12 hybridized only to probes 3 and 4 (exons 12b–23.1), while
chromosomes 18 and 21 hybridized solely to probe 2 (exons 7–13).
Chromosome 1 and chromosome 20 did not show any positive
signal with any of the nine probes. Further analysis of the collected
data led to three additional observations. The autoradiographic
signals obtained with the NF1-related sequences present on
chromosomes 14 and 15 were reproducibly more intense than the
signals obtained with other related sequences or even with the NF1
gene. This observation agrees with the presence of several copies of
NF1-related sequences on chromosome 15 (7,8,10), and suggests an
analogous situation on chromosome 14. The migration profile of
related sequences frequently differed from those of the functional
gene (bands were fewer and shorter), suggesting that deletions had
occurred in these sequences. Finally, two of the NF1-related
sequences, one originating from chromosome 14 and the other from
chromosome 22, were very similar to each other, as the six
radioactive fragments observed with chromosome 22, all
comigrated with those originating from chromosome 14, and only
two additional bands were specific for chromosome 14 alone.

Table 1. Description of the nine NF1 cDNA probes

Probe Size (bp) Exonsa Primer used

1 885 2–7 1F: 5′-CAGGACAGCAGAACACACATACCAAAGTCA-3′
1R: 5′-CACTTTCTGTCAGCTGCCTACTTCCTCCAT-3′

2 1243 7–13 2F: 5′-TGGACAGTCTACGAAAAGCTCTTGCTGG-3′
2R: 5′-CAGAGGTGGCGGAAACAGGACATG-3′

3 1215 (12B–13)–19A 3F: 5′-GGAAGGGAAAAGGGAACTCCTCTATGGA-3′
3R: 5′-GACATTTTACATCATCATCTGCTGCTTGGT-3′

4 1014 17–23–1 4F: 5′-AAGGCAGCTCTGAACATCTAGGGCAAGCTA-3′
4R: 5′-GCCAATCAGAGGATGTGATCACAATTCGTA-3′

5 1061 23–1–28 5F: 5′-TACGAATTGTGATCACATCCTCTGATTGGC-3′
5R: 5′-GATATAGACTGCGGAGACGTTGTCGTAAGC-3′

6 1090 (27B–28)–31 6F: 5′-TTATGTTGCACGGAGGTTCAAAACTGGT-3′
6R: 5′-TCTTTGTCGTTTGGCATCATCATTATGCT-3′

7 1043 30–36 7F: 5′-AGCCACACCTCACGTTAGAATTTTTGGA-3′
7R: 5′-CTGCTTTATCTGCCCATGAGACACTCGT-3′

8 1049 35–43 8F: 5′-CATGCATGAGAGATATTCCAACGTGCA-3′
8R: 5′-TGTGATCCCTGATTCCATTTCTTGCCT-3′

9 1037 (42–43)–49 9F: 5′-CCAACACTAAGAAGTTGCTTGGAACAAGGA-3′
9R: 5′-TAAAACAGGAAGTGCAGCATTACAACATGG-3′

a Primers are located within the exons indicated or at the boundary between exons in brackets.
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Figure 1. Compilation of the hybridization results of the nine NF1 cDNA probes to Southern blots of monochromosomal human–rodent hybrid DNA. Presence of
NF1 cross-hybridizing fragment(s) on the chromosome are indicated by +. Results are presented in relation to the position of the nine overlapping probes on the NF1
cDNA as well as to a scheme of the genomic organization of the NF1 gene (2).

