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Abstract

Neurofibromatosis type 1 (NF1) microdeletion syndrome is caused by haploinsufficiency of the NF1 gene and of gene(s) located in

adjacent flanking regions. Most of the NF1 deletions originate by nonallelic homologous recombination between repeated sequences (REP-P

and -M) mapped to 17q11.2, while a few uncommon deletions show unusual breakpoints. We characterized an uncommon 1.5-Mb deletion of

an NF1 patient displaying a mild phenotype. We applied high-resolution FISH analysis allowing us to obtain the sequence of the first junction

fragment of an uncommon deletion showing the telomeric breakpoint inside the IVS23a of the NF1 gene. Sequence analysis of the

centromeric and telomeric boundaries revealed that the breakpoints were present in the AluJb and AluSx regions, respectively, showing 85%

homology. The centromeric breakpoint is localized inside a C-like element; a few copies of this sequence are also located very close to both

breakpoints. The in silico analysis of the breakpoint intervals, aimed at identifying consensus sequences of several motifs usually involved in

deletions and translocations, suggests that Alu sequences, probably associated with the C-like element, might be the only recombinogenic

motif directly mediating this large deletion.
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It is well known that neurofibromatosis type 1 (NF1;

MIM +162200) is a common autosomal dominant condition

affecting 1/3500 individuals and that approximately 5–20%

of all NF1 patients carry a heterozygous deletion involving

the NF1 gene and the contiguous genes underlying the so-

called bNF1 microdeletion syndromeQ [1,2].
Like other genomic disorders, NF1 deletions are medi-

ated by specific architectural genomic features that account

for the common occurrence of standard-sized deletions [3],

although different deletion endpoints and sizes have been

identified in a subset of patients [1–7]. The majority (80%)

of microdeletions display an ~1.4-Mb size with breakpoints

clustered at paralogous sequences flanking the NF1 gene
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called NF1-REP-P (proximal) and NF1-REP-M (medial)

[3,4]. The REP-mediated deletions probably occur as a

result of interchromosomal recombination of misaligned

NF1-REP elements or intrachromosomal looping-out [2,3].

A second type of recurrent NF1 deletion, mediated by

intrachromosomal recombination between the JJAZ1 gene

and its pseudogene, has been recently described [4,6,7].

Most of the sequence deletion breakpoints, localized

within the NF1-REP-P and -M or in the JJAZ1 gene/

pseudogene, are mediated by nonallelic homologous

recombination (NAHR) [7–9]. Only one case of atypical

deletion non-LCR mediated with a sequenced breakpoint

junction has been reported [4], and the underlying mecha-

nism has been found to be nonhomologous end-joining

[8,9].

Following allelic segregation analysis, the patient here

described showed uninformative NF1 polymorphic markers
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until the IVS27 microsatellite, which was shown to be

heterozygous, and the remaining markers mapped to the

3V end of the gene. To establish whether a NF1 deletion was

present, we performed FISH studies with BAC 23O13,

specific for NF1, that showed decreased signals on one

chromosome 17, mapping the telomeric deletion boundary

in the NF1 gene. To define the proximal deletion break-

point, we applied FISH analysis to a set of clones

centromeric to NF1: the centromeric breakpoint was

mapped to BAC 68I3, showing a decreased signal. All the

clones covering the 1.5-Mb region between 23O13 and 68I3

were deleted, with the exception of the NF1-REP-specific

clone 271K11, which showed a decreased signal on one

chromosome due to the deletion of REP-P and the presence

of REP-M. We verified and showed the contiguity of the

clones 23O13 and 68I3 by FISH on DNA fibers from the

patient (Fig. 1a).

To refine the critical breakpoint regions, we generated

from the 68I3 and 23O13 clones 20 locus-specific FISH

probes by long-range and Alu PCR [10]. We mapped by

FISH the centromeric deletion breakpoint to a 7-kb interval,

between the 68c and the 68d probes, which were observed

to be not deleted and deleted, respectively (Figs. 1b and 1c).
Fig. 1. (a) Fiber-FISH with clones 68I3 (green) and 23O13 (red) showing partially

FISH on metaphases from patient with locus-specific probes mapping to the centrom

show two and one 17-specific signal, respectively. The telomeric probes 23i (as

probe aCen, 135 kb upstream the NF1 gene, shows one signal on the non delete

Summary of the results of FISH experiments using locus-specific probes. The top s

genomic clones targeting the breakpoint regions at their native positions on chr

provided at the bottom, the clone-generated locus-specific probes being shown be

probes showing a decreased signal on the deleted chromosome, and the open circl

and the flanking nondeleted probes comprising the breakpoints are also indicated
As far as the telomeric breakpoint, we found in replicated

experiments that none of the NF1 locus-specific probes

showed a complete deletion on one chromosome 17. From

23a (exon 1) to 23i (exon 22) we detected decreased signals,

while from 23l (exon 24) to 23o (intron 27b) all the probes

showed similar signals on both chromosomes (Figs. 1b and

1c). Probing the Centaurin a2 gene, which is located 136 kb

upstream of the NF1 gene, a complete lack of FISH signals

was recorded (Figs. 1b and 1c).

