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NF1 microduplication first clinical report: association
with mild mental retardation, early onset of baldness
and dental enamel hypoplasia?
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NF1 microdeletion syndrome is a common dominant genomic disorder responsible for around 5% of type |
neurofibromatosis cases. The majority of cases are caused by mutations arising within the NF1 gene. NF1
microdeletion carriers present a more severe phenotype than patients with intragenic mutations, including
mental retardation, cardiac anomalies and dysmorphic features. Here, we report on two brothers with
mental retardation presenting a microduplication of the NF1 microdeletion syndrome region detected by
array-CGH analysis. Main phenotypic features are mental deficiency, early onset of baldness (15 years old),
dental enamel hypoplasia and minor facial dysmorphism. The breakpoint regions coincide with the
repeats, and the recombination hot spots shown to mediate NF1 microdeletion through NAHR. A
screening of the patients’ familial relatives showed that this microduplication segregates in the family for
at least two generations. This result demonstrates that both deletion and duplication of the NF1 region, at
cytogenetic band 17q11.2, give rise to viable gametes, even if only NF1 microdeletions have been reported
until now. Our study reports seven cases of NF1 microduplication within one family. Similar phenotypic
abnormalities were present in most of the individuals, however, two displayed a normal phenotype,
suggesting a potential incomplete penetrance of the phenotype associated with NF1 microduplication.
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Introduction majority of cases are due to intragenic mutation, in around

Neurofibromatosis is the most frequent dominant auto-
somal disorder, whose clinical symptoms include café au
lait spots, axillary/inguinal freckling, multiple dermal
neurofibromas, Lisch nodules of the iris and malignant
peripheral nerve sheath tumours (MPNSTs). While the
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5% of cases,? this disease is caused by deletion of the
NF1 gene and surrounding genes. Patients with an NF1
microdeletion present a more severe phenotype than those
having intragenic mutations, including facial dysmorphism,
mental retardation,”® early onset of multiple neurofibromas
and increased risk of MPNSTs.*

Two types of microdeletions have been reported.® The
larger type I microdeletion (1.4-1.5Mb) is caused® by non-
allelic homologous recombination (NAHR) during meiosis,
which is mediated by the presence of two low-copy repeats
(LCRs: NF1REPa and NF1REPc). A detailed analysis’
recently reported two recombination hot spots, PRS1 and
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PRS2, within these repeats, which are also conserved in a
homologous LCR present on chromosome 19. The smaller
type II microdeletion (1.2Mb) is completely embedded
within the type I deletion region and involves the JJAZ1
gene and its pseudogene, located downstream and up-
stream of the NF1 gene, respectively. Such microdeletions
occur mainly during mitosis and are responsible for most
cases with NF1 microdeletion mosaicism.®

The NF1 microdeletion syndrome is included in a group
of clinical entities known as genomic disorders. This
group of disorders is defined as genetic conditions that
result from a recurrent submicroscopic deletion or duplica-
tion and in which the associated clinical phenotype is a
direct consequence of an abnormal number of dosage-
sensitive genes within the rearranged segment.®

Increasing evidence demonstrates that NAHR between
highly homologous flanking repeats plays a central role in
recurrent genomic disorders, resulting in either duplica-
tion, deletion or both of the intervening sequences.”'®
Since microdeletions and microduplications arise by the
same mechanism, theoretically, both derivatives should
exist in the population occurring at a similar frequency. In
this paper, we describe the first clinical report of affected
individuals with microduplication of the NF1 region.
Clinical descriptions of seven NF1 microduplication
carriers clearly showed a variable phenotype ranging from
normal to abnormal. The key phenotypic features are mild
mental retardation, early onset of baldness and dental
enamel hypoplasia. Examination of the family tree
suggested that this microduplication is segregating within
the family for at least two generations. This hypothesis was
confirmed using multiple ligation-dependent probe ampli-
fication (MLPA) to detect duplication of NF1 gene and
other genes located in the NF1 microdeletion locus.