Sequencing and multiple alignment of NF1-related
sequences

A region of approximately 1000 bp was PCR-amplified from
genomic DNA of monochromosomal somatic cell hybrids
containing either the common largest NF1-related sequence, or
the functional gene. The reactions, performed with specific
primers located in exons 13 and 15 of the gene, generated a 1050
bp PCR product with the human/mouse cell hybrids containing
chromosome 15 or 17, and a 1020 bp product with the hybrid
containing chromosome 2. No amplification was observed with
total mouse DNA. PCR amplification from human/hamster cell
hybrids containing chromosome 14 or 22 yielded a common 1130
bp product. A faint additional 960 bp band of hamster origin was
also observed. The human amplified DNA fragments were cloned
into pBluescript and the subsequent complete sequencing of
several independent clones was carried out. The NF1 sequence
obtained from chromosome 17 complies with the previously
published sequence (GenBank nos. U17679, U17680), and all
undetermined positions in introns could be identified (Fig. 2).
Sequencing of three clones from chromosome 2 and four clones
from chromosome 22 allowed the establishment of the
NF1-related sequence present in each chromosome. In the case of
clones from chromosomes 14 and 15, seven and six independent
clones, respectively, were sequenced because the primary results
suggested the presence of two distinct sequences on each
chromosome. Indeed, two families of clones could be obtained
for each chromosome. The clones within a family never differed
by more than 2 bp, and each difference was confined to a single
clone. On the contrary, the two chromosome 14 sequences
differed in 18 bp of 1130 bp, and the two chromosome 15
sequences showed 11 differences of 1050 bp analyzed.

Multiple alignment of the NF1 gene sequence and the six
NF1-related sequences (NF1-RS2, NF1-RS14A, NF1-RS14B,
NF1-RS15A, NF1-RS15B, NF1-RS22) showed that the
exon–intron organization of NF1 gene was well conserved in the
related sequences (Fig. 2). A 78 bp insertion containing a partially
repeated monomer was observed in the intron 13-like sequence of
NF1-RS14A, NF1-RS14B and NF1-RS22. Numerous nucleotide
substitutions, small insertions and deletions were encountered in all
the NF1-related sequences analyzed. Substitutions include aberrant
splice signals, as an A to G transition, at position +3 in the splice
donor site of intron 14-like sequence, was present in all sequences,
as well as a G to A transition in the first position of exon 15-like
sequence in NF1-RS14 and NF1-RS22. Percent divergence
revealed that the NF1-homologous sequences shared a high degree
of identity (Table 2). The most divergent NF1-related sequences
(located on chromosomes 15 and 14/22) differed by 9.4%, whereas
the copies present on chromosomes 14 and 22 shared the fewest
differences (0.21%). The average rate of neutral nucleotide
substitution in primates is estimated to be 1.5–2×10–9 substitutions
per nucleotide site per year (13,14). Accordingly, NF1-related
sequences would have begun to diverge from each other in the last
23–31 million years.

Confirmation of dating and history of NF1-related
sequences

To confirm this chronological evaluation, and unambiguously
locate the appearance of NF1-related sequences in relation to
paleontological data, we further analyzed the genomes of two
primate species: the gibbon and the macaque, known to have
diverged from the human lineage 22 million years and 33 million
years ago, respectively (15,16). DNA purified from macaque
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(Macaca fuscata) and gibbon (Hylobates concolor) was PCR
amplified with the primers used for amplification of the human
NF1 homologous sequences. A single DNA fragment was
obtained from the macaque, while three DNA fragments of similar
molecular weights were observed with the gibbon. The sequencing
of these DNAs indicated that the NF1 material amplified from the
macaque contained a unique sequence, highly homologous to the
human functional gene, while that amplified from the gibbon
contained one sequence homologous to the human functional gene,
and two different sequences homologous to the human related
sequence NF1-RS2 (HcoNF1-RSa and HcoNF1-RSb, Fig. 2). The
absence of NF1-homologous sequences in the macaque was
further confirmed by two different approaches. To overcome the
possible presence of mutations in the macaque sequence comple-
mentary to the primers used in amplification reactions, four other
primer couples, homologous to various positions of this NF1
region, were used to try to amplify potential macaque NF1-related
sequences. However, all primer couples only allowed the synthesis
of the functional gene. Furthermore, FISH experiments were
performed on macaque metaphase spreads from another macaque
species (Macaca sylvana). The whole human NF1 cDNA
fluorescent probe revealed a unique locus in the pericentric region
of monkey chromosomes homologous to human chromosome 17.
Overall, these observations suggest that no NF1-related sequences
are present in the macaque genome.