A possible explanation for the observed decreased

intensity of the NF1-specific signals is the deletion of a

portion of the NF1 gene combined with cross-hybridization

of NF1 homologous sequences not included in the deletion.

This finding is commonly observed when NF1-REP-

specific clones are used, being peculiar to all duplicated

sequences. Thus, we localized the telomeric breakpoint to

an interval of 8 kb, between probes 23i and 23l (Fig. 1c).

Based on these findings we developed a set of eight

primers within the centromeric and telomeric intervals

previously identified, to isolate and sequence the breakpoint

junction. By using different primer combinations, we

performed long-range PCR on genomic DNA from the

patient and several controls and obtained a fragment of 6 kb
overlapping red and green signals encompassing the breakpoint regions. (b)

eric and telomeric breakpoint regions. The centromeric probes 68c and 68d

23a–23h) show one decreased signal, whereas 23l shows two signals. The

d chromosome. The deleted chromosomes 17 are indicated by arrows. (c)

hows a schematic map of the NF1 region and the REP-P (white box) and the

omosome 17. A magnification of the clones at the deletion boundaries is

low as circles. The black circles are for deleted probes, the gray circles for

es for nondeleted probes. The sizes of the intervals delimited by the deleted

by the double arrows.
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only in the patient’s DNA. The sequencing of the junction

fragment (Fig. 2a) revealed a perfect alignment with the

sequence of centromeric and telomeric regions adjacent to

the breakpoints (Fig. 2b).

By this characterization we could map the telomeric

breakpoint within NF1 IVS23a and the centromeric break-

point within SSH2 (sling-shot homologous 2) IVS4,

calculating a deletion extent of 1563 kb. Due to the opposite
Fig. 2. (a) Electropherogram of the sequence showing the junction between SSH

junction fragment (line 2). Sequences derived from the centromeric and telomeric

stretch btgccc,Q in bold, is localized on the junction, in both the centromeric and

IVS4 of the SSH2 gene (end of centromeric BKP) and to bases 7262–7266 of the IV

C-like elements, present in the centromeric and telomeric breakpoint regions. (c)

regions. The breakpoint is localized at the border between normal and boldfac

percentages of the 2.5-kb regions around the breakpoints are displayed using the gr

The picks indicated by arrows coincide with the breakpoints.
transcription directions of NF1 and SSH2, a chimeric

SSH2–NF1 transcript is not expected.

The analysis of the genomic intervals containing the

centromeric and telomeric boundaries revealed that the

breakpoints are present in AluJb and AluSx sequences,

respectively (Fig. 2c), showing 85% homology in the stretch

of 115 bp around the breakpoint junction. In addition, an

AluSx is present 50 bp downstream of the centromeric
2and NF1. (b) Sequence from centromere to telomere of patient deletion

endpoints of the deletion are indicated by lines 1 and 3, respectively. The

the telomeric sequence. The stretch corresponds to bases 2350–2354 of the

S23a of the NF1 gene (end of telomeric BKP). Boxes frame the core of the

Normal sequence of the centromeric (left) and telomeric (right) breakpoint

e (stretch bTGCCC,Q underlined). Boxes indicate Alu sequences. G + C

aphic output from UCSC Genome Bioinformatics (http://genome.ucsc.edu/).

 http:\\genome.ucsc.edu\ 


C. Gervasini et al. / Genomics 85 (2005) 273–279276
AluJb motif, while 30 bp upstream the MER5 and L2

motifs, all showing 100% homology with the AluSx

targeting the telomeric breakpoint, were detected.

Interestingly, the centromeric breakpoint is localized into

the internal element of a C-like sequence (GCTGG).

Additional copies of this element and its reverse comple-

ment (CCAGC) are located very close to both breakpoints

(Fig. 2b). The C element, a mediator of prokaryotic re-

combination, represented by 26 bp of the core region of

some Alu sequences [11], was observed in the proximity of

the breakpoint of reported Alu-mediated deletions [12–15].