Materials and methods
Patient and family information
Patient 1I1.3 A 37-year-old patient (Figures 1 and 2) was

referred for genetic evaluation of a mental deficiency. In

childhood, he presented with psychomotor and speech
delays, and attended a specialized school for learning
disabilities since the age of 7 years. He now works in an
‘occupational workplace’ and lives with his mother.
Clinical examination showed normal parameters with
height at the tenth percentile and a head circumference
at the fifth percentile. Phenotypic features are character-
ized by an early onset of baldness (around 14-15 years of
age) with normal hair pigmentation and texture, mild
facial dysmorphism with sparse eyelashes and eyebrows,
long midface, malar hypoplasia, nasal deviation, bifid nose
tip, flared nares, thin upper lip, dental enamel hypoplasia
and large testes (35 ml).

Patient I11.4 This 38-year-old patient (Figure 2) is the
brother of patient III.3. He was previously evaluated at
the age of 28 years. He presented the same evolution and
learning disabilities. The phenotypic features were almost
identical with early baldness, long midface, malar hypo-
plasia, flared nares, thin upper lip, dental enamel hypo-
plasia and large testes (40 ml). Moreover, he had increased
lower limb reflexes.

Family of the patients Some clinical information con-
cerning other family members was provided by the index
patient’s unaffected sister (III.5) and father (II.6), permit-
ting the construction of a family tree (Figure 2), but only
individuals I1.6, 11.9, I11.3, 1I1.4, II1.5, II1.8 and I11.9 could be
clinically assessed by clinical geneticists.

The patients belong to a sibship of five (two boys and
three girls) all of whom were placed into care, in child-
hood, due to sociocultural problems within the family.
Two of the three sisters (III.5 and III.6) have a normal
phenotype and the third (III.7) could not be clinically
assessed but was reported to have a normal phenotype. She
does, however, have a mentally retarded son for whom we
have no other clinical data.

Their father (II.6) also had learning disabilities, baldness
since the age of 18 years, sparse eyebrows and dental
enamel hypoplasia with easily broken teeth in childhood.

Figure 1

dysmorphic facial features as well as dental enamel hypoplasia.
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From left to right: patient Ill.3, his father 1.6 and his half-uncle I1.9. Note the baldness (apparent from 14 to 18 years of age), mild
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Figure 2

by an arrow.

The father (II.6) has three mentally retarded half-sisters
(II.10, I1.11 and II.15), one of whom has sparse hair, three
normal half-brothers (II.12, 11.13 and I1.14) as well as a
mentally retarded half-brother (II.9). Individual II.9
(Figure 1) presents a moderate mental retardation, early
onset of baldness, sparse eyebrows, dental enamel hypo-
plasia, short stature with a height at —4 SD and a head
circumference at —2.5 SD. He was operated on for large
palpebral fissures as a child. The grandmother (I.4) was also
apparently mildly mentally retarded, but no other pheno-
typic information could be obtained. The father of the
index patient also has two other sons (II1.8 and II1.9) from a
second union. One of them (III.8) is 6 years old and has
normal psychomotor development without dysmorphism.
The second (II1.9) is 5 years old. He walked at the age of 15
months but presents speech delay and learning disabilities.
He has had seizures since the age of 1 year. His height is at
the fifth percentile and his head circumference at the third
percentile.

Individual II.4 probably died of meningitis in infancy.
Individuals I1I1.10 and III.11 died at 13 and 14 years of age,
respectively, without clearly established reasons.

DNA material

DNA was extracted from blood leukocytes using either
phenol chloroform extraction or ammonium acetate
precipitation. Patient III.3 DNA used for CGH microarray
analysis was extracted by the QIAamp DNA Blood Midi Kit
(Qiagen, Hilden, Germany). NF1 microduplication status

P

1110 1.1 1112 11.13* 1.14* 1115

111.9% 7 .10 .11 .12 113 .14 .15

* Patients investigated for NF1 microduplication by MLPA

** not analysed but obligate carrier of the duplication

Family tree of the index patient (l1.3) and his brother (l1l.4). The first patient evaluated is considered as the index patient and is indicated

was investigated in other family members by MLPA (see
below).