A phylogenetic analysis of the NF1 functional genes (from
human, macaque and gibbon) and the NF1-related sequences (six
from human and two from gibbon) was conducted by maximum
parsimony, using macaque NF1 functional gene as outgroup (Fig. 3).
The two analyses performed (see Materials and Methods) yielded
the same most parsimonious tree, differing only by branch lengths.
In both cases, a very high consistency index (CI) and retention index
(RI) were observed, indicating a low level of homoplasy. Nodes
were highly supported under the bootstrap test, and only a slight
variation in internal branch length according to optimization of
homoplasy was observed, allowing good confidence of the tree. As
shown in Figure 3, a common branch of all related sequences
separates from the functional genes branch. This common stem is
strongly supported by 18–24 independent genetic events. This
ancestral NF1-related sequence shows two successive branch
divisions before the splitting between Hylobatidae and Hominidae.
The first division gives rise to a branch leading to the NF1-RS15
family, supported by 33–41 mutational events, and a second branch,
common for all other related sequences, which is supported by
18–22 mutations. This last common branch in turn divides, leading
to the NF1-RS2 family, and the NF1-RS14/22 stem. Finally, it is
noteworthy that the related sequences have accumulated a mean of
56–77 genetic changes since the first duplication node whereas only
10–14 events have occurred on the functional genes branch.

DISCUSSION

The aim of this study was to characterize human NF1-related
sequences, to obtain preliminary insights into the molecular

Figure 3. Phylogenetic tree showing relationships between the NF1 gene and
the NF1-related sequences in human and gibbon. The tree shown here is the
most parsimonious tree obtained from the recoded data set (aligned sequences
in Fig. 2) with exclusion of the region of nucleotides 408–485, by an exhaustive
search of PAUP 3.1.1. The tree length is 215 steps. The data set has very few
homoplasies: CI = 0.912, RI = 0.912. Branch length is proportional to the
number of nucleotide changes. Numbers above each branch are the minimum
and maximum length according to the optimization chosen to place homo-
plasies. Numbers below each branch are the bootstrap proportions.

mechanisms which have led to their production. The FISH that
we performed with the NF1 cDNA probe allowed the simulta-
neous detection of numerous NF1-related sequences and showed
a great variation in frequency and intensity of signals. Overall,
NF1-related sequences appear to be scattered in nine different loci
of the human genome (these results and ref. 10). It is noteworthy
that seven of these loci are associated with a centromere, as six are
pericentric and one is in the 2q21 region, which is known to be
the relic of an ancient suppressed centromere. Human chromo-
some 2 has been quite recently created during the course of
evolution, by the fusion of two acrocentric chromosomes still
present in all great apes (simian chromosomes 12 and 13) (17).
Telomeric sequences present in the 2q13 region, and alphoid
DNA in 2q21 attest of the telomere–telomere fusion and the
initial dicentric nature of human chromosome 2 (18,19). The
study of NF1-related sequences present in each locus indicated
that four chromosomes (chromosomes 2, 14, 15 and 22),
exhibited extensive NF1 homologous regions (encompassing
exons 7–27b), while others (chromosomes 12, 18 and 21)
contained much smaller NF1-related sequences. Although the
technique used here does not allow the determination of the
precise boundary of the NF1-related sequences, it is worth noting
that the same region appears to be present in the four largest
NF1-related sequences and that the small NF1 homologous
sequences present in the other chromosomes are also parts of this
common region.

Figure 2. Aligned DNA sequences of a 1000 bp region of the NF1 gene from human (Hsa), gibbon (Hylobates concolor, Hco), macaque (Macaca fuscata, Mfu) and
NF1-related sequences from human and gibbon. The sequence extends from exon 13 to exon 15 of the NF1 genomic sequence. Exon boundaries are indicated by
arrows. Dots indicate identical nucleotides, and dashes indicate deletions, relative to the macaque NF1 sequence. Monomer repeats in NF1-RS14 and NF1-RS22 are
underlined. In comparison with the intron 13 sequence previously described (GenBank database, accession nos U17679, U17680), eight ambiguous positions were
resolved and three nucleotide changes were noticed. A cytosine residue described at position 7 and a thymidine residue described at position 37 in sequence U17679
were missing in our data. Finally, a single guanosine residue was observed in position 5 of sequence U1780, instead of the reported N and C residues.
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Table 2. Percentage of divergence between the NF1 gene and its related sequences on chromosomes 2, 14, 15 and 22a

