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Dear Prof Guy Froyen, 
 
Thank you very much for your comments and suggestions. 
 
Our research activity is strongly bound with the routine diagnosis of MCA/MR patients 
and our laboratory is only a door a part from the ambulatories. When a phenotype 
genotype correlation is attempted for a specific case, there is a close collaboration 
between the medical doctor who visited the patient and the biologist who performed 
the molecular analysis. For this reason we have weekly scheduled meetings during 
which we discuss every new case. This way phenotype genotype correlations is not a 
personal task but a team task. 
 
After considering your indications I performed the following changes: 
 
1. I have inserted in the “Rationale, aim and outline of the study” section two tables 
(Tab 1 and 2) briefly describing the molecular Karyotype and position in the genome of 
first and last deleted array probes for every de novo and Known rearrangement. 
 
2. I have corrected 75 and 25 Kb to 100-130 Kb and 50-65 Kb respectively. For 44K the 
average probe spatial resolution is about 43 Kb and the detection sensitivity o 
functional resolution is about 43 Kb x3=129 Kb while for 105K the average probe 
spatial resolution is 21.7 Kb and the detection sensitivity is 21.7 Kb x3=65 Kb.  
 
3. Regarding the manuscript on array CGH in retinoma and retinoblastoma tissues, I 
performed part of the array CGH experiments and the bioinformatic analysis of the 
rearrangements found, that is searching for oncoges and oncosorpressor genes in the 
recurrent rearrangements found in Retinoblastoma tissues and in particular in 6p gains 
and 16q deletions. 
Since you considered that this part doesn’t fit to my thesis I deleted it. 
 
4. I corrected errors in “Sample preparation” in Material and Methods. 
 
5. Under your suggestion, I included in my thesis a one page description of my personal 
contribution to the cases described, after the Discussion section. 
 
6. I have moved the description of patients 4.1.1.6 and 4.1.1.7 to the result section and I 
have indicated candidate genes to those cases presented in one page. For breakpoint 
position I have indicated the hypothetical breakpoint position given by the average of 
last normal oligo present and first oligo rearranged and the average of last oligo 
rearranged and first oligo present for every region deleted or duplicated. This is now 
inserted in the thesis (p.69 ) 
 
7. Regarding pag 76, (actual pag 84), the implication of the presence of Alu is only a 
hypothesis and in order to clarify this point I have added the phrase: “experiments 
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aiming the identification of the exact size of the deletion and the sequence composition 
of the breakpoints, in order to confirm the implication of Alu, are still ongoing”. 
 
8. “Susceptibility region” stands for genetic risk factor that associated with other 
unknown modifiers can cause disease. Since the rearrangements described in this 
section have been identified also in healthy individuals, I considered opportune to call 
them susceptibility regions. I have added this definition to the thesis (p.23 ). 
 
9. Patients 4.1.2.1 to 4.1.2.3 have exactly the same duplication and as I mentioned in 
the discussion section the same duplication has been found in healthy individuals. To 
avoid confusion I have added a phrase better clarifying this point (p.118). Patients 
4.1.2.4 to 4.1.2.6 are discussed in the discussion section. For patients 4.1.3.1 and 4.1.3.2 
unfortunately we cannot have any “useful” material for expression studies and very 
preliminary results on lymphocytes were not informative at all. 
 
10. I have included the alias of COH1 gene (VPS13B) in the caption of figure 40. 
 
11. I have included a short description of our future plans at the end of the Discussion 
section. 
 
 
Thank you again for reviewing my Thesis. 
 
Best regards 
Eleni Katzaki 
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Dear Dr Florentin-Arar, 
 
Thank you very much for your comments and suggestions. 
 
I am sorry for the short time left to make further changes in my thesis but any way I 
would like to inform you for those already made. 

 
1. Regarding the percentage of mosaicism, in order to determine the sensitivity of 

array CGH in detecting mosaicisms, authors generated artificial mosaicisms and 
hybridized them to the array. This was done by obtaining blood samples from a normal 
diploid adult male and an adult male with trisomy 21. In these experiments, mosaic 
trisomy 21 was easily distinguishable down to 20% abnormal cells while, mosaicism for 
trisomy 21 at 10% showed only subtle variation from a normal non-mosaic case. 
 

