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ABSTRACT 
 
Introduction: The underlying causes of mental retardation remain unknown in about 
half of the patients. Recent array-CGH studies demonstrated cryptic imbalances in 
about 25% of patients previously thought to be chromosomally normal.  
Methods: We used array-CGH with approximately 3500 large insert clones spaced at 
~1 Mb intervals to investigate DNA copy number changes in 81 mentally impaired 
individuals.  
Results: Imbalances never observed in control chromosomes were detected in 20 
patients (25%): seven were de novo, nine were inherited and four could not have their 
origin determined. Six other alterations detected by array were disregarded because 
they were shown by FISH either to similarly hybridise to both homologues in a 
presumptive deletion (one case) or to involve clones that hybridised to multiple sites 
(five cases).  
Discussion: All de novo imbalances were assumed to be causally related with the 
abnormal phenotypes. Among the others, a causal relationship between the 
rearrangements and an aberrant phenotype could be inferred in six cases, including 
two imbalances of the X-chromosome, whose associated clinical features segregated 
as X-linked recessive traits. In all, 13 out 81 patients (16%) were found to have 
chromosomal imbalances probably related to their clinical features. The clinical 
significance of the seven remaining imbalances remains unclear. Our limited ability to 
differentiate between inherited copy number variations which cause abnormal 
phenotypes from rare variants unrelated to clinical alterations, currently constitutes a 
limitation in the use of CGH-microarray for guiding genetic counselling. 
 
KEY WORDS: array-CGH, mental retardation. 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g.2005.032268 on 24 June 2005. D
ow

nloaded from
 

http://jmg.bmj.com/


 3

INTRODUCTION 
 
Since karyotyping became a routine technique in clinical genetics, mental impairment, 
with or without other abnormalities, has often been associated with chromosome 
rearrangements. However, in the majority of the patients, the G-banded karyotype is 
normal, and in about half of them no obvious cause for the impairment is found 
(review in [1]). More recently, cryptic chromosome rearrangements have been 
reported in patients with apparently normal karyotype and unexplained abnormal 
phenotype. The best-characterized rearrangements are the recurrent microdeletion 
syndromes, such as the Miller-Dieker lissencephaly (MIM 247200) and DiGeorge 
syndromes (MIM 188400). In addition, subtelomeric imbalances of variable sizes 
cause mental retardation in 5-7% of these cytogenetically “normal” cases [1-3]. In the 
last few years, genomic array (array-CGH) analysis has become available [4;5], and 
appears to be a robust tool for detecting genomic imbalances in patients, with a much 
higher resolution than permitted by cytogenetic analyses based on chromosome 
banding (4-10 Mb).  
 
Two recent studies using array-CGH with markers spaced on average at 1 Mb 
intervals across the genome have demonstrated that about 25% of the patients with 
mental impairment associated with dysmorphisms and an apparently normal 
karyotype, carried deletions or duplications below the level of resolution of classical 
cytogenetics [6;7]. About half of the reported cases were de novo, and it is a 
reasonable assumption to causally associate the abnormal phenotype to these 
imbalances. In the inherited cases, however, neither study succeeded in distinguishing 
between a true pathological or a chance association between copy number changes 
and abnormal phenotypes. 
 
The precise contribution of micro-rearrangements to abnormal phenotypes has not 
been yet established, and in the ~1 Mb arrays used in these studies, imbalances 
smaller than 1 Mb would often be missed.  Whatever the precise figure is, it appears 
large enough (>5%) to impact genetic counselling. The identification of imbalances in 
such families can lead to detection of carriers and pre-natal diagnosis to be offered. 
 
Here, we report an array-CGH investigation of 81 patients with mental impairment 
accompanied by facial dysmorphisms and other congenital abnormalities. The 
significance of these findings and implication for genetic counselling are discussed. 
 
PATIENTS AND METHODS 
 
Patients:  
We studied 81 patients with mild to severe mental retardation associated with 
cranial/facial dysmorphisms and at least one additional congenital abnormality, 
suggestive of the presence of a chromosomal abnormality. The karyotypes of all 
patients were considered normal after routine G-banding (~550 bands) and the cause 
of the abnormal phenotypes could not be determined. Family history and 
consanguinity were not taken into account as exclusion criteria.  
 