NF1 NF1-RS2 NF1-RS14A NF1-RS14B NF1-RS15A NF1-RS15B NF1-RS22

NF1 — 6.6 8 6.9 7.6 7.9 8

NF1-RS2 — — 5.2 4 6.9 7.2 5.4

NF1-RS14A — — — 1.9 9.3 9.4 .21

NF1-RS14B — — — — 7.8 7.9 1.9

NF1-RS15A — — — — — 1.2 9.3

NF1-RS15B — — — — — — 9.4

aThe pairwise comparisons were performed on the sequences recoded as described in Materials and Methods, and deleted for region 408–485.

Sequencing of 1000 bp in the common part of the four largest
NF1-related regions revealed the presence of two slightly
different copies on chromosomes 14 and 15, then leading to a total
of 11 NF1-related sequences in the human genome. As
fluorescent hybridization signals were very intense in 14q11 and
15q11 regions, and as the 15q24–qter locus should be small (not
visible in FISH with our cDNA probe) and centered around exon
24 (8), which is far from the exon 13–15 region sequenced here,
we suggest that both copies are present in the pericentric region
of chromosomes 14 and 15. The sequencing data showed
conservation of intron–exon organization in all of the six
sequences studied. An analogous situation has been described by
Suzuki et al. (9) in the NF1-related sequence present in
chromosome 21. Multiple points mutations, most often
transitions, as well as insertions and deletions were observed,
strengthening the hypothesis of unprocessed pseudogenes
(6–10). Pairwise comparisons indicated that NF1-related
sequences must have begun to diverge from each other, 23–31
million years ago. This dating was confirmed by the study of NF1
sequences in two monkey species. PCR approaches as well as
FISH experiments failed to find any evidence of NF1-related
sequences in the macaque, whose divergence from hominoids is
assumed to have occurred 33 million years ago, while two
NF1-homologous sequences, phylogenetically related to human
NF1-RS2, were observed in the gibbon, supposed to have split
from the great apes lineage 22 million years ago. Although the
absence of NF1-related sequences in the macaque is not fully
conclusive, as these sequences could have been lost during
evolution of the Cercopithecoid lineage, pairwise comparisons in
human sequences as well as genome analysis of primates both
converge toward the appearance of NF1-related sequences in the
same chronological period. The phylogenetic tree deduced from
all of the NF1 sequences determined in humans and in the two
primates indicates a common ancestral sequence for all related
sequences. The branch length leading to the related sequences is
greater than that leading to the functional genes, supporting the
absence of a functional role for these sequences in the cell. The
grouping of related sequences cannot result from an artifact such
as long branch attraction (20), as this phenomenon needs high
levels of homoplasy. On the contrary, our data base has an
exceptionally low level of homoplasy (RI of 0.912). As our
Southern blot results show a common extent for all the largest
human homologous sequences, the best model fitting with all
these data supposes the occurrence of a duplication of the central
part of the NF1 gene, ∼22–33 million years ago. This partial
unprocessed NF1 copy would have led, after duplication, to the
sequences actually present on human chromosomes 2 and 15. The
ancestor of the actual related sequence on chromosome 2

subsequently duplicated, gave rise to the family of sequences now
located on human chromosomes 14 and 22. According to the most
parsimonious tree, both branchings would have occurred before
the splitting between gibbon and human lineage (–22 million
years). Related sequences, homologous to human NF1-RS15 and
NF1-RS14 should then have been observed in the gibbon
genome. Further studies will be necessary to determine whether
these sequences were not detected because of technical problems
(point mutations or deletions in primer sites) or whether they were
lost during the course of Hylobatidae evolution.

It is noteworthy that NF1-RS14A and NF1-RS22, which are
present on two different chromosomes, show only 0.21%
divergence. According to a divergence rate of 1.2×10–9 in most
recent human evolution (13,21), this observation indicates that
one of the related sequences present in the pericentromeric region
of chromosome 14 was duplicated and transposed to the
pericentromeric region of chromosome 22 less than one million
years ago. The initial NF1-related sequence which emerged
22–33 million years ago, was therefore regularly duplicated
during hominoid evolution and this process of
duplication/transposition could still be ongoing in human lineage.