2. It would be very interesting to discuss the sensitivity of MLPA in detecting 
deletions/duplications and compare it to the array but unfortunately this could not be 
done since only few samples were tested by both methods. We use MLPA only in few 
cases to confirm array-CGH experiments. What I can say as a personal experience is 
that MLPA analysis some times gives border-line values for duplications, mostly 
regarding the last probes of the kits (that is, those that have the lowest fluorescence 
intensity). 
 

3. In order to clarify my personal contribution to the cases described, I included in 
my thesis a one page description, after the Discussion section. 

 
4. I have excluded from my thesis the retinoblastoma cases. 

 
5. In those cases were parental analysis is still ongoing is because during genetic 

counselling one of the parents was not present and we are still waiting for the 
blood samples. 

 
6. Regarding the first page of the Discussion section, I have corrected the numbers 

in the text and I have inserted in the “Rationale, aim and outline of the study” 
section two tables (Tab 1 and 2) briefly describing the molecular Karyotype and 
position in the genome of first and last deleted array probes for every de novo 
and Known rearrangement detected. I did this in order to give a better view of 
the results obtained in my study. 

 
7. Orthographic errors were corrected. 

 
Thank you again for reviewing my Thesis. 
 
Best regards 
Eleni Katzaki 
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1. INTRODUCTION 

 

1.1 Historical overview 

 

For the past 50 years, since Tjio and Levan  first reported that humans have 46 

chromosomes (Fig. 1), tremendous effort has been put forth to define the genomic 

imbalances associated with genetic disease.1 The initial discoveries of whole 

chromosome trisomies with very specific phenotypes, such as trisomy 21 in Down 

syndrome and trisomy 13 and 18 in Patau and Edwards syndromes, launched the field 

of clinical cytogenetics.2,3  

 
Fig. 1| A human metaphase plate, from the original Tjio and Levan paper, showing Human metaphase 
chromosomes. © Copyright 2006 Nature Publishing Group. Gartler, S., The chromosome number in 
humans: A brief history, Nature Reviews Genetics 7, 655-660 

 

As specialized banding and high resolution techniques became available, 

including the commonly used giemsa staining following trypsin digestion or G-

banding, the ability of the standard karyotype to display more subtle chromosomal 

aberrations increased significantly. However, even high resolution karyotypes4 are 

unreliable for detecting many known microdeletion syndromes, which range from 3–5 

Mb in size, and cannot detect smaller aberrations. 
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In the 1990s the introduction of molecular cytogenetic techniques into the 

clinical laboratory setting represented a major advance in the ability to detect known 

syndromes and identify chromosomal rearrangements of unknown origin. Fluorescence 

in situ hybridization (FISH), which is the annealing of fluorescently labelled locus-

specific probes to their complimentary sequences in the genome, allowed the detection 

of specific microdeletion syndromes (Fig. 2).5 There are currently a number of 

commercially available FISH probes for the most common disorders, and this method is 

still predominantly used when the clinical phenotype is suggestive of a particular 

disorder. Several other FISH-based methods, including spectral karyotyping (SKY), 

multicolour FISH (m-FISH),5 and comparative genomic hybridization (CGH) have 

proven extremely useful in the identification of unknown chromosomal material. SKY 

and m-FISH rely mainly on the principal of differentially labelling each chromosome 

using a unique combination of fluorochromes and are especially beneficial for 

identifying the origin and content of supernumerary marker chromosomes (SMCs) and 

complex chromosome rearrangements (CCRs) that involve more than two 

chromosomes. CGH was originally introduced for the cytogenetic analysis of solid 

tumors, which can be difficult to culture, and involves the differential labeling of DNA 

from a test sample and a reference sample (Fig. 3).5 The fluorescently labelled reactions 

are combined and hybridized to metaphase spreads from chromosomally normal 

individuals. Gains and losses of the genome in the test sample relative to the control 

sample are represented as ratios that are quantified from digital image analysis. This 

method allows the investigation of the whole genome and is very useful for 

determining the origin of unknown genetic material, such as SMCs and other 

unbalanced rearrangements.5 However, CGH does not detect balanced rearrangements, 

and the resolution is on the order of 5–10Mb, and consequently many genomic 

disorders cannot be detected.3 
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Fig.2⏐ Fluorescence in situ hybridization (FISH) of metaphase human chromosomes. The probes are to 
the 5p telomere (red) and to the HAPLN1 gene at 5q14 (green). 