Microarray analysis

CGH microarray analysis was performed using a 44K
oligonucleotide microarray according to the manufac-
turer’s recommendations (Agilent, Santa Clara, CA, USA).
Briefly, 1pg of patient and reference DNA (pool of seven
male DNA; Promega, Madison, WI, USA) were digested
with Alul and Rsal (5U each) and subsequently labelled
with Cyanine-5 dUTP and Cyanine-3 dUTP, respectively,
using the BioArray Genomic DNA Labelling System (Enzo,
Farmingdale, NY, USA).

Fluorescence in situ hybridization

BAC RP11-14206 and RP11-290N17, mapping between
NF1REPa and NF1REPc, were purified by standard alkaline
lysis followed by isopropanol precipitation. One micro-
gram of BAC DNA was labelled by nick translation using
Spectrum green and Spectrum red (Vysis, Downers Grove,
IL, USA) for 6 h at 15°C. Hybridization was performed using
standard procedures and analysed using an Applied
imaging analysis system.

Multiple ligation-dependent probe amplification
assay

MLPA analysis'! was performed using the MLPA P0122 kit
obtained from MRC Holland (Amsterdam, The Netherlands).
This kit permits screening of both deletion and
duplication of genes within the NF1 microdeletion region.

307

European Journal of Human Genetics



NF1 microduplication syndrome
B Grisart et al

308

Probes 3, 4, 5, 8,9, 12, 15, 16, 20, 21, 23 and 25 are located
in NF1 exon 1, NF1 exon 23-2, NF1 exon 48, CRLF3, JJAZ1,
RNF135, FLJ12735, HCA66, CENTA2, LOC114659, NF1
exon 40 and NF1 exon 12B, respectively. Other probes
serve as controls and are spread elsewhere in the genome.
Fifty nanograms of DNA were used in the ligation reaction.
PCR and electrophoresis on an Applied Biosystems 3100
sequencer (Applied Biosystems, Foster City, CA, USA) were
performed according to the manufacturer’s recommendations.

Results
CGH microarray analysis of patient II1.3
Five copy number variants were observed, two of which
correspond to regions reported as being polymorphic
(Database of Genomic Variant: http://projects.tcag.ca/
variation/). The most striking feature was a duplication of
1.5-1.6 Mb (position 25964192-27475624 on hg18 assembly)
on 17ql1 with an average log, ratio of 0.59 consistent
with a trisomy. The site of duplication corresponds
perfectly to the neurofibromatosis type I microdeletion
syndrome region. The genes mapped to this interval, and
therefore duplicated in this patient, are listed in Table 1.
Positions of the NF1REPa and NF1REPc repeat regions as
defined by Dorschner et al,'? Forbes et al'® and De Raedt
et al’ were compared to the breakpoint information

obtained from array-CGH. Both repeats are located close
to the breakpoint region, suggesting that PRS1 or PRS2
could have mediated the initial recombination breakage
(Figure 3).

FISH analysis

FISH was performed to determine whether the duplicated
region is in tandem or duplicated elsewhere in the genome
using RP11-14206 as a probe. Metaphase analysis showed
an enhanced signal at 17q11 on one of the chromosome 17
homologues. Three hybridization signals were visible in
interphase nuclei, two of which were located consistently
close, consistent with the former hypothesis.

Two colour FISH using BACs located at the extremities of
the duplicated region (RP11-14206 and RP11-290N17)
produce a green-red pattern corresponding to the normal
chromosome and a green-red-green-red pattern corre-
sponding to the duplicated chromosome (Figure 4). This
observation is consistent with the duplication being in a
direct orientation.

MLPA survey of a subset of individuals from the family
Ten family members (including the index patient), for
whom a DNA sample was available, were investigated by
MLPA for copy number changes in the NF1 gene region