The spreading of the NF1-related sequences on multiple
chromosomes is particularly puzzling. Interchromosomal
exchanges do occur during the course of evolution, but they are
far too rare to explain the rapid scattering of NF1-related
sequences in the recent evolution of primates. For example,
human chromosome 17, which bears the NF1 gene is completely
syntenic to its mouse homologue (mChr11) (22), whereas rodents
are supposed to have diverged from the human lineage 75–110
million years ago. The great majority of NF1-related sequences
are pericentric, like the NF1 functional gene, suggesting a
region-specific directed mechanism for the generation of these
interchromosomal duplications. Such a mechanism, specifically
attached to pericentromeric regions, is also supported by quite
recent observations by Eichler et al. (23) and Wöhr et al. (24).
The first described a 27 kb synteny between human 16p11 and
Xq28 regions. The Xq28 locus contains two functional genes,
while the 16p11 locus contains homologous pseudogenes. The
second reports the presence of ∼40 copies of a 240 kb anonymous
sequence inserted between α satellite and satellite III of 10 human
chromosomes. In both cases, multiple copies of these sequences
are present in the pericentromeric regions of non-orthologous
chromosomes of primates, especially great apes.

Centromeric sequences consist of millions of base pairs of
highly organized repeated DNA families. The predominant class
is the alpha satellite DNA, which is exclusively present in human
and primates. Analogies between the evolution of alpha satellite
DNA and NF1-related sequences are intriguing. While human
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alpha satellite sequences are all derived from three ancient
suprafamilies, it is worth noting that six of the seven NF1-related
loci associated with a centromere are situated on chromosomes
belonging to the same family (suprafamily 2 containing
chromosomes 2, 4, 8, 9, 13, 14, 15, 18, 20, 21 and 22).
Furthermore the phylogenetic tree of human alpha satellite DNA
shows striking similarities with the phylogenetic tree of our
NF1-related sequences, especially exhibiting high homology
between alpha satellite sequences of chromosomes 14, 15 and 22
(25). Alpha satellite sequences of a given subfamily were shown
to extend over 250 to >4000 kb but show only 1–5% divergence.
Such an organization requires that the similarity of sequences
must be maintained by mechanisms such as transposition,
unequal crossing-over and sequence conversion, leading to a
permanent process of homogenization (26). These mechanisms,
which lead to a concerted evolution of alpha satellite subfamilies,
are supposed to be very efficient within a given centromere, less
frequent between homologous chromosomes and even more rare
between non-homologous chromosomes (27). Our results show
the preferential spreading of NF1-related sequences in the
pericentric region of chromosomes containing highly homo-
logous alpha satellite sequences. This finding suggests that the
efficient mechanisms which generated and scattered the multiple
NF1-related sequences on numerous chromosomes in a short
period of evolution might be related to those involved in
homogenization of alpha satellite sequences.

MATERIALS AND METHODS

NF1 cDNA probes

Nine overlapping NF1 cDNA fragments of 800–1200 bp
(characterized in Table 1) were obtained by RT–PCR from
normal human brain total RNA as previously described (28,29)
and cloned in pBluescript vector. The plasmid probes were
labeled by nick-translation in the presence of 32P dCTP for
Southern analysis, and Biotin16-dUTP (Boehringer Mannheim)
or Biotin14-dATP (Gibco-BRL) for FISH.

FISH analysis of NF1 sequences in human and
macaque genomes

Normal stimulated human lymphocytes were harvested and
metaphase spreads were prepared using standard methods. In situ
hybridization was performed as described previously (30,31).
The human NF1 probe labeled with biotin (80 ng) was mixed with
human Cot1 DNA and sonicated salmon sperm, and applied to
slides. After hybridization, the signals were revealed by the
addition of FITC–avidin, biotinylated anti-avidin antibody and a
second layer of FITC–avidin. The FISH signals were either
photographed or acquired with a computer-driven cooled CCD
color camera. Localization of the various fluorescent signals and
analysis of their respective frequencies were performed by
examination of 70 metaphase cells.

