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Abstract
Studies to identify copy number variants (CNVs) on the X-chromosome have revealed 
novel genes important in the causation of X-linked mental retardation (XLMR). Still, 
for many CNVs it is unclear whether they are associated with disease or are benign 
variants. We describe six different CNVs on the X-chromosome in five male patients with 
mental retardation (MR) that were identified by conventional karyotyping and Single 
Nucleotide Polymorphism (SNP) array analysis. One deletion and five duplications 
ranging in size from 325 kb to 12.5 Mb were observed. Five CNVs were maternally 
inherited and one occurred de novo. We discuss the involvement of potential candidate 
genes and focus on the complexity of X-chromosomal duplications in males inherited 
from healthy mothers with different X-inactivation patterns. Based on size and/or the 
presence of XLMR genes we were able to classify CNVs as pathogenic in two patients. 
However, it remains difficult to decide if the CNVs in the other three patients are 
pathogenic or benign.

Introduction
The prevalence of mental retardation (MR) in the general population is 2-3% (1, 2). As 
there are more males than females diagnosed with MR, the search for candidate genes 
or loci has been largely focused on the X-chromosome (3, 4). To date, there are 82 
genes for which mutations have been demonstrated in X-linked MR (XLMR) (5).
 However, in many XLMR families and sporadic cases the cause of MR remains 
unknown. Copy number variants (CNVs) involving one or more genes on the 
X-chromosome have been reported in patients with MR (6 - 8). Decrease in gene 
dosage due to deletions can be related to the phenotype in many cases. Although 
partial duplications in either arm of the X-chromosome are rare and difficult to 
interpret, it appears that an increase in gene dosage may be the cause of MR more 
often than expected (6 - 9). 
 In this report we describe the use of whole-genome Single Nucleotide 
Polymorphism (SNP) arrays to precisely map one previously detected large 
X-chromosomal aberration, and to identify novel X-chromosome abnormalities in 
patients with MR. In addition, we discuss the difficulty in determining whether an 
X-chromosomal aberration is pathogenic or a benign variant.

Materials and methods
Patients
Patients were selected from a series of idiopathic MR patients with or without multiple 
congenital abnormalities, which had been investigated with SNP array analysis. Some 
were previously found in a cohort of 318 idiopathic MR patients (10). For this study we 
selected only those patients that had an aberration on the X-chromosome. 

Conventional karyotyping and Fluorescence in Situ Hybridisation (FISH) 
Conventional cytogenetic analysis on GTG-banded chromosomes from cultured 
lymphocytes of the patients was performed according to standard techniques. FISH 
analysis was carried out by standard procedures as described previously (10). FISH 
analysis was performed on metaphase chromosomes of all patients to confirm whether 
the duplicated regions were located on the X-chromosome or on another location of 
the genome.
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SNP Arrays
The Affymetrix GeneChip Human Mapping 262K NspI (used for patients 2, 3 and 5), 
238K StyI (used for patient 4) and Affymetrix Genome-Wide Human SNP Array 6.0 arrays 
(used for patient 1) (Affymetrix, Santa Clara, CA, USA) were performed following the 
manufacturer’s instructions. The 262K and 238K arrays have an average probe spacing 
of 12 kb and were analyzed as described previously (10). The average probe spacing of 
the 6.0 array is 0.7 kb. SNP copy number was assessed in the patient using Affymetrix 
Genotyping Console 2.1 software. Aberrations of at least 100 kb were analyzed.
 All CNVs identified in this study were evaluated as described earlier (10). All 
patients with a (potentially) pathogenic CNV were added to the DECIPHER database.
 
Multiplex Ligation-dependent Probe Amplification (MLPA) analysis
MLPA experiments were performed as described previously to narrow down the 
breakpoints of patient 2 (10).

X-inactivation 
X-inactivation was investigated with Southern blot analysis with a probe for the M27B 
(DXS255) locus for the mothers of patients 1 and 4. The intensity of the unmethylated 
(2.8 kb) and the methylated (5.2 kb) bands were compared to determine random or 
non-random X-inactivation. The ratio of active to inactive X could not be calculated by 
this method. X-inactivation was investigated with a methylation-specific PCR for family 
members of patients 2 and 3 (11). Inactivation was considered to be random if the ratio 
was less than 75:25 (12).
  