Table 1 Description of genes in the NF1 duplicated region
Gene Full name Source Function®
CRLF3 Cytokine receptor-like factor None Unknown
3
C170rf41 Chromosome 17 ORF41, OMIM: 609534 Link between stress surveillance and apoptosis induction; DNA
ATADS damage and cell elimination by apoptosis
C170rf42 Chromosome 17 ORF42, None Unknown
FLJ22729
CENTA2 Centaurin o2 OMIM: 608635 GTPase activating protein involved in cell communication and
signal transduction, phosphatidylinositide-binding protein
RNF135 Ring finger protein 135 None Belongs to a family of functional protein involved in protein—
protein and protein—DNA interaction
NF1 Neurofibromin | OMIM: 162200 Tumour suppressor gene, negative regulator of ras transduction
pathway
OMG Oligodendrocyte-myelin OMIM: 164345 Inhibitor of neurite outgrowth binding to the Nogo receptor, a
glycoprotein myelin-associated protein. Downregulation of mitogenic signalling
pathways
EVI2A Ecotropic viral integration OMIM: 158380 Homolog of Evi2a implicated in retrovirus-induced murine myeloid
site 2A tumour
EVI2B Ecotropic viral integration OMIM: 158381 Could also have an oncogenic activity in retrovirus-induced murine
site 2B myeloid tumour
RAB11FIP4 RAB1 family interacting None Calcium ion-binding protein involved in auxiliary transport protein
protein 4 activity
C170rf79 Chromosome 17 open None Unknown
reading frame 79
UTP6 UTP6, small subunit None Unknown
processome component
JJAZ1, SUZ12 Suppressor of zeste 12 OMIM: 606245 Role in development, suppressor of position effect variegation,

homolog

heterochromatin-mediated repression, role in brain function

2Gene function was obtained from Entrez cross-database search page (http://www.ncbi.nlm.nih.gov/: OMIM, Gene) and the Human Protein

Reference Database (http://www.hprd.org/index_html).
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Figure 3  Alignment of the duplicated region determined by CGH microarray (picture from CGH analytics displaying Agilent 44K CGH array data
above) with PRS1 and PRS2 recombination hot spots depicted by arrows with PRS1 and PRS2 labels. Each dot in the above picture corresponds to a
log, ratio value obtained for the microarray probes.

Figure 4

FISH results of hybridization of BAC RP11-14206 on a metaphase spread (a). Two-colour interphase FISH with BAC probes RP11-14206

(green) and RP11-290N17 (red) shows alternate hybridization signals consistent with a direct duplication (b).
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Figure 5 MLPA pattern in the NF1 region. Probes are listed along the X-axis as reported in the Salsa MLPA P122 NF1 area probe mix kit from MRC
Holland (see Material and method for description). The critical threshold using MLPA is 1.5 for duplication and 0.5 for deletion (dashed lines). Panels
1-4: normal profile observed in control DNA and in unaffected individuals 11.13, 11.14 and IIl.5. Panels 5-11: duplicated profile observed in affected
individuals I1.6, 1.9, 111.3, 111.4, 1Il.9, and unaffected Ill.6 and III.8.

(Figure 5). NF1 microduplication was observed in six
additional individuals: the patient’s affected brother
(II1.4), his apparently normal sister (III.6), their father

(II.6), an MR-affected half-uncle (II.9) and the two young
half-brothers of the index patient (III.8 and III.9). The
other subjects had a normal profile.

European Journal of Human Genetics
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Discussion

The introduction of array-CGH has revolutionized cytoge-
netics, allowing investigation of genomic rearrangement at
an unprecedented level of resolution unobtainable by
karyotyping or FISH.'* This technique has allowed the
identification of several new recurrent microduplications
and deletions associated with genomic disorders. It is
known that these rearrangements are mediated by the
presence of flanking repetitive sequences and result from
NAHR between them.'? Since this mechanism can produce
both duplication and deletion, it would be expected that
both reciprocal products would be present in the popula-
tion at the same frequency. Indeed, this has been shown to
be the case, and there are an increasing number of regions
where both a deletion and a corresponding duplication
disorder have been described. To date, at least 13 such
reciprocal recombination disorders have been identified.'®
The most well-known example is the duplication, within
17p12, responsible for Charcot—Marie-Tooth syndrome
and the corresponding deletion responsible for the heredi-
tary neuropathy with liability to pressure palsies. Other
regions include the Smith—Magenis deletion and Potocki—
Lupski duplication syndrome at 17pl11.2, as well as
rearrangements at 7q11.23, 22q11 and 15q11.2.