Macaque metaphase spreads were prepared after fibroblast
culture of a skin biopsy of a Macaca sylvana specimen (Muséum
National d’Histoire Naturelle, Paris). FISH hybridization of
human NF1 probe to macaque metaphases was performed with
the following modifications. After RNAse treatment, slides were
incubated in the presence of pepsin (0.5 mg/ml in 10–2 N HCl for
10 min at 37�C), postfixed in ethanol/acetic acid and then

dehydrated. After 3 days hybridization at 37�C, washings were
performed at 38�C.

Southern analysis of monochromosomal somatic cell hybrids

Genomic DNA from 10 monochromosomal human rodent
somatic cell hybrids containing chromosomes 1, 2, 12, 14, 17, 18,
20, 21 and 22 (NA13139, GM11686, GM10868A, GM11535,
GM10498A, NA11010, NA13140, GM10323, GM10888A,
respectively, obtained from the NIGMS Human Genetic Mutant
Cell Repository, Camden, NJ, USA) and C35B2D containing
chromosome 15 (32) were analyzed. DNA from hybrid cell lines
and from human, mouse and hamster cell lines was digested with
the restriction enzymes EcoRI, HindIII and/or TaqI,
electrophoresed and transferred on to Hybond-N+ membranes
(Amersham). The membranes were successively hybridized with
the nine NF1 cDNA probes defined in Table 1. Prehybridization,
hybridization and washings were performed according to
standard procedures.

DNA samples (300 ng) from monochromosomal somatic cell
hybrids containing human chromosomes 2, 14, 15, 17 and 22
(GM11686, GM11535, NA11715, GM10498A and GM10888A)
were used as templates for PCR amplification with two NF1
specific primers located in exons 13 and 15 (5′-CCTGACACT-
GAAGCTGTTCTGGTTGCC-3′ and 5′-AAGGATTAGCTTT-
GTTGCTTGTTCCCAT-3′, respectively). In addition, DNA from
two species of primates (Macaca fuscata and Hylobates concolor,
Muséum National d’Histoire Naturelle, Paris) was also used.
Amplification conditions were: denaturation for 45 s at 95�C,
annealing for 3 min at 68–69�C, and extension for 3 min at 72�C
for 30–40 cycles. PCR products were purified on small columns,
and directly cloned in a pBluescript vector. DNA sequencing
reactions were performed using a PRISM Ready Reaction
DyeDeoxy Terminator Cycle Sequencing Kit (Applied Biosys-
tems). Extension products were analyzed on the Applied Biosys-
tems Model 373A DNA Sequencing System. Three to seven
independent clones derived from each ligation reaction were
sequenced on both strands using vector-based primers as well as
the following primers designed to match at best NF1 and
NF1-related sequences: 5′-GCTGTTGTAGTTGCTTAGG-3′;
5′-AAAAACTCAGTGGGAGACTA-3′; 5′-TTGTTAGTCTC-
CCACTGAGTT-3′; 5′-CAGCAGTGCCATCACTCTTT-3′.

Computer-assisted sequence analysis

Multiple nucleotide alignment was performed with the CLUS-
TAL W V1.5 program (33). Alignment was controlled using the
facilities of the ED program of the MUST package (34).
Transitional saturation was tested, using the NET and COMP-
MAT programs of MUST, by plotting pairwise transitional
differences against pairwise transversional differences. Phylo-
genetic analyses were performed with the maximum parsimony
method using PAUP V3.1.1 (35). In the absence of transitional
saturation, no weighting scheme was applied. For analysis,
several contiguous gaps were recoded as a single character. When
some sequences differed from others within insertions, Barriel’s
coding method (36) was used. A first analysis was performed
using the whole recoded data. In a second analysis, a problematic
region including multiple superimposed insertion–deletion–sub-
stitution events (region 408–485) was deleted because of
uncertainties in recoding interpretations. Exhaustive searches
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were performed in each case under ACCTRAN optimization.
Robustness of nodes was analyzed in terms of branch length and
bootstrap analyses (37), which were performed with PAUP and
1000 iterations.
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