Results and discussion
We present six different CNVs, five interstitial duplications and one interstitial deletion, 
on the X-chromosome in five male MR patients (Table 3.3.1). Five CNVs were inherited 
from the mother (patients 1-4) and one had occurred de novo (patient 5). Clinical 
features of these patients are shown in Table 3.3.2 and an extended clinical description 
is provided as supplementary material.
 The array-based technology for the detection of CNVs in MR patients has 
proven to be a powerful tool. However, the main challenge is ranking these CNVs as 
pathogenic, potentially pathogenic or polymorphic variants. Here, CNVs were classified 
into these groups based on various factors, including size, gene content, and whether 
they were inherited or occurred de novo (13). 

Pathogenic CNVs
Conventional karyotyping of patient 1 (Fig 3.3.1a-c) and his brother (Fig 3.3.1d-f ) 
showed an interstitial duplication of Xp21.3p22.2, which was inherited from their 
healthy mother. SNP array analysis revealed a duplication of 12.5 Mb (Fig 3.3.1g). 
FISH analysis demonstrated that the duplication was present in tandem on the 
X-chromosome. Duplications of the individual XLMR genes in this region (AP1S2, 
CDKL5, SCML1, PDHA1, RPS6KA3, SMS and ARX) have so far not been associated with 
MR. One family with a partly overlapping duplication of Xp22.11p22.2 (from 15.0 Mb 
to 23.5 Mb) has been reported and the most striking similarities between the patients 
of that family and patient 1 and his brother are MR, long face and large ears (14). The 
large size of the duplication in patient 1 and his brother is expected to be associated 
with the abnormal phenotype due to a two-fold increase in dosage of the included 
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Figure 3.3.1 Patient 1 and his brother. (a) Patient 1 with elongated face and flat midface. (b) Scoliosis of 
patient 1. (c) Flat, thin and long feet of patient 1. (d) Brother of patient 1 with similar facial appearance. 
(e) Scoliosis and pectus excavatum of the brother. (f ) Flat, thin and long feet with long first digits of the 
brother. (g) SNP array (Affymetrix Genome-Wide Human SNP Array 6.0) results of patient 1 showing a 12.5 
Mb duplication. Log2ratios for each probe are plotted against the position on the X-chromosome. Intensity 
values are compared with normal males and females resulting in Log2ratios below zero for one copy of 
the X-chromosome for males. Duplicated regions have a Log2ratio of 0, including the pseudoautosomal 
regions 1 and 2 (PAR 1 and 2) at Xp22.3 and Xq28.

genes (7). Furthermore, pathogenicity of the CNV is supported by the fact that the 
phenotypically normal carrier mother showed a skewed X-inactivation pattern in which 
the X-chromosome with the aberration is most probably the one that is inactivated (12, 
15). 
 SNP array analysis of patient 3 showed a deletion of approximately 2.7 Mb in 
chromosome band Xp22.32p22.31 and a duplication of at least 6.3 Mb in chromosome 
band Xq27.3q28 (Fig 3.3.2b). SNP array analysis on the mother, who was slightly 
retarded, demonstrated that both aberrations had been inherited. The 2.7 Mb deleted 
region contains STS (steroid sulfatase), which is associated with X-linked ichthyosis, 
and can explain the very dry skin of the boy. Patients with X-linked ichthyosis often 
suffer from MR and VCX3A has been proposed as candidate gene for the MR, although 
this has not yet been confirmed (16 - 18). A 757 kb deletion within NLGNX4 has been 
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reported in a boy with autism and mental retardation (19). The 6.3 Mb duplicated 
region contains one known XLMR gene, FMR1 which is associated with the fragile 
X-syndrome. Recently, a familial interstitial Xq27.3q28 duplication has been reported 
partly overlapping the duplication of patient 3 (20). The phenotype of patient 3 shows 
no striking similarities with affected members of this family. The combination of the 
loss of these genes and the relative large size of the duplication in our patient most 
probably accounts for his cognitive phenotype as well as his other clinical features. 
Additionally, his slightly retarded mother, who carries the same X-chromosomal 
aberrations, showed a random X-inactivation (70:30) which might support the causative 
role of the aberrations. 

Figure 3.3.2 Patient 3. (a) Facial appearance showing oval eyes, short nose and a relative small chin. (b) 
SNP array (Affymetrix GeneChip Human Mapping 262K NspI and 238K StyI) results showing the 2.71 Mb 
deletion and 6.22 Mb duplication. Intensity values are compared with normal males resulting in Log2ratios 
of zero for one copy of the X-chromosome. Log2ratios for each probe are plotted against the position on 
the X-chromosome.  

Potentially pathogenic CNVs
High-resolution whole-genome screening arrays have enabled the detection of small 
abnormalities. Yet, the discovery of small CNVs in healthy individuals has revealed that 
many CNVs are not pathogenic (21-23). We found three CNVs of relatively small sizes 
(325 kb – 606 kb) in patients 2, 4 and 5. As these CNVs are neither described in the DGV 
nor do they contain known XLMR genes they could be potentially pathogenic. 
 SNP array analysis of patient 2 presented an interstitial duplication of at 
least 349 kb in chromosome band Xp22.12. The healthy mother and grandmother 
carried the same Xp22.12 duplication. The small duplication was located in the 
same duplicated region as observed in patient 1. However, the aberration contains 
only two genes, SH3KBP1 and MAP3K15. The SH3-domain kinase-binding protein, a 
multifunctional protein which is expressed in the nervous system (24), plays key roles in 
endocytic down-regulation of receptor tyrosine kinases, in apoptosis, in cell adhesion 
and in the rearrangement of the cytoskeleton. The MAP3K15 gene is a member of the 
Mitogen activated protein (MAP) kinase family. Although a mutation has been recently 
described in this gene in a patient with MR, the clinical significance of the mutation is 
not known (25). So far no MR patients with a similar duplication of these genes have 
been described. The unaffected carrier mother and grandmother of the patient showed 
skewed X-inactivation patterns (both ratios were 90:10), which could be an indicator 
for the functional effect of the aberration. 



95

                                 Chapter 3

 SNP array analysis on patient 4 showed a duplication of approximately 606 
kb in chromosome band Xq28. SNP array analysis on the mother showed that the 
abnormality had been inherited. The duplication partially overlaps the duplication of 
patient 3, but contains no known XLMR genes. All seven duplicated genes located in 
this region overlap with patient 3. According to the DGV there are some copy number 
polymorphisms described in this region but the whole duplication in patient 4 is 
not covered by the variants. Only four of the seven genes were not located in one of 
these polymorphic regions. One gene belongs to the MAGEA-family (MAGEA9B), 
and members of this family may play a role in embryonic development, although 
they are better known for their expression in melanomas and other cancers (26). 
Mutations and deletions of IDS cause sex-linked mucopolysaccharidosis type II, which 
is a lysosomal storage disorder. No cases have been reported with a duplication of this 
gene. The other genes, HSFX1 (heat shock transcription factor family) and TMEM185A, 
are not known to be disease-related. The healthy carrier mother showed a random 
X-inactivation pattern indicating that the duplication might not be the cause of the 
phenotype. However, a CNV associated with an abnormal phenotype with random 
X-inactivation in a phenotypically normal carrier mother has been described (case 5 in 
reference 7).
 SNP array analysis on patient 5 revealed a de novo duplication of 325 kb in 
chromosome band Xq21.1, comprising almost the entire DACH2 gene, dachshund 
homolog 2 (Drosophila). The dachshund/Dach gene family is conserved in insects and 
vertebrates and encodes putative transcriptional cofactors (27). Dachshund is expressed 
in the developing eyes, brain, limbs and genital disc of the fly, however Dach1/2 
double homozygous newborn mice have intact eyes and limbs (28 -30). Mutations 
in DACH2 have been documented in patients with premature ovarian failure, but an 
association between DACH2 mutations and infertility has not yet been established (27, 
31). Since the duplication is intragenic it might result in gene disruption, leading to 
either absence of protein or a non-functional protein (32). Functional studies should 
be performed to check mRNA levels of this gene. Although the duplication is de novo it 
remains difficult to determine whether it is pathogenic or not. 

General discussion
In two of the five patients the CNVs could explain their phenotypes (1 and 3) based 
on size and/or the presence of XLMR genes. For patients 2, 4 and 5 it remains unclear 
whether the increase in gene dosage has contributed to the phenotype. Besides, 
establishing the pathogenicity of the duplication in patient 4 is difficult because of the 
random X-inactivation pattern in the healthy carrier mother. The X-inactivation pattern 
in females with an abnormal X-chromosome is usually skewed with the abnormal X 
being preferentially inactivated. In this way they are protected from genetic imbalance. 
Here, the X-inactivation pattern was measured only in peripheral blood which may 
not reflect the actual situation in the brain. In any case, the gene dosage in males 
with a duplication of a segment of the X will be higher than in females with random 
X-inactivation and therefore could explain the pathogenicity in our patient. 
 To gain more insight in the pathogenicity of the CNVs in patient 2, 4 and 5 
we checked our in-house reference set (including 118 healthy males and 82 healthy 
females) for the presence of these CNVs. None of the CNVs were found in this set. 
Additionally, family studies for the patients with the inherited potentially pathogenic 
CNVs could give a better indication of the pathogenicity if there are healthy or affected 
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male carriers. Furthermore, the DGV should be regularly checked for these CNVs, since 
the data in this database is increasing rapidly. More patients or normal individuals with 
overlapping X chromosomal duplications will be needed to elucidate whether the 
CNVs that we have reported are pathogenic or benign variants
 In conclusion, this study highlights the difficulty in pinpointing the underlying 
causes of disease. Nevertheless knowing whether a CNV is pathogenic or benign is of 
major importance for counselling and diagnosis. 
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Supplementary material
Patient descriptions
Patient 1 was a 33-year old male. He was born by caesarian section at 43 weeks 
of gestation following a normal pregnancy. The parents were healthy and non-
consanguineous. Birth weight was 2460 g. He had bradycardia and hypotonia and 
assisted ventilation had been necessary for a short period. A submucous cleft of the 
palate was closed before the age of 1 year. As an infant he developed myoclonic jerks 
which stopped spontaneously after a few years. His psychomotor development was 
delayed, he was able to sit without support at 15 months. His dental development was 
abnormal: at the age of 11 he had only 5 teeth, several incisors and molars had never 
appeared.  
 Examination at the age of 20 showed: length 182 cm, span 170 cm and head 
circumference 56 cm. He had a friendly deposition and was able to speak a few single 
words. He had a long and slender habitus. The face was elongated with a relatively 
small mouth and a flat midface (Fig. 3.3.1a). The uvula was bifid. The maxillary lateral 
incisors were absent. His hands showed bilateral simian creases and long fingers. He 
had scoliosis (Fig. 3.3.1b). His feet were long and thin (Fig. 3.3.1c). 
 The 31-year old younger brother of patient 1 had a similar phenotype. He was 
born by caesarian section at 34 weeks. Birth weight was 1610 g. Assisted ventilation 
was necessary in the neonatal period because of respiratory distress syndrome. An 
open ductus Botalli closed after medication. Like his brother he developed myoclonic 
jerks, which ceased spontaneously before the age of four. Also as in his brother the 
psychomotor development was delayed, he walked independently at the age of four. 
Neurological examination at the age of 16 years showed a spastic gait.
 On examination at the age of 18 years his length was 190 cm, span 187 cm and 
head circumference 54 cm. He spoke a few words and communicated with signing. The 
face was somewhat asymmetric (Fig. 3.3.1d). The maxillary lateral incisors were absent. 
He had pectus excavatum and scoliosis (Fig. 3.3.1e). The hand creases were normal. The 
feet were flat, thin and long with long first digits (Fig 3.3.1f ). 

Patient 2 was a boy, born at term after an uncomplicated pregnancy. He had a normal 
birth weight. His development has been delayed form infancy, he was able to walk at 
the age of 4 years and he has no speech. He has a high threshold for pain. He has no 
sleeping problems.
 When first seen at the age of 4 years, he had a happy disposition and 
made stereotypic movements with his head and hands. Height, weight and head 
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