In this paper, we report seven members of a family with a
1.5-Mb microduplication corresponding to the type I NF1
microdeletion region within 17q11. Given the prevalence
of neurofibromatosis (1/2500—1/4000),'¢ and the fact that
5% arise from microdeletion,? we can conclude that the
incidence of NF1 microdeletion in the population is
expected to be around 1/50000-1/80000. Since both
microdeletion and microduplication are by-products of
NAHR, it would be expected that NF1 microduplication
would occur at the same frequency. It is therefore
surprising that more cases have not been identified despite
the large number of cases analysed by this technique. Only
one other case with an NF1 microduplication has been
reported'® as part of a series of cases analysed by array-
CGH. Unfortunately, no clinical information was provided
for this individual. One possible explanation for the rarity
of such cases is that this rearrangement is unstable and
reverts to either a normal copy number or deletion.'?
However, our results do not support this hypothesis since
we demonstrate that the microduplication, which prob-
ably originates from the common mentally retarded
grandmother (I.4), segregates within the two half-sibs
families and is thus stable over at least two rounds of
meiosis. Alternatively, the apparent lower incidence of
microduplication could be due to the associated mild
phenotype making carrier identification difficult. Indeed
of the seven NF1 duplication carriers identified in our
study, five clearly display an abnormal phenotype (IL.6,
11.9, 1I1.3, II1.4 and II1.9), comprising most of the features
reported in the clinical description of the index patient,
while two display a normal phenotype (III.6 and IIIL.8). It
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should, however, be noted that we have only indirect
phenotypic evaluation for patient III.6 and that patient
II1.8 may still be too young to display all features. The
apparently normal phenotype of these two individuals
does not, however, exclude a causal relationship between
NF1 duplication and the abnormal phenotype observed
in other family members since incomplete penetrance
and variable expressivity have been described for several
genomic disorders, including 22q11 deletion” and dupli-
cation'®!? syndromes.

A last possibility, which cannot be fully ruled out, is that
the origin of the phenotype observed in this family is not
linked to the NF1 microduplication but has an environ-
mental or other unidentified genetic origin. However,
given the concomitant occurrence of the striking pheno-
typic features reported in this paper and the NF1 micro-
duplication, this option seems unlikely to us. To further
determine the pathogenetic consequence of NF1 micro-
duplication, additional individuals need to be identified
and clinically evaluated.

The clinical phenotype associated with genomic
disorders is thought to result from the aberrant expression
of dosage-sensitive genes located within the duplicated
or deleted region. The NF1 microdeletion region encom-
passes 13 genes (Table 1), several of which have been
investigated to explain the associated phenotypic char-
acteristics. JJAZ1 and OMG have been proposed as
candidate genes with a potential role in mental retarda-
tion. The former,® which is completely deleted or disrupted
in type I and type II NF1, is expressed in the brain, and the
latter® encodes a protein described as a potent inhibitor of
neurite outgrowth.?>?! Candidate genes for the observed
cardiopathy® are JJAZ1 and CENTA2, which are expressed
in the heart.

The cases described here are trisomic for this region.
Although mildly mentally retarded, no cardiopathy was
present on clinical evaluation. It may be that altered gene
dosage of the proposed candidate genes may also be
responsible for the mental impairment observed in these
cases. No obvious candidate gene responsible for the
patient’s other clinical features, such as the early onset of
baldness and the dental defects, could be identified.
However, the function of many genes in the dupli-
cated interval is either not known or is only partially
characterised.

In conclusion, we report for the first time seven patients
presenting a microduplication of 17ql1, which corre-
sponds to the NF1 type 1 microdeletion. The breakpoints
coincide with the NF1REPa and NF1REPc repeats, and
duplication is therefore likely to have arisen through
NAHR. This microduplication is stable over at least two
generations. These patients show moderate mental impair-
ment to borderline normal ability, associated with some
recurrent features, such as early onset of baldness (14-15
years of age) and dental enamel hypoplasia.



Despite the absence of reported cases with microduplica-
tion, it seems reasonable that further cases will be described
and that their identification may explain some unsolved
cases of mental retardation. The identification of such
individuals will help to establish the genetic and clinical
aspects associated with NF1 microduplication.
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