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Abstract
We report on a patient with mental retardation, seizures and tall stature with advanced bone age in
whom a de novo apparently balanced chromosomal rearrangement 46,XX,t(X;9)(q12;p13.3) was
identified. Using array CGH on flow-sorted derivative chromosomes (array painting) and
subsequent FISH and qPCR analysis, we mapped and sequenced both breakpoints. The Xq12
breakpoint was located within the gene coding for oligophrenin 1 (OPHN1) whereas the 9p13.3
breakpoint was assigned to a non-coding segment within a gene dense region. Disruption of
OPHN1 by the Xq12 breakpoint was considered the major cause of the abnormal phenotype
observed in the proband.
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1. Introduction
A small subset of patients with mental retardation and/or congenital abnormalities present
with an apparently balanced de novo chromosomal rearrangement. In most patients it is
assumed that the observed phenotypic anomalies are the result of submicroscopic deletions
or duplications or alternatively disruption, activation or inactivation of a gene or genes
located at or near the breakpoints. Until now, only a limited number of such apparently
balanced de novo rearrangements have been investigated to the basepair level. In some
instances detailed analysis has led to the identification of disease related genes [2,3,12].
Here we describe the combined application of array painting [8], FISH and real-time
quantitative PCR which enabled us to map and sequence the breakpoints of a balanced
reciprocal translocation t(X;9)(q12;p13.3) in a girl with mental retardation and tall stature.
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2. Materials and methods
2.1. G-banding

Karyotyping was performed on short term lymphocyte cultures from peripheral blood with
G-banding. Karyotypes were described according to the guidelines of the ISCN 2005.

2.2. Chromosome flow sorting
Purification of the translocated chromosomes, derivative 9 and X, was carried out using a
flow cytometer (MoFlo®, DAKO) as described previously [4,8]. DNA from the flow sorted
chromosomes was used as template for rolling-circle amplification (RCA) with Repli-G
(Molecular Staging). The amplified DNA was subsequently used as template DNA for array
painting, qPCR and sequencing [8].

2.3. Array painting
Using random prime labeling, 500 ng of amplified derivative chromosome 9 and derivative
chromosome X DNA was labeled with Cy3 and Cy5 respectively (BioPrime Array CGH
Genomic Labeling System, Invitrogen). Repetitive sequences were suppressed with 100 μg
Cot-1 DNA (Invitrogen) and 400 μg yeast tRNA. The labeled fragments were resuspended
in 60 μl hybridization buffer at 37 °C (50% formamide, 10% dextran sulphate, 0.1% Tween
20, 2× SSC, 10 mM Tris pH 7.4). In-house produced 1 Mb BAC arrays were prehybridized
at 37 °C during 1 h using 50 μg Cot-1 DNA (Invitrogen) and 150 μg herring sperm DNA,
resuspended in 120 μl hybridization buffer. After removal of the prehybridization mixture,
DNA from both derivatives was simultaneously hybridized for 48 h at 37 °C. The slides
were washed in 1× PBS/0.05% Tween 20 for 10 min at room temperature, 50% formamide/
2× SSC for 30 min at 42 °C and finally 1× PBS/0.05% Tween 20 for 10 min at room
temperature. After centrifuge drying, the slides were scanned using a GMS 418 Array
Scanner (MWG). The scan images were processed with Imagene software (Biodiscovery)
and further analyzed with our in-house developed and freely available software tool
arrayCGHbase (http://medgen.ugent.be/arraycghbase/) [13]. Data points were excluded from
analysis if one of the following criteria were fulfilled: signal to noise ratio <5; standard
deviation of the log2 transformed ratios between triplicates >0.2; only one informative
replicate.

2.4. FISH with region specific probes
Fluorescence in situ hybridization (FISH) was performed as described [18]. Locus specific
RPCI-BAC probes for chromosome X and 9 were obtained by screening several assemblies
(http://genome.ucsc.edu/) of the human genome project. All probes were relocated to the
March 2006 Genome assembly (Table 1). BAC probes were labeled either with digoxigenin
or biotin and hybridized on patients' metaphase chromosomes.

2.5. Fiber-FISH
Fiber-FISH analysis was performed according to Speleman et al. [16]. Fiber-FISH slides
were prepared from a lymphoblastoid cell line of the patient (EBV689) and a normal male
control cell line (EBV99) and hybridized with probes RP11-331F9, RP11-112J3 on
chromosome 9 and probe RP3-360E18 on chromosome X, respectively flanking and
spanning the breakpoint.

2.6. qPCR analysis
Primers for qPCR were designed to amplify products along the sequence interval of interest
determined by fiber-FISH. qPCR was performed as described previously [19]. Once the
breakpoints were found to lie between two primers, further primers were chosen to amplify
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fragments in between. Junction fragments were generated by using forward and reverse
primers from the different chromosome sequences at either side of the breakpoints.

2.7. Sequencing
The junction fragments were cleaned with exo-SAP (GE Healthcare) and sequenced by
using the di-deoxy chain terminator method [15] with the BigDye v3.1 ET terminator cycle
sequencing kit from Applied Biosystems. After the sequencing reactions, the products were
electrophoresed on a 3100 Genetic Analyzer and analyzed with Sequence Analysis and
SeqScape (Applied Biosystems).

3. Results
3.1. Clinical findings

The proband was born at 38 weeks gestation after an uncomplicated pregnancy. The girl was
the first child from healthy non-consanguineous parents. Birth weight was 2580 g (P10),
length 45.5 cm (P10 = 47 cm) and head circumference 33 cm (P10–P25). The postnatal
course was uneventful. The girl had a delayed neuromotor development with sitting at 11
months and walking at 23 months. She developed a first epileptic insult at the age of 10
months for which she was treated with phenobarbital. The seizures were characterized by
upward deviation of the eyes, anteflexion of the head and flexion of the legs. The
electroencephalogram did not show signs of hypsarythmia. A first evaluation at the age of
14.5 months revealed a weight of 13.9 kg (P90 = 12 kg), length of 82 cm (P90 = 81 cm) and
head circumference of 47.5 cm (P50=–P90). There was no clear facial dysmorphism at that
age. Just intermittent strabismus, a receding frontal hairline and mild hypotelorism were
noted. Diagnostic work-up because of the seizures revealed a de novo balanced reciprocal
translocation between the long arm of the X chromosome and the short arm of chromosome
9 (46,XX,t(X;9)(q12;p13)). An MRI of the brain showed moderately enlarged cerebral
ventricles, as well as an enlarged fourth ventricle, with the frontal horn of the lateral
ventricles most prominently enlarged. Bilateral hypoplasia of the head of the caudate
nucleus contributed to the balloon-like appearance of the frontal horn. There was vermian
hypoplasia, associated with an infracerebellar CSF collection continuous with the fourth
ventricle. The brain stem had a relatively small appearance (Fig. 1). Around the age of 3
years the anti-epileptic treatment was switched from phenobarbital to valproate. At the age
of 5 years she started in special education school. Psychometric evaluation at that age
revealed an IQ score of 60. On follow-up she developed an accelerated growth with shift of
all parameters at or above the 90th centile. According to the bone age atlas of Greulich &
Pyle, her bone age at the age of 8 years was between 11 and 12 years. On the last physical
examination she was 113/12 years old. Weight was 69.4 kg (+4.6 sd) (BMI: 28.5), length
155.7 cm (+1.38 sd) and head circumference 54.2 cm (+1.47 sd). She had a friendly and
affectionate personality. Her speech was not so easy to understand. When talking, she
tended to hold her head in an oblique position, thus looking mainly with the left eye.
Dysmorphic facial features included prominent incisors and relatively large ears (Fig. 2). On
the trunk a supernumerary nipple on both sides was observed. A mild extension deficit was
present in the elbows and knees. In the upright position, she was holding her knees in mild
flexion. Her gait was slow and unsteady. Her feet were small and flat.

3.2. Molecular cytogenetic findings
Partial G-banded karyotypes of the apparently balanced chromosomal rearrangement are
shown in Fig. 3A. The karyotype could be described as 46,XX,t(X;9)(q12;p13). Following
chromosome sorting and rolling circle amplification, array painting was performed (Fig.
3B). Together with FISH analysis using region specific probes (Table 1), the breakpoint
could be localized in BAC RP11-360E18 on chromosome Xq12 and in between BACs
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RP11-331F9 and RP11-112J3 on chromosome 9p13.3 (Fig. 3B). The breakpoints were fine
mapped using fiber FISH and could be further localised in RP11-360E18 and RP11-331F9
to an accuracy of ~20 kb (Fig. 3C).

Consecutive qPCRs allowed us to narrow down the breakpoint on chromosome X between
67,404,215 bp and 67,407,331 bp (3116 bp) and on chromosome 9 between 35,656,338 bp
and 35,656,776 bp (438 bp). Subsequently, using appropriate primers on both derivatives,
both breakpoints were amplified and sequenced (Fig. 4).

4. Discussion
We report on a girl with mental retardation (IQ = 60), seizures and tall stature with advanced
bone age. Congenital abnormalities of the internal organs were not observed. Only a mild
craniofacial dysmorphism with strabismus, a receding frontal hairline and mild hypotelorism
was noted. On the trunk, a supernumerary nipple on both sides was present. Brain MRI
revealed a mild dilatation of the ventricular system. Karyotyping was performed and
revealed an apparently balanced translocation: 46,XX,t(X;9)(q12;p13). Breakpoints were
sequenced after flow-sorting and array painting in order to determine their genomic position.

On Xq12, the breakpoint interrupts the 390 kb large oligophrenin 1 gene (OPHN1) (Fig. 5).
The OPHN1 gene was identified through the breakpoint analysis of a female patient with a
t(X;12) translocation [2]. OPHN1 has 25 exons and encodes a Rho-GTPase-activating
protein. The Rho proteins are important mediators of intracellular signal transduction
affecting cell migration, cell morphogenesis and synapse maturation [3]. The oligophrenin
protein regulates cytoskeletal dynamics through Rho-GTPase modulation and is specifically
involved in dendritic spine morphogenesis [9]. Of all the genes involved in X-linked mental
retardation, six encode regulators or effectors of Rho-GTPase proteins, suggesting an
important role of the Rho signalling pathway in cognitive functions [21]. Oligophrenin
expression is highest in the developing central nervous system, and more precisely in the
neuronal and glial cells [7]. In adult life, oligophrenin expression is enriched in the
hippocampus, the olfactory bulb, and the Purkinje cell layer of the cerebellum.

Although OPHN1 mutations were first described to cause a rather non-specific form of
mental retardation [3], several publications have now highlighted the recognizable
phenotype with neurological abnormalities and mild facial dysmorphism [1,5,21].
Hypoplasia of the cerebellum is frequently observed on brain imaging studies and seem to
result in dysmetria, adiadochokinesia, and oculomotor problems (nystagmus, strabismus,
external ophthalmoplegia) in the affected individuals [6,17]. Ataxia is rarely observed.
Seizures are commonly reported. The expression of oligophrenin 1 in the craniofacial
skeleton, especially at the level of the mandible [21] may explain the facial dysmorphism
seen in some patients with the “oligophrenin 1 syndrome”. The craniofacial dysmorphism is
more pronounced in older patients and includes a long face with prominent chin,
hypotelorism, deep-set eyes with prominent supraorbital ridges, long tubular nose, short
philtrum, and thin upper lip. Macrocephaly and tall stature have also been reported in
several families [14,21], In accordance with its X-linked recessive inheritance pattern, the
“oligophrenin 1 syndrome” phenotype is usually encountered in affected males, with female
carriers only showing a rather mild and non-specific phenotype (learning difficulties and
strabismus) unless they carry an X;autosome translocation as is illustrated by our patient. In
females with an X;autosome translocation, X inactivation initially occurs at random but is
followed by cellular selection, favouring the cells without a partial autosome inactivation.
Accordingly, nearly 95% of females with a balanced X;autosome translocation show a
skewed X-inactivation pattern with the normal X chromosome inactivated in almost all cells
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[11]. This explains that females bearing an X;autosome translocation are as severely affected
as males.

The chromosome 9p13 breakpoint is localised within a non-coding segment on chromosome
9. A position effect on the expression of the flanking genes cannot be ruled out. Position
effects due to chromosomal aberrations, leading to altered expression of genes have been
described up to 1.3 Mb of the breakpoint [10,20]. This possibility was not further
investigated because the major part of the abnormal phenotype in our patient could be
explained by the disruption of the OPHN1 gene.

So far, only a few constitutional, apparently balanced, translocations have been mapped at
the sequence level, mostly due to the huge amount of experimental laboratory. However, the
information on responsible genes obtained through above described efforts is of the utmost
importance. The strategy followed in this study is an example of a clear cut way to facilitate
the analysis of balanced translocations, enabling to narrow down the translocation
breakpoints in only a limited number of experiments.

Although technically challenging, this study further illustrates the feasibility for rapid
breakpoint mapping and sequencing, using a combined approach of chromosome flow
sorting (or alternatively microdissection), linear DNA amplification and array CGH. It can
be anticipated that similar studies on larger series of de novo apparently balanced
translocations in mentally retarded patients will lead to the discovery of several new genes
as a cause for mental retardation.
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Fig. 1.
Neuroradiological findings (A): Sagittal spin-echo T2 image shows vermian and brain stem
hypoplasia, with infracerebellar CSF collection and enlarged fourth ventricle. (B) Axial
spin-echo T1 image shows enlarged lateral ventricles, with the frontal horns most
prominently enlarged.
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Fig. 2.
Clinical photograph of the proband at the age of 8 years showing obesity and mild facial
dysmorphism with prominent maxillary incisors, relatively large ears and high forehead.
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Fig. 3.
Derivative chromosome 9 and derivative chromosome X after G-banding. (A) array CGH
profile after array painting for chromosome X and chromosome 9. (B) Fiber-FISH results
with BAC clones RP11-112J3 (9p13.3, red), RP11-360E18 (Xq12, red) and BAC clones
RP11-331F9 (9p13.3, green) and RP11-112J3 (9p13.3, green) (C).
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Fig. 4.
Sequence of both breakpoints. A for derivative 9 and B for derivative X. The nucleotides in
bold represent chromosome 9 sequence, the underlined nucleotides represent primer
sequence used for cloning, the adenine between brackets indicates one basepair that is lost
either from chromosome 9 or chromosome X.
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Fig. 5.
Genomic context of the breakpoints on chromosome X (A) and chromosome 9 (B) with the
RefSeq genes (UCSC Genome Browser on March 2006 Assembly) in a 500 kb interval
upstream and downstream of the breakpoint. The dotted line indicates the breakpoint.
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Table 1

BAC clones used for breakpoint mapping on chromosome X and chromosome 9 with their name, sanger
name, chromosome, start position and end position according to the NCBI 36 genome assembly

Name Sanger name Chr Start (bp) End (bp)

RP11-48L13 bA48L13 9p21.1 29493271 29639053

RP11-630H9 bA630H9 9p21.1 30404961 30535678

RP11-133O22 bA133O22 9p13.3 33773698 33788695

RP11-331F9 bA331F9 9p13.3 35581889 35670216

RP11-112J3 bA112J3 9p13.3 35670117 35865495

RP11-327L3 bA327L3 9p13.3 35865396 35965281

RP11-113A10 bA113A10 9p13.3 35965182 36088594

RP11-421H8 bA421H8 9p13.3 36088495 36279930

RP11-84P7 bA84P7 9p13.3 36279831 36356857

RP11-405L18 bA405L18 9p13.2 37453976 37496328

RP11-392E22 bA392E22 9p13.2 38474287 38559167

RP11-274B18 bA274B18 9q21.11 70318668 70488660

RP4-808O4 dJ808O4 Xq12 66577626 66716658

RP6-201G10 dA201G10 Xq12 67010325 67200935

RP11-516A11 bA516A11 Xq12 67200836 67342790

RP3-360E18 dJ360E18 Xq12 67342258 67474160

RP13-469L5 bB469L5 Xq13.1 67813008 67875523

RP13-178D16 bB178D16 Xq13.1 67875424 67925275

RP11-446J19 bA446J19 Xq13.1 68510619 68634148

BAC clones in bold are breakpoint spanning clones (chromosome X) or breakpoint flanking clones (chromosome 9). Clones in italics are clones
from the Sanger 1 Mb array.
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