In addition, the junction sequence was screened in silico for

the presence of DNA sequence motifs shown to be

associated with site-specific recombination and rearrange-

ments [16], including topoisomerase cleavage sites, translin

target sites, human minisatellites, immunoglobulin heavy-

chain class switch sites, DNA polymerase pause and

frameshift hot spots (MAR-Wiz, http://futuresoft.org),

palindromes (Palindrome, http://bioweb.pasteur.fr/seqanal/

interfaces/palindrome), and promoter sequences (First Exon

Finder, http://rulai.cshl.org/tools/FirtsEF/). None of these

motifs was detected at breakpoint boundaries of the patient

deletion in agreement with Abeysinghe et al. [16], who

found that these motifs are more represented at trans-

location than at deletion breakpoints, with the exception of

Alu sequences and C elements. Both the centromeric and

the telomeric breakpoints coincide with a pick of 70% in

the G + C content, a percentage significantly higher com-

pared to the surrounding sequences, indicating that the

breakpoints map in regions known as hot spots for meiotic

recombination [17] (Fig. 2c).

The deletion here studied is so far one of the largest

mediated by Alu sequences, while these types of deletions

usually range from a few to 200 kb [14,15,18–22].The

uncommon deletions in the 4-Mb Smith–Magenis syndrome

region were recently found to present Alu sequences in the

breakpoint region, but in an LCR context [23]. Unlike the

similar-sized NF1-REP deletions, which are based on the

NAHR mechanism, the atypical NF1 deletion here charac-

terized seems to have been Alu-mediated. The finding that a

1.5-Mb deletion is mediated by Alu sequences might be

accounted for by the presence of C elements in the

Alustretches involved in the breakpoints and by the location

of a centromeric breakpoint in an Alu-rich region (Figs. 2b

and 2c). In addition, the peculiar genomic structure of the

LCR-rich 17q11.2 region [3,24] might stimulate, but not

mediate directly, the recombination event [9], acting synerg-

istically with Alu sequences.

The genetic analysis of patients affected by NF1

evidenced the direct involvement of the NF1 gene in

several rearrangements, such as large intragenic deletions

and translocations [25–30], but peculiar to this case is that a

deletion with an extent of more than 1 Mb has one

breakpoint located within the NF1 gene. With regard to

breakpoint localization within the NF1 gene, IVS31 was

reported to be involved in both an intragenic deletion [28]
and a translocation [31,32], while in a region comprising the

exon 23-2 and exon 24 cluster the breakpoints of an

intragenic deletion [26], a translocation [33], and the

centromeric deletion end are here reported. Interestingly,

one of the first mutations affecting the NF1 gene was the

insertion of an Alu element arising by retrotransposition

[34], a finding attesting to the recombinogenic nature of

these interspersed repetitive sequences.

Further allelic segregation studies of NF1 5V extragenic
polymorphisms showed the paternal derivation of the

deletion. The lack of the novel junction deletion fragment

following PCR of paternal DNA demonstrated that the

deletion occurred de novo in the proband. Unfortunately, we

could not establish whether an intrachromosomal or

interchromosomal recombination occurred as the allelic

segregation analysis could not have been extended to the

grandparents.

The detection by FISH of residual fluorescent NF1-

specific signals on the deleted chromosome 17 using

probes targeting the region upstream of the telomeric

breakpoint is consistent with the presence of additional

NF1-like sequences, similar to the deleted NF1 portion.

While the existence of NF1 duplicated sequences in the

17q11.2 region is an open question [35,36], the evidence

obtained from the deleted chromosome of the patient

indicates that duplicated NF1 sequences might have been

present before the generation of the deletion or might have

resulted from a complex rearrangement leading to the

deletion/duplication; which of these possibilities is true is

not possible to know.

As far as the phenotype, patients with large deletions

often show, in addition to the classical NF1 signs contained

in the NIH Consensus Criteria, dysmorphisms, mental

retardation, cardiac anomalies, and malignant peripheral

nerve sheath tumors [36,37]. The patient analyzed, an 8-

year-old male, the only child of nonconsanguineous healthy

parents, was evaluated regularly for growth using the NF1

growth charts [38]. He shows several cafè-au-lait spots,

axillary and inguinal freckling, one typical Lisch nodule of

the right iris, and nonprogressive optic glioma. Several

febrile and nonfebrile seizures required continuous anti-

convulsant therapy. The DQ (Standford–Binet test) at the

age of 4 years was borderline. The absence of mental

retardation, dysmorphisms, and cardiac anomalies, which

are the most represented extra NF1 clinical signs in

microdeleted patients [37], seems to indicate that these

phenotypes may be caused by haploinsufficiency of genes

mapping downstream of the NF1 gene, even if additional

similar cases are needed to confirm this hypothesis.