A

Fig.3⏐ Comparative Genomic Hybridisation experiment. A) Test and reference DNAs are labelled in 
SpectrumGreen and SpectrumRed respectively and simultaneously hybridised to a normal metaphase 
spread. B) Color ratio peak profile of the CGH experiment. The central black graph bar represents a ratio 
of 1. Areas to the right and to the left represent gains or losses in DNA copy number. The green line 
indicates the threshold value (1.25) for copy number gains and the red line indicates the threshold value 
for copy number losses (0.75). n represents the number of chromosomes analysed (adapted from Floridia 
G. et al, 2005)  

B
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Fig. 4⏐ Schematic representation of an array-CGH experiment. a) Test and reference DNA are 
differentially labelled, co-precipitated and hybridised to an array. b) and c) After wash procedures, 
the slides are analysed through a scanner and fluorescence intensities of each probe are determined. 
d) After imaging processing and data normalization, the log2 ratios of the probes are plotted as a 
function of chromosomal position. Probes with a value of zero represent equal fluorescence 
intensity ratio between sample and reference. Each dot represents a single probe spotted on the 
array. In this representation, copy number loss shift the ratio to the left and copy number gains 
shift the ratio to the right. 

(d) 

 
The need to screen the whole genome at a resolution that surpassed the existing 

technologies led to the implementation of microarray based CGH. The principle is very 

similar to that employed for traditional CGH, where two differentially labeled 

specimens are cohybridized in the presence of Cot1 DNA; however, instead of 

metaphase spreads, the hybridization targets are DNA substrates immobilized on a glass 

slide.5-7 Subsequently, the arrays are scanned and the resultant data are analyzed by 

software that computes the log 2 ratios for a variety of copy number differences 

between a patient and reference sample (Fig. 4)  

 

 

 

 

 

 

Consequently, array-CGH is an entirely molecular technique with a cytogenetic 

application and represents a hybrid method that requires the expertise of both 

specialties. The current limitations of the technology include the inability to detect 
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balanced chromosome rearrangements and the equivocal nature of copy number 

alterations of unknown significance that may be identified. Nevertheless, it is being 

used routinely in the clinical setting with a normal chromosome result in cases of 

mental retardation and/or multiple congenital anomalies (MR/MCA); as a result the 

diagnostic yield in this patient group has increased considerably.3 

 

1.2 Array – CGH Methodologies 

 

Two major types of array targets are currently being utilized. Initially, bacterial 

artificial chromosomes (BACs) were the array target of choice.6 However, more 

recently, oligonucleotide arrays have been adopted due to the increased genome 

coverage they afford. The design of both array types was made possible by the 

availability of the complete map and sequence of the human genome. The BAC arrays 

may contain DNA isolated from large insert clones that range in size from 150–200 kb, 

spotted directly onto the array or may employ the spotting of PCR products amplified 

from the BAC clones.8 These arrays are generally very sensitive and results can be 

directly validated with FISH using the BAC DNA as a probe. However, production of 

BAC DNA is labor-intensive, and the resolution is limited to 50–100 kb, even on a 

whole genome tiling path array.9 Oligonucleotide arrays offer a flexible format with the 

potential for very high resolution and customization. Several different platforms are 

available for oligonucleotide arrays, some of which were adapted from genomewide 

SNP-based oligonucleotide markers and others that were created from a library of 

virtual probes that span the genome, and consequently can be constructed to have 

extremely high resolution.10 Both BAC and oligonucleotide arrays have been used 

successfully to detect copy number changes in patients with MR/MCA and autism. A 

number of different array design approaches have been taken for diagnostic purposes. 