The patients were ascertained in two genetic centres: (a) sixty-one patients from the 
Department of Human and Clinical Genetics, Leiden University Medical Center, the 
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Netherlands (KGCL- LUMC); (b) twenty patients from the Department of genetics 
and Evolutionary Biology, Institute of Biosciences, University of São Paulo, Brazil 
(LGH – USP). This service is the largest reference centre for fragile-X syndrome 
diagnosis in Brazil, and receives an over-representation of male patients. As a result, 
18 out of the 20 patients were males. In all these patients, fragile-X syndrome had 
been ruled out on molecular and clinical grounds. 
 
Methods: 

A) Comparative genomic hybridisation microarrays (array-CGH). 
The array-CGH procedures were performed as previously described [8]. Briefly, 
slides containing triplicates of ~3500 large insert clones spaced at ~1 Mb density over 
the full genome were produced in the Leiden University Medical Center. The large 
insert clones set used to produce these arrays was provided by the Wellcome Trust 
Sanger Institute (UK), and information regarding the full set is available at the 
Wellcome Trust Sanger Institute mapping database site, Ensembl 
(http://www.ensembl.org/).  Insert clones were isolated from the bacteria, using the 
Wizard SV 96 Plasmid DNA Purification System (Promega, Leiden, the Netherlands) 
in combination with the Biomek 2000 Laboratory Automation Workstation (Leiden 
Genomic Technology Center facilities - LGTC, the Netherlands). DNA amplification, 
spotting on the slides and hybridisation procedures were based on protocols 
previously described [9;10]. We used commercially available male and female 
genomic DNAs (Promega, Leiden, the Netherlands) that represent pools derived from 
at least seven same-gender individuals as reference samples. Test and reference DNAs 
were labelled with Cy3- and Cy5-dCTPs (Amersham Bioscience, Roosendaal, the 
Netherlands), respectively.  After hybridisation, the slides were scanned with a 
GenePix Personal 4100A scanner, and the spot intensities, measured by means of the 
GenePix Pro 4.1 software (Axon Instruments, Westburg BV, Leusden, the 
Netherlands). Further analyses were performed using Microsoft Excel 2000. Spots 
outside the 20% confidence interval of the average of the replicates were excluded 
from the analyses. Target imbalances were determined based on log2 ratios of the 
average of their replicates, and sequences were considered as amplified or deleted 
when outside the ± 0.33 range.  

 
We defined as abnormal a copy-number change that we had not previously detected in  
~ 100 normal control observations for each chromosome pair. The control data 
compiled chromosome information from DNA hybridisations of: (a) normal to normal 
individuals; (b) normal individuals to individuals previously diagnosed by G-band 
karyotype to carry partial or complete monosomies or trisomies; (c) normal 
individuals to individuals having a clear chromosome alteration detected by array 
(minimum five altered consecutive clones); (d) normal individual to the parents of 
patients in “item c”. We excluded from the analyses the abnormal chromosomes 
detected by G-banding or CGH-arrays in patients, as well as the corresponding 
chromosomes in their parents, irrespectively of their carrier status. The imbalances 
detected by G-banding were also used to verify the ability of the arrays to ascertain 
copy number changes, and to detect clones mapped to wrong chromosomes. Based on 
this set of normal chromosomes, we determined the average hybridisation ratio for 
each clone, and excluded from the analyses the 3% clones with an SD > 0.073, 
totalling 110 clones. The remaining ones had an average SD = 0.039.  In the 
hybridisations between normal to normal individuals, or normal to individuals 
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carrying chromosomal alterations (see items a and b above), we did not observe 
changes in the profiles using dye swap (inverted combination of fluorochromes for 
test and reference DNAs). Based on these results, we only performed more than one 
hybridisation per individual in those experiments in which more than 3% of the clones 
were excluded due to low intensities of the spots or noise background. The threshold 
of 0.33 for duplications and deletions was empirically chosen because it represented 
the lowest combined false positive and negative rates in control hybridisation testing 
of normal and autosome trisomies/monosomies DNAs. 
 

B) Fluorescence in situ hybridisation (FISH) 
FISH experiments were performed by standard techniques to validate the presence of 
deletions and duplications identified by microarray analyses. When an alteration was 
confirmed by FISH, hybridisations using the same probes were performed to 
investigate if the parents carried the rearrangement present in the child, either in 
balanced or unbalanced form. Aliquots of the same amplified DNAs used to spot the 
arrays were used as probes for FISH experiments. Clones mapping to the unbalanced 
chromosome regions were hybridised to metaphases derived from patients’ blood 
lymphocytes. In cases of duplication, interphase nuclei were also analysed. A 
minimum of 25 cells were analysed per hybridisation. A region was considered as 
duplicated when, in interphase nuclei, the corresponding clone produced three FISH 
signals accompanied by two signals in a different colour from a non-duplicated 
adjacent clone, used as control. We considered a chromosome region as partially 
deleted when the FISH signal from the corresponding clone on one of the 
chromosomes was consistently less intense (≤ ¼ intensity) than on its homologue. 
 

C) Multiplex amplifiable probe hybridisation (MAPH). 
 
A study of genomic imbalances by MAPH technique [11] in 188 patients with mental 
retardation has been recently reported [12]: 162 loci were screened, comprising 
chromosome regions known to be involved in mental retardation (subtelomeric/ 
pericentromeric regions and genes involved in microdeletion syndromes), as well as 
interstitial genes randomly spaced throughout the genome. Although the MAPH 
patient sample partially overlapped the patients reported here (48 of the Dutch 
patients), importantly, the two studies were carried out independently and in parallel 
and the MAPH results were unknown to those performing array-CGH. Patients 1, 2, 
8, 18 and 20 listed in Table 2 were part of the overlapping sample.  
 
RESULTS 
 
In this array-CGH analysis, imbalances not previously observed in our control 
samples were detected in 20 patients: six patients had duplications, 12 had deletions, 
and two patients carried both deleted and duplicated chromosome segments. Six other 
imbalances detected on arrays were not included among the imbalances because: (a) 
either a presumptively deleted clone yielded two FISH signals of apparently similar 
intensities at the expected location on both homologues (one case); or (b) a BAC, 
supposedly in altered copy number, yielded multiple sites of FISH hybridisation in 
normal individual metaphases (five cases). It is unclear why we obtained a 
disagreement between array-CGH and FISH results in the deletion case (a), but it 
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points out that false positive results may occur in our test. On the other hand, clones 
that are known to hybridise to multiple sites are excluded from our array.  
 
Table 1 shows the distribution of the copy number changes according to the type and 
inheritance of the imbalances, and Table 2 presents the copy number changes, clinical 
data and family analysis.  
 
Table 1. Distribution of patients according to type and inheritance of imbalance. 
 
Imbalances De novo Inherited Unknown Number of 

patients 
Interstitial 4 7 3 14 
      Deletions 3 5 1 9 
      Duplications 1 2 1 4 
      Deletion/Duplication 0 0 1 1 
     
Terminal 3 2 1 6 
      Deletions 2 0 1 3 
      Duplications 1 1 0 2 
      Deletion/Duplication 0 1 0 1 
Total number of patients 7 9 4 20 
 
 
Fourteen of the imbalances were interstitial and six were terminal. Deletions and 
duplications were confirmed by FISH; case 13 was confirmed by MAPH, and for 
chromosome 22 (cases 19 and 20) an array of overlapping sequencing tile path clones 
[13] allowed us to delimitate the duplication and deletions (Kriek et al., manuscript in 
preparation). Figure 1 shows examples of array-CGH deletions and duplications, and 
FISH confirmation. Among the 16 patients whose parents were available for 
examination, seven carried de novo imbalances, and nine had inherited 
rearrangements. Among the rearrangements, one patient (case 15) had a homozygous 
deletion inherited from heterozygous father and homozygous mother (Figure 2)
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Table 2: Summary of copy number changes, associated clinical findings and inheritance. 
 

Patient 
(Institution) 

and 
Inheritance 

Array-CGH imbalances Confirmation Clinical summary Maximum 
size of 
imbalances 

De novo     
1 

(LUMC) 
Deletion of five clones at 
1pter-1p36.31 (GS-232-B23 
to RP11-49J3). 

Confirmed by FISH Female, MR, epilepsy, facial dysmorphism, 
shortening of metacarpals and metatarsals, 
hirsutism. 

7.2 Mb 

2 
(LUMC) 

Deletion of eighteen clones 
at 18q22.3qter (RP11-45A1 
to GS-75-F20). 

Confirmed by FISH. Female, MR, short stature, hearing loss, 
congenital heart defect (total anomalous 
pulmonary venous return), mild facial 
dysmorphisms, narrow and long fingers. 

8.3 Mb 

3 
(LUMC) 

Deletion of twelve clones at 
3p24.3-p24.1 (RP11-27J5 to 
RP11-103N21). 

Confirmed by FISH. Female, mild MR, facial dysmorphism, 
clubfeet, triphalangeal thumbs, mild 
anemia. 

10.7 Mb 

4 
(LUMC) 

Deletion of two clones at 
13q32.3 (RP11-118F16 to 
RP11-564N10). 

Confirmed by FISH. Male, MR, tall stature, corpus callosum 
agenesis, hearing loss, facial dysmorphism. 

3.2 Mb 

5 
(USP) 

Deletion of seven clones at 
17p11.2 (RP11-524F11 to 
RP11-121A13). 

Confirmed by FISH. Female, MR, behavioural problems 
including self-aggression, hyperactivity, 
sleep disturbances, decreased pain 
sensitivity; midface hypoplasia, upward 
slanting of palpebral fissures; diagnosis: 
Smith-Magenis syndrome, OMIN 1822900. 

5.7 Mb 
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6 
(LUMC) 

Duplication of a single clone 
at 17pter-p13.3 (GS-68-F18). 

Confirmed by interphase FISH. Female, mild MR, facial dysmorphism. 0.8 Mb 

7 
(LUMC) 

Duplication of a single clone 
at 6p12.3 (RP3-442L6). 

Confirmed by interphase FISH. Female, mild MR, hypotonia, joint 
hyperlaxity, facial dysmorphism, 
strabismus. 

1.7 Mb 

Inherited     
8 

(LUMC) 
Deletion of four clones at 
6q27qter (RP11-351J23 to 
GS-57-H24). Duplication of 
13clones at 20q13.31qter 
(RP11-46O6 to bB152O15). 

Confirmed by FISH.  
[t(6,20)(q27;q13.31)mat]. 

Male, MR, hypotonia, microcephaly, brain 
anomalies, mild facial dysmorphism. 

4.7 Mb deleted. 

7.5 Mb 
duplicated. 

9 
(LUMC) 

Duplication of two clones at 
3q29-qter (GS- 196F4 and 
GS -56H22). 

Confirmed by interphase FISH. 
Paternal. 

Female, moderate MR, facial dysmorphism, 
ataxia. 

0.4 Mb 

10 
(LUMC) 

Partial deletion of a single 
clone at 15q15.3 (RP11-
263I19). 

Confirmed by FISH.  
Paternal. 

Female, mild MR, hypotonia, facial 
dysmorphism, cloudy cornea. 

0.9 Mb 

11 
(LUMC) 

Deletion of a single clone at 
15q13.1 (RP11-408F10). 

Confirmed by FISH. 
Maternal. 

Female, mild MR, short stature, 
microcephaly, minor facial dysmorphism, 
premature breast development. 

2.2 Mb 

12 
(USP) 

Deletion of a single clone at 
10q21.1 (RP11-430K23). 

Confirmed by FISH.  
Maternal; mother with learning 
difficulties and similar 
dysmorphisms than the patient. 

Male, mild MR, hyperactivity, facial 
dysmorphism, prominent ears, long digits, 
hyperextensibility of joints.  

2.5 Mb 
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13 

(USP) 
Duplication of a single clone 
at Xq28 (RP5-1087L19). 

Confirmed by MAPH.  
Maternal; two affected first 
cousins born to maternal aunts. 
Duplication present also in the 
investigated cousin. 

Male, MR, hypoplasia of cerebellar vermis, 
Dandy-Walker anomaly, large prominent 
ears, high-arched palate, abdominal obesity, 
flat feet.  

1.3 Mb 

14 
(USP) 

Partial deletion of a single 
clone at Xp11.23 (RP1-
54B20). 

Confirmed by FISH.  
Maternal; similarly affected 
males referred in the maternal 
family. 

Male, severe MR, short stature, 
microcephaly, prominent ears, deep-set 
eyes, short filtrum, early-onset puberty. 

1.8 Mb 

15 
(LUMC) 

Partial homozygous deletion 
of a single clone at 2p12 
(RP11-89C12). 

Confirmed by FISH.  
First cousin heterozygous father 
and homozygous mother. 

Female, MR, microcephaly, cleft palate, 
congenital cataract, microphthalmia; equally 
affected sib carries same homozygous 
deletion. 

1.0 M b 

16 
(LUMC) 

Duplication of a single clone 
at 8p11.1 (CTD-2115H11). 

 

Confirmed by FISH. Maternal. Male, mild MR, short stature, facial 
dysmorphism. 

1.3 Mb 

Unknown     

17 
(LUMC) 

Deletion of six clones at 
6pter-p25.2 (GS-62-L11 to 
RP11-15N12). 

Confirmed by FISH. Mother not 
a carrier* 

Male, mild MR, hearing loss, iris dysplasia, 
excentric pupil, hypertelorism. 

5 Mb 

18 
(USP) 

Deletion of a single clone at 
16p11.2 (RP11-74E23). 

Confirmed by FISH. 
Mother not a carrier* 

Female, mild MR, severe speech delay, 
facial dysmorphism. 

1 Mb 

19 
(USP) 

Duplication of a single clone 
at 22q11.21 (XX-91c). 

Confirmed by MAPH and array-
CGH tile-path of chromosome 
22. Mother not a carrier* 

Male, mild MR, turricephaly, convergent 
strabismus, myopia, high and narrow palate, 
large upper 1st incisors. 

3.9 Mb 
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20 
(LUMC) 

Deletion of a single clone at 
22q11.21 (XX-p273a17). 
Duplication of a single clone 
at 22q11.21 (XX-91c). 
Deletion of five clones at 
22q12.1   (CTA-390B3 to 
RP11-329J17). 

Confirmed by MAPH and array-
CGH tile-path of chromosome 
22. # 
 

Male, mild MR, hearing loss, microcephaly, 
cataract, cleft palate, double set of teeth. 

1.1 Mb deleted. 

3.9 Mb 
duplicated. 

3.9 Mb deleted 

 
MR – mental retardation 
*Father deceased or unavailable 
#Parents deceased. 
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 DISCUSSION 

 
We used array-CGH to investigate DNA copy number imbalances in 81 individuals 
presenting with mental retardation, dysmorphic features and an apparently normal 
karyotypes, and detected unique alterations in 25% of the patients.  In addition, 33 
clones contained in our array (> 0.1%) exhibited copy number alterations detected at 
least once in the control analysis, and were considered as normal variants. These 
genomic imbalances might well represent some of the large-scale copy number 
variation of DNA segments recently described in humans and mice [14-16]. 
 
More than half of the imbalances comprised one clone or less (partial deletions). The 
two largest alterations (patients 2 and 3) encompassed between 8-11 Mb and, after 
CGH-array results were known, they could retrospectively be visualised on G-banded 
chromosomes.  The frequency of imbalances detected in our study is similar to the 24-
25% found in previous array-CGH studies of mentally impaired individuals [6;7].  
However, the patients in ours and in the two previous array-CGH studies were 
selected not to be solely representative of undiagnosed mental retardation, but rather 
to include patients whose dysmorphic features in conjunction with mental retardation 
were suggestive of chromosomal abnormalities. It is well known that the frequency of 
chromosomal abnormalities is increased when mental retardation is associated with 
congenital abnormalities or dysmorphic features. While these studies prove the utility 
of array-CGH for uncovering cryptic rearrangements, further studies in categorised 
samples of mentally retarded individuals will be required to establish the frequency of 
imbalances which have a pathological consequence giving rise to mental retardation, 
and to differentiate from those which are rare variants picked up serendipitously in the 
screening. Among the 20 chromosome rearrangements that we detected, six were 
subtelomeric (7.4%) and 14 (17.3%) were interstitial. Similarly to the two previous 
studies with array-CGH, the frequency of cryptic interstitial rearrangements was 2-3 
times higher than the frequency of terminal imbalances.  
 
When patients carry de novo imbalances, either interstitial or terminal, it is reasonable 
to assume that the copy number change is causative of the phenotype. On the other 
hand, inherited subtelomeric and interstitial rearrangements have different 
implications for genetic counselling. Inherited subtelomeric rearrangements result 
from the segregation of a balanced translocation in one of the normal parents [1], and 
their detection allows genetic counselling and prenatal diagnoses to be provided. In 
contrast, inherited interstitial rearrangements detected by array-CGH seem to be 
equally imbalanced in a normal parent, and no carriers of balanced interstitial 
rearrangements were detected in ours or in the previous array-CGH studies. 
Therefore, these inherited interstitial rearrangements pose a new situation in genetic 
counselling, because the normal parent apparently carries the same imbalance as the 
affected child. We observed a number of different situations that suggest that rare 
inherited copy number variations can either impact the phenotype or represent 
“normal” variants. The X-chromosome imbalances  (Patients 13 and 14) were 
associated with clinical features exhibiting an X-linked pattern of inheritance, i.e., 
other affected males were related to the probands by their phenotypically normal 
mothers. An intriguing case is that of patient 15: he and his equally affected sib are 
homozygous for a partial deletion of one clone at 2p12. Their clinically normal 
parents are first-degree cousins, and the father is heterozygous for the same deletion, 
while the mother is homozygous (Figure 2). Therefore, this deletion appears as a rare 
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variant segregating in the family, and the abnormal phenotype of the children is likely 
to be due to homozygosity for another recessive mutation. Furthermore, this family is 
of Turkish descent, and the frequency of the deletion in this population is unknown.  
 
In four cases (Patients 17-20), one or both parents could not be investigated for the 
presence of imbalances. In Patient 17, although the de novo status could not be 
proved, the patient had the typical features of the deletion 6pter syndrome [17;18], 
thus indicating that the deletion was causative. Among the infrequent DNA segment 
imbalances found in our patients, there was a single map location overlap, namely, the 
duplication of cosmid XX-91c on chromosome 22, which is present in Patients 19 and 
20 (Table 2). The tilling path analysis of chromosome 22 in Patient 19 showed that 
this duplication encompasses ~1.7 Mb, and overlaps the often-deleted region in the 
DiGeorge/velocardiofacial syndrome (DG/VCFS). Two recent papers reported on 
patients with duplication of this region, suggesting that dup22q11.2 is an emerging 
syndrome [19;20]; the learning abilities of the carriers ranged from normal to severely 
impaired, and associated clinical features were extremely variable, including normal 
individuals ascertained through affected relatives. Our patient presented only mild 
mental retardation and some unspecific dysmorphic features, which may be present in 
different syndromes, including patients with dup22q11. Since the frequency of the 
duplication 22q11.2 is significantly increased among mentally retarded patients, we 
considered that the alteration in our patient was probably causative of his phenotype. 
Patient 20 carries, in addition to this recurrent duplication, two deletions on 
chromosome 22. Furthermore, this patient exhibited specific congenital abnormalities, 
some of which do not seem to be associated with the dup22q11.2 syndrome, and 
might be caused by at least one of the deletions (Kriek et al. in preparation). 
Unfortunately, further investigation could not be performed, because not all the 
parents of these two patients were available. 
 
Therefore, among the 20 rearrangements detected in our patients (Table 2), we were 
able to identify 13 as causative of the abnormal phenotypes: those which were de 
novo (Patients 1-7), the imbalanced rearrangement inherited from a balanced parent 
(patient 8), the two familial X-chromosome alterations (Patients 13 and 14), the 
deletion 6pter (Patient 18), the dup22q (Patient 19), and the rearrangements of 
chromosome 22 in Patient 20, which were too large and complex not to be the 
probable cause of the phenotype. In fact, the rearrangements involving ≥ 2 clones 
were all de novo (maximum average size of 5.4 ± 3.6 Mb), while the rearrangements 
present in normal carriers tended to be smaller (maximum average size of 1.6±0.8 
Mb). It is not itself surprising that rearrangements involving large segments of DNA 
have a smaller probability of being present in normal carriers.  
 
Among the 13 cases with copy number imbalances considered causative of the 
phenotype, five were terminal and eight were interstitial, showing a similar 
contribution of these rearrangements to mental retardation associated with other 
clinical features. However, in patients who inherited an apparently identical interstitial 
imbalance from their parents, we cannot disregard the possibility that imprinting, 
incomplete penetrance and loss of heterosygosity for a detrimental recessive gene 
contribute to the different effect in parents and affected children, such as being 
reported for dup22q11.2 [19;20].  
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The frequent occurrence of rare genomic imbalances in affected children and their 
normal parent represents a complicating factor in the interpretation of array-CGH 
results. Amongst our patients we found inherited imbalances that appeared clearly 
associated with a pathological effect, while others most probably represented genomic 
variants not contributing to the abnormal phenotype. Recent initiatives such as those 
of the Sanger Institute (www.sanger.ac.uk/PostGenomics/decipher/) and the European 
Cytogeneticists Association (http://www.ecaruca.net/) to create platforms for 
compiling molecular cytogenetic data from clinical genetic studies will hopefully 
provide a base for understanding the role of different DNA copy number variations in 
genetic diseases. Collecting and understanding larger sets of data will improve our 
ability to determine which copy number variations contribute to abnormal phenotypes, 
and eventually result in a more consistent application of CGH-microarray for genetic 
counselling. 
 
 
ACKNOWLEDGMENTS: This work was supported by the “Doelmatigheid” (Cost-
Efficiency) grant from the Leiden University Medical Center (2002/2003), and 
partially supported by FAPESP/CEPID (98/14254-2). We would like to thank 
Kathryn Woodfine for construction of the chromosome 22q tiling path array, and 
Cordelia Langford and the Wellcome Trust Sanger Institute Microarray Facility for 
array printing. We also thank Peter Pearson for critical review and suggestions. 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g.2005.032268 on 24 June 2005. D
ow

nloaded from
 

http://www.sanger.ac.uk/PostGenomics/decipher/
http://jmg.bmj.com/


 14

 Reference List 
 

 [1]  Flint J, Knight S. The use of telomere probes to investigate submicroscopic 
rearrangements associated with mental retardation. Curr Opin Genet Dev 
2003; 13(3):310-316. 

 [2]  Knight SJ, Regan R, Nicod A, Horsley SW, Kearney L, Homfray T, Winter 
RM, Bolton P, Flint J. Subtle chromosomal rearrangements in children with 
unexplained mental retardation. Lancet 1999; 354(9191):1676-1681. 

 [3]  Flint J, Wilkie AO, Buckle VJ, Winter RM, Holland AJ, McDermid HE. The 
detection of subtelomeric chromosomal rearrangements in idiopathic mental 
retardation. Nat Genet 1995; 9:132-140. 

 [4]  Pinkel D, Segraves R, Sudar D, Clark S, Poole I, Kowbel D, Collins C, Kuo 
WL, Chen C, Zhai Y, Dairkee SH, Ljung BM, Gray JW, Albertson DG. High 
resolution analysis of DNA copy number variation using comparative genomic 
hybridization to microarrays. Nat Genet 1998; 20:207-211. 

 [5]  Solinas Toldo S, Lampel S, Stilgenbauer S, Nickolenko J, Benner A, Dohner 
H, Cremer T, Lichter P. Matrix-based comparative genomic hybridization: 
biochips to screen for genomic imbalances. Genes Chromosom Cancer 1997; 
20:399-407. 

 [6]  Vissers LE, de Vries BB, Osoegawa K, Janssen IM, Feuth T, Choy CO, 
Straatman H, van d, V, Huys EH, van Rijk A, Smeets D, Ravenswaaij-Arts 
CM, Knoers NV, van dB, I, de Jong PJ, Brunner HG, van Kessel AG, 
Schoenmakers EF, Veltman JA. Array-based comparative genomic 
hybridization for the genomewide detection of submicroscopic chromosomal 
abnormalities. Am J Hum Genet 2003; 73(6):1261-1270. 

 [7]  Shaw-Smith C, Redon R, Rickman L, Rio M, Willatt L, Fiegler H, Firth H, 
Sanlaville D, Winter R, Colleaux L, Bobrow M, Carter NP. Microarray based 
comparative genomic hybridisation (array-CGH) detects submicroscopic 
chromosomal deletions and duplications in patients with learning 
disability/mental retardation and dysmorphic features. J Med Genet 2004; 
41(4):241-248. 

 [8]  Knijnenburg J, Szuhai K, Giltay J, Molenaar L, Sloos W, Poot M, Tanke HJ, 
Rosenberg C. Insights from genomic microarrays into structural chromosome 
rearrangements. Am J Med Genet 2004; 132A:36-40. 

 [9]  Carter NP, Fiegler H, Piper J. Comparative analysis of comparative genomic 
hybridization microarray technologies: report of a workshop sponsored by the 
Wellcome Trust. Cytometry 2002; 49(2):43-48. 

 [10]  Fiegler H, Carr P, Douglas EJ, Burford DC, Hunt S, Smith J, Vetrie D, 
Gorman P, Tomlinson IP, Carter NP. DNA microarrays for comparative 
genomic hybridization based on DOP-PCR amplification of BAC and PAC 
clones. Genes Chromosomes Cancer 2003; 36(4):361-374. 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g.2005.032268 on 24 June 2005. D
ow

nloaded from
 

http://jmg.bmj.com/


 15

 [11]  Armour JA, Sismani C, Patsalis PC, Cross G. Measurement of locus copy 
number by hybridisation with amplifiable probes. Nucleic Acids Res 2000; 
28(2):605-609. 

 
 [12]  Kriek M, White SJ, Bouma MC, Dauwerse HG, Hansson KB, Nijhuis JV, 

Bakker B, van Ommen GJ, Den Dunnen JT, Breuning MH. Genomic 
imbalances in mental retardation. J Med Genet 2004; 41(4):249-255. 

 [13]  Woodfine K, Fiegler H, Beare DM, Collins JE, McCann OT, Young BD, 
Debernardi S, Mott R, Dunham I, Carter NP. Replication timing of the human 
genome. Hum Mol Genet 2004; 13(2):191-202. 

 [14]  Li J, Jiang T, Mao JH, Balmain A, Peterson L, Harris C, Rao PH, Havlak P, 
Gibbs R, Cai WW. Genomic segmental polymorphisms in inbred mouse 
strains. Nat Genet 2004; 36(9):952-954. 

 [15]  Sebat J, Lakshmi B, Troge J, Alexander J, Young J, Lundin P, Maner S, Massa 
H, Walker M, Chi M, Navin N, Lucito R, Healy J, Hicks J, Ye K, Reiner A, 
Gilliam TC, Trask B, Patterson N, Zetterberg A, Wigler M. Large-scale copy 
number polymorphism in the human genome. Sci 2004; 305(5683):525-528. 

 [16]  Iafrate AJ, Feuk L, Rivera MN, Listewnik ML, Donahoe PK, Qi Y, Scherer 
SW, Lee C. Detection of large-scale variation in the human genome. Nat 
Genet 2004; 36(9):949-951. 

 [17]  Le Caignec C, De Mas P, Vincent MC, Boceno M, Bourrouillou G, Rival JM, 
David A. Subtelomeric 6p deletion: clinical, FISH, and array CGH 
characterization of two cases. Am J Med Genet A 2005; 132(2):175-180. 

 [18]  Zhang HZ, Li P, WANG D, Huff S, Nimmakayalu M, Qumsiyeh M, Pober 
BR. FOXC1 gene deletion is associated with eye anomalies in ring 
chromosome 6. Am J Med Genet A 2004; 124(3):280-287. 

 [19]  Yobb TM, Somerville MJ, Willatt L, Firth HV, Harrison K, Mackenzie J, 
Gallo N, Morrow BE, Shaffer LG, Babcock M, Chernos J, Bernier F, Sprysak 
K, Christiansen J, Haase S, Elyas B, Lilley M, Bamforth S, McDermid HE. 
Microduplication and triplication of 22q11.2: a highly variable syndrome. Am 
J Hum Genet 2005; 76(5):865-876. 

 [20]  Ensenauer RE, Adeyinka A, Flynn HC, Michels VV, Lindor NM, Dawson 
DB, Thorland EC, Lorentz CP, Goldstein JL, McDonald MT, Smith WE, 
Simon-Fayard E, Alexander AA, Kulharya AS, Ketterling RP, Clark RD, Jalal 
SM. Microduplication 22q11.2, an emerging syndrome: clinical, cytogenetic, 
and molecular analysis of thirteen patients. Am J Hum Genet 2003; 
73(5):1027-1040. 

 
 
Legend to the figures: 
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Figure 1: Examples of duplications and deletions ascertained by array-CGH and 
confirmed by FISH. Unbalanced and control insert clones are represented in red and 
green colors, respectively, in the array profiles and corresponding ideograms. The 
black arrows show large insert clones which are also found altered in normal controls: 
A) chromosome 6 array-CGH profile from patient 7 shows a duplication of a single 
clone at 6p12.3 (RP3-442L6). B) three interphase-FISH signals of the duplicated PAC 
RP3-442L6 (red) and two signals of the adjacent non-duplicated BAC RP11-334H12 
(green) confirm this duplication. C) deletion of a single clone at 15q13.1 (RP11-
408F10) in patient 11. D) FISH to a metaphase shows the presence of two 
chromosomes 15 (whole-chromosome 15 library in blue), but a single signal for BAC 
RP11-408F10 (red). 
 
 
Figure 2: Chromosome 2 imbalances in the family of patient 15. Chromosome 2 
array-CGH profiles of the proband (A) and his mother (B) show a deletion of BAC 
RP11-89C12 (red arrow) at 2p12. The Log2 ratios around -1.0 indicate that the 
deletion is homozygous. C) Chromosome 2 array-CGH profile of the father shows a 
deletion of the same BAC (red arrow) in a ratio compatible with heterozygosity. D) 
FISH using BAC RP11-89C12 (red) to the father’s metaphase show that the signal on 
one chromosome 2 (whole chromosome library in green) is less than ¼ in size and 
intensity than in the homologue. 
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