This study, reporting the first case of a 1.5-Mb NF1

deletion with an NF1 intragenic breakpoint, evidenced, as

the only recombinogenic motif, an Alu sequence associated

with the C-like element, reinforcing the crucial role of these

structures in the rearrangement leading to large deletions.

This evidence agrees with one of the mechanisms that have

recently been postulated for atypical Smith–Magenis dele-
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tions, but in our patient this mechanism, i.e., Alu-mediated

recombination, seems to act singly [23].

The described patient can be considered a paradigmatic

case for further studies on genomic structure of the 17q11.2

region and mapping of NF1 intragenic sequences possibly

involved in complex rearrangements.
Materials and methods

Preparation of clones

All of the PAC and BAC clones were supplied by the

DIBIT-HSR Resource Center (Milan, Italy) or purchased

from the CHORI BACPAC Resource Center (Oakland,

CA, USA). DNA was obtained starting from a single

colony grown in 4 ml of LB medium supplemented with

25 Ag/ml kanamycin (Sigma) for PACs and 20 Ag/ml

chloramphenicol (Sigma) for BACs following standard

procedures.

Locus-specific probe preparation

The method previously described [10] is based on two

consecutive reactions using PAC and BAC clones contain-

ing the loci of interest.

Cell cultures and chromosome preparation

A lymphoblastoid cell line from the patient was

established from peripheral blood using Epstein–Barr virus

according to standard procedures, by means of a service

provided by the Biochemical and Genetics Lab of Neuro-

logical Institute C. Besta in Milan. The cell culture was

performed by standard protocols. The chromosome prepa-

rations were obtained using a standard technique.

Preparation of stretched chromosomes and DNA fibers

The chromosomes were stretched mechanically as pre-

viously described [39]. The fiber slides were prepared using

a previously described procedure [40].

FISH

BAC and PAC clones and locus-specific probes were

labeled with digoxigenin–dUTP and biotin–dUTP (Roche

Diagnostic) using a nick-translation kit (Roche Diagnostic).

The FISH experiments were performed according to stand-

ard procedures [41]. The detection protocol included a three

layer fluorescein–streptavidin anti-avidin system (Sigma)

for the biotin-labeled probes and a Cy3–anti-digoxigenin

conjugated antibody (Jackson ImmunoResearch Laborato-

ries) for the digoxigenin-labeled probes. The chromosomes

and fiber were counterstained with propidium iodide and

DAPI in antifade (Vectashield) and then visualized using a
Leitz DM-RB microscope equipped for DAPI and FITC/

TRITC epifluorescence optics. The images were captured

by means of a CCD camera (Hamamatsu 3CCD camera,

C5810) and visualized using Highfish software (Casti

Imaging).

Deletion-junction fragment and sequence analysis

The deletion-junction fragment analyses were performed

using the Expand Long Template PCR System (Roche

Molecular Biochemicals) according to the manufacturer’s

instructions using primer Fw, 5V-CTATCAAACTTT-

TAACCTTCTGC-3V, and Rev, 5V-ACCTTCTGGGGAC-
GAGGAACC-3V. PCR products were sequenced directly by

using the Big Dye Terminator kit (Applied Biosystem) and

resolved on a 3100 ABI Prism genetic analyzer (Applied

Biosystem).

Sequence in silico analysis

The in silico sequence analysis was performed using the

following database and bioinformatic tools: Entrez Nucleo-

tides Database, http://www.ncbi.nlm.nih.gov/Entrez/query.

fcgi?db=nucleotide; MAR-Wiz, http://www.futuresoft.org/

(for searching recombination-specific sites); First Exon

Finder, http://rulai.cshl.org/tools/FirtsEF/ (for searching pro-

moter sequences); NCBI BLAST, http://www.ncbi.nlm.nih.

gov/Blast/; UCSC Genome Bioinformatics, http://www.

genome.ucsc.edu/ (for the sequence homology analyses and

analysis of the BAC/PAC clones used as probes in the FISH

experiments and as templates in locus-specific probe

preparation and for the G + C content); and Palindrome,

http://bioweb.pasteur.fr/seqanal/interfaces/palindrome.htlm

(for searching palindromic elements).
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