A targeted array is one that contains specific regions of the genome, such as the 

subtelomeres and those responsible for known microdeletion/microduplication 

syndromes, but does not have probes that span the whole genome.11-13 This type of 
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array was initially used for clinical applications in postnatal specimens but has also 

been implemented for prenatal specimens with an abnormal ultrasound finding or for 

general screening purposes.14-16 A whole genome or tiling path array offers full genome 

coverage with a resolution that is dependent on the spacing of the probes. For clinical 

testing the resolution generally involves a spacing of 50 kb to 1 Mb between adjacent 

probes on the array often with additional coverage at the subtelomeric regions.17-19 The 

enhanced coverage of whole genome arrays identifies an additional 5% of 

abnormalities when compared to a targeted array.19,20 For research purposes, very high 

density oligonucleotide whole genome arrays and region specific custom arrays have 

been instrumental in defining new syndromes, detecting target gene deletions and 

characterizing breakpoint regions.3,21-24   
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1.3 Applications of array-CGH in clinical genetics 

 

The impact of array-CGH on the practice of medical genetics has been 

transformative. This technology has already been used to expand the phenotypes of 

existing conditions, identify the reciprocal products of known abnormalities, determine 

the genomic lesions in known conditions, discover new syndromes, appreciate the 

prevalence of mosaicism in individuals with developmental delay, and ascertain the 

unexpected frequency of copy number variants across the genome.25 

 

1.3.1 Expanding the phenotypes of existing conditions.  

"Recognizable syndromes" are recognizable because they exhibit, to the trained 

clinician, a constellation of signs and symptoms that arouse sufficient suspicion to cause 

the clinician to order a test that will confirm the clinical diagnosis. This age-old pattern 

of medical practice creates a loop that includes the patient, the clinician, and the 

laboratory and, in doing so, reinforces these recognizable features, cements them to the 

syndrome, and makes the clinician more confident in his/her diagnostic skills. This 

approach to diagnostics, however, ignores that identical molecular lesions may result in 

clinical features that are only partially present in, or sometimes completely absent 

from, the narrow spectrum of recognizable features that make that syndrome 

identifiable.26 With the application of array-CGH to individuals with nonspecific 

developmental delay (DD) and/or mental retardation (MR), with or without 

dysmorphic features (DF), it is now clear that many recognizable microdeletions and 

microduplication syndromes have a much wider spectrum of clinical presentation than 

was previously appreciated.27,28 Such variation in the phenotype of individuals with 

identical molecular lesions at the locus of interest has long been acknowledged in some 

conditions such as the DiGeorge/velocardio- facial syndrome (VCFS) spectrum,29 but a 

new appreciation of this clinical variation is emerging from other genomic 

disorders.30,31 A more complete understanding of the full clinical spectrum of these 

disorders will be achieved as the use of array-CGH in the clinic becomes more 
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prevalent and as correlations of these clinical findings with the genomic lesions are 

made. Existing website resources such as DECIPHER (DatabasE of Chromosomal 

Imbalance and Phenotype in Humans using Ensembl Resources; 

http://www.sanger.ac.uk! PostGenomics/decipherl) (Wellcome Trust Sanger Inst. 2007) 

may facilitate widespread appreciation of such phenotypic variability (see 1.5).32 

 

1.3.2 Identifying the reciprocal products of known conditions.  

Many recognizable microdeletion syndromes are caused by nonallelic 

homologous recombination (NAHR) mediated by flanking low-copy repeat (LCR) 

sequences.33 Interchromosomal and interchromatid NAHR between LCRs in direct 

orientation result in reciprocal duplication and deletion, whereas intrachromatid 

NAHR only creates deletion.33 This mechanism predicts that the prevalence of the 

reciprocal duplication product in the population should be 1:2 to the frequency of 

deletion.33,34 However, duplications have not been observed until fairly recently,35-39 

likely because, in general, individuals with duplications tend to have a milder 

phenotype than those with the complementary deletions35,38-45 and this milder 

phenotype may not lead to clinical investigation. The recent characterization of these 

duplicated conditions and the prerequisite for FISH investigation of a clinical 

suspicion46 make the ascertainment of individuals with these conditions less likely by 

traditional approaches. The introduction of array-CGH in clinical practice has virtually 

eliminated all the technical impediments of traditional cytogenetics and FISH and 

allowed the detection of such conditions with relative-but not complete-independence 

from the clinician's diagnostic judgment. Therefore, recent reviews of cohorts of 

patients ascertained with array-CGH showed that the frequency of these duplications is 

much higher than heretofore appreciated.13,28,47,48 As array-CGH becomes the primary 

method of testing individuals with even mild DD/MR, the frequency of 

microduplications at the common microdeletion syndrome loci will likely increase. 25  
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1.3.3 Determining the genomic lesions in known conditions.  

Array-CGH is proving to be a powerful instrument for the elucidation of the 

genomic etiology of known conditions.49 The discovery of a candidate gene for CHARGE 

syndrome (stands for Coloboma of the eye, Heart defects, Atresia of the choanae, 

Retardation of growth and/or development, Genital and/or urinary abnormalities, and Ear 

abnormalities and deafness) provides an illustration of the power of array-CGH to study 

genetic disorders that have resisted years of investigation with traditional methods. 

Following several reports in which researchers unsuccessfully scanned the genomes of 

CHARGE subjects with CGH and microsatellite analysis, Vissers and colleagues50 

hybridized cell lines from two subjects with CHARGE syndrome onto a 1-Mb genome-

wide array. After confirming a ~ 5-Mb deletion on chromosome 8ql2 in one subject, with a 

BAC tiling resolution array, the authors hybridized DNA from a subject with CHARGE 

syndrome and an apparently balanced translocation. Array-CGH detected a complex 

rearrangement at the 8q12 breakpoint, comprising two deletions that overlapped that of the 

first deletion subject. After determining the 2.3-Mb smallest region of overlap (SRO), the 

authors screened 17 other individuals with CHARGE, none of whom had copy-number 

changes. Sequencing of the nine genes in the SRO revealed 10 heterozygous mutations in 

CHD7 in the 17 individuals without microdeletions, suggesting that deletion or mutation of 

this gene was causative for CHARGE.25,50  

 

1.3.4 Discovering new syndromes.  

The discovery of new syndromes is perhaps the most dramatic impact of 

contemporary molecular cytogenetics on current medical practice. The use of array-CGH 

has allowed the discovery of many new syndromes in the last few years and has revitalized 

clinical cytogenetics.28,51-59 These syndromes were identified via the use of arrays that were 

built based on specific architectural features of the human genome,56 are targeted to 

specific areas of the genome such as the pericentromeric regions,51 have an arbitrary 

coverage of the genome,60 have a high-density tiling path,52 or are targeted to areas of 

suspected clinical significance.28 Regardless of how these arrays are built or used, many 

new syndromes will be discovered as the use of array-CGH in the clinic continues. 25 
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1.3.5 Appreciating the prevalence of mosaicism in individuals with 

developmental delay.  

Even though the effect of mosaicism on embryonic development and pregnancy 

outcome is not entirely clear, mosaic chromosomal imbalances have been shown to 

affect the development of in vitro-generated preimplantation embryos.61 However, the 

detection of mosaicism in only 5% of aneuploid spontaneous miscarriages between 6-20 

weeks gestation62 and in only 12% of viable pregnancies screened by chorionic villus 

sampling (CVS)63,64 indicates that the incidence of mosaicism decreases through the first 

and second trimesters of pregnancy and is even rarer in live births. This dramatic 

reduction in mosaicism from the early stages of embryonic development through the 

late stages of clinically established pregnancies suggests that there is significant 

selection against mosaicism. Nevertheless, detecting low-level mosaicism for clinically 

significant chromosome abnormalities remained a pressing diagnostic challenge for 

conventional cytogenetic testing until the advent of array-CGH. The first systematic 

study of mosaicism in a large cohort identified mosaicism in as little as 3% of the cells 

on the basis of metaphase counts.65 Array-CGH has revealed a surprising prevalence of 

mosaicism in unselected populations of individuals who are referred for evaluation 

owing to DD, MR, and DF; the frequency of mosaicism among such individuals may be 

as high as 8-10%.28,65 Perhaps most significant is that array-CGH does not require the 

stimulation of cell cultures by phytohemagglutinin (PHA), as classically done in 

clinical cytogenetics, which may distort the percentage of mosaic cells and inhibit the 

detection of some mosaic abnormalities by chromosome analysis.25,65,66 
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1.3.6 Ascertaining the frequency of copy number variants across the genome.  

The use of array-CGH has established that genomic copy number variations 

(CNV) are very common and involve a surprisingly large proportion of the genome.67-70 

60,71-75 Although some of these CNVs likely contribute to susceptibility to common 

diseases such as Alzheimer, autism, cancer, and glomerulonephritis,76-81 the significance 

of most remains unclear. The use of array-CGH in research and clinical studies will 

further characterize and catalogue genomic CNVs in healthy individuals as a 

foundation for assessing their putative implications for disease associated phenotypes 

relevant to genetic conditions and to common complex disorders. The CNVs reported 

to date are documented in the Database of Genomic Variants 

(http://projects.tcag.ca/variation). However, information on CNVs and their clinical 

implications remains incomplete.82 This is likely due to a number of factors. First, the 

size distributions of CNVs detected is dependent on the technology used (early CNVs 

were detected by BAC arrays and tend to be of the order of approximately 100 kb or 

larger). This exaggeration of CNV size was conclusively demonstrated by Perry et al.83 

who used high-resolution oligonucleotide arrays to fine map 1,153 putative CNV loci 

and found that in reality, 88% were smaller in size than is recorded in the Database of 

Genomic Variants. Second, given the probable differences in frequency of particular 

CNVs in different populations, the variety of different CNVs observable in a given 

study may be significantly limited by the number and ethnic origin of individuals 

examined. Third, the majority of CNVs might be rare variants, occurring with a minor 

allele frequency <5%. Finally, the number of false-positive and false-negative CNVs in 

different studies may be variable, depending on the methodology, the sample quality, 

and the sample source.84,85 However, new technologies, such as next generation 

oligonucleotide arrays comprising millions of optimized probes86 and novel paired-end 

mapping approaches combined with high-throughput sequencing74,87,88 open the 

possibility of reliably detecting CNVs that are one to two orders of magnitude smaller 

than those assayed previously.85 25  
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1.3 Array-CGH and Sporadic Disease.  

 

By blurring the line between the definition of a "molecular" test and a 

"cytogenetic" test, contemporary cytogenetics has caused convergence between these 

two specialties and made possible the investigation and diagnosis of conditions that 

were previously in the province of one or the other, but rarely in both. It has been 

known for more than a decade that what was once thought to be a mendelian 

condition, and usually assumed to be caused by point mutations or small 

rearrangements on the order of a few nucleotides of a single gene, may be caused by 

large genomic rearrangements, sometimes as large as a few megabases, that affect the 

copy number of one or more contiguous genes both on the affected DNA segment89-93 

and sometimes, through position effect, at loci quite distant from the affected 

segment.94,95 In addition, what is traditionally thought of as "sporadic" may be due to a 

chromosomal rearrangement. The frequencies of de novo chromosomal events are 

orders of magnitude larger than spontaneous point mutations and are likely to 

represent the overwhelming majority of "sporadic" disease due to genetic defects.96 

Furthermore, this awareness of the frequency of such rearrangements should make 

clinicians sensitive to the possibility that many sporadic diseases may be caused by 

chromosomal alterations and perhaps multifactorial and complex traits may be caused 

or facilitated by de novo or inherited CNVs that are now detectable with contemporary 

cytogenetic methods. The application of high-resolution genome analysis in research 

and clinical laboratories will uncover the genomic basis of many such disorders and 

will allow for better correlation of the many known CNVs with specific phenotypes. 

Although this promises to be a very challenging exercise,97 much work has already 

been initiated in cancer, neurological and neuropsychological conditions, infectious 

diseases, and others, suggesting that the clinical utility and applicability of such 

investigations cannot be too distant. 25  
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1.4 DECIPHER database 

 

 As we already mentioned before, many patients suffering from developmental 

disorders harbor submicroscopic deletions or duplications that, by affecting the copy 

number of dosage-sensitive genes or disrupting normal gene expression, lead to disease. 

However, many aberrations are novel or extremely rare, making clinical interpretation 

problematic and genotype-phenotype correlations uncertain. Identification of patients 

sharing a genomic rearrangement and having phenotypic features in common leads to 

greater certainty in the pathogenic nature of the rearrangement and enables new 

syndromes to be defined. To facilitate the analysis of these rare events, an interactive 

web-based database has been developed called DECIPHER (Database of Chromosomal 

Imbalance and Phenotype in Humans Using Ensembl Resources), which incorporates a 

suite of tools designed to aid the interpretation of submicroscopic chromosomal 

imbalance, inversions, and translocations. DECIPHER catalogs common copy-number 

changes in normal populations and thus, by exclusion, enables changes that are novel 

and potentially pathogenic to be identified. DECIPHER enhances genetic counseling by 

retrieving relevant information from a variety of bioinformatics resources. Known and 

predicted genes within an aberration are listed in the DECIPHER patient report, and 

genes of recognized clinical importance are highlighted and prioritized. DECIPHER 

enables clinical scientists worldwide to maintain records of phenotype and 

chromosome rearrangement for their patients and, with informed consent, share this 

information with the wider clinical research community through display in the 

genome browser Ensembl. By sharing cases worldwide, clusters of rare cases having 

phenotype and structural rearrangement in common can be identified, leading to the 

delineation of new syndromes and furthering understanding of gene function. 32 
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2. RATIONALE, AIM and OUTLINE OF THE STUDY 

 
Chromosomal abnormalities are a major cause of mental retardation and 

congenital malformations. It is known that a considerable fraction of patients with 

multiple congenital anomalies and mental retardation have submicroscopic 

chromosomal imbalances. The introduction of whole genome array-CGH allows to 

investigate the DNA for the presence of copy number alterations with high resolution. 

In patients with multiple congenital anomalies and mental retardation 15-24% of 

segmental aneusomies were reported. Given these data, we have decided to apply both 

classical approaches and innovative methodologies to the study of several patients with 

mental retardation and congenital anomalies. 

By the use of nucleotide array with 44.000 and 99,000 probes and an average 

resolution of about 100-130 kb (44K, Agilent) and 50-65 kb (105K, Agilent).rispectively 

we have analyzed 332 patients with mild to severe mental retardation associated to 

facial dysmorphisms and/or congenital anomalies. Forty six cases (14%) were 

considered positive using the following criteria: i) de novo non polymorphic 

rearrangements (5%); ii) either inherited (15q11.2q13.2) or de novo rearrangements of 

known syndromes (6.6%); iii) either inherited or de novo rearrangements in 

susceptibility regions (that is genetic risk factors that associated with other unknown 

modifiers can cause disease) (15q13.3 and 16p11.2) (1.8%), iv) either inherited or de 

novo rearrangements with possible effects in surrounding genes (0.6%).  

The de novo non polymorphic rearrangements include: del2q24.3q31.1,98 

del2q31.2q32.3,99 del3q27.3q29 (Result 4.1.1.1),100 del6p25.3p25 (Result 4.1.1.6), 

del6q24.3q25.1,101 del6q25.2q25.3, dup7q11.23 (Result 4.1.1.7), del7q22.2q22.3 (Result 

4.1.1.2), del7q36.1q36.2,102 dup8q22.3, del8q22.3 (Result 4.1.1.9), del9q31.1 (Result 

4.1.1.9), del14q12 (Result 4.1.1.3),103,104 del14q32.31, del21q22.11q22.12 (Result 4.1.1.4), 

and a complex rearrangement of a del9p24.1p24.3 and a dup17p13.3 (Result 4.1.1.5) 

(Table 1).  
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The group of known syndromes includes a case of 1p-, the shortest 4p- and 

6q- known in the literature, one case of Williams-Beuren syndrome, a case of a 

AS/PWS and two cases of AS/PWS reciprocal duplication, three cases of Potocki-

Lupski, two cases of Smith-Magenis, five cases of 22q11 deletions and one case of 22q11 

duplication, one case of 22q13 deletion and two cases of dupXq28 (Table 2).  

The rearrangements in susceptibility regions include three cases with 

dup15q13.3, one with dup16p11.2 and two with del16p11.2. Parental inheritance has 

been verified in three cases. The patient (#570) carrying dup15q13.3 inherited from 

normal father shows hypotonia, mental retardation, recurrent infections, epilepsy and 

cerebral anomalies (Result 4.1.2.1). The patient (#846) carrying dup15q13.3 inherited 

from normal mother shows mental retardation, behavioural disorder, cleft palate and 

skeletal anomalies (Result 4.1.2.2). The third patient (#221) shows autistic traits, 

cerebral anomalies and recurrent infections (Result 4.1.2.3). One patient (#518) with de 

novo del6p11.2 shows recurrent infections, behavioural and phonological disorders. 

(Result 4.1.2.4). The other patient (#1230) with del6p11.2 shows speech delay and 

learning disabilities (Result 4.1.2.5). The patient with dup16p11.2 (#778) shows mental 

retardation, epilepsy and EEG anomalies (Result 4.1.2.6). Latest data indicate a strong 

correlation of these two regions with a pathological phenotype not only regarding 

autism and epilepsy but also variable clinical outcome.105-110 

Since it has been proved that in mammals rearrangements may alter 

expression of genes lying up to 10Mb from the breakpoints,95 111 we re-analyzed our 

cohort paying attention to the surrounding regions. We describe here two cases (0.6%), 

with a possible autosomal recessive syndrome due to a gene outside the rearranged 

region. In a sex reversal 46XX male we identified a 1.8Mb inherited duplication in 

17q12 laying 4Mb upstream of the 17beta-hydroxysteroid dehydrogenase 1 gene that 

encodes HSD17B1, which catalyzes the final step of testosterone biosynthesis (Result 

4.1.3.1).112,113 In a sex reversal 46XY female we identified a 0.2Mb inherited deletion in 

17q12 laying 7Mb apart upstream of the above mentioned gene (Result 4.1.3.2).  
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An accurate search of the literature allowed to identify patients with 

overlapping rearrangements delineating novel microdeletion/duplication syndromes or 

extending the phenotype associated with susceptibility regions.  

 

Our study allowed the characterization of several chromosomal imbalances in 

patients with complex phenotype, confirming the power of the array-CGH method to 

clarify the molecular basis of these difficult cases. Through the employment of this 

innovative approach, several families finally received a definitive diagnosis and a 

correct recurrence risk. 

All patients described in this thesis have been inserted in the DECIPHER 

database (http://www.sanger.ac.uk/PostGenomic/decipher/) permitting us to create 

collaborations and extend the clinical phenotype associated with new 

microdeletion/microduplication syndromes . 
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Table 1: De novo rearrangements

Table 2: Known syndromes
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3. MATERIALS & METHODS 

 

3.1 Patients collection 

 

Patients with mental retardation and multiple congenital anomalies enrolled in 

this study have been selected among those attending the Medical Genetics Unit of the 

University Hospital of Siena.   

 

3.2 Array-based CGH 

 

3.2.1 Samples preparation 

Genomic DNA of normal controls was obtained from Promega. Genomic DNA 

was extracted from peripheral blood using a QIAamp DNA Blood Maxi kit according to 

the manufacturer protocol (Qiagen, www.qiagen.com). The OD260/280 method on a 

photometer was employed to determine the appropriate DNA concentration114. Patient 

and control DNA samples were sonicated to produce a homogeneous smear DNA 

extending from approximately 600 bp to 2 kb. DNA samples were then purified using 

the DNA Clean and Concentrator kit (Zymo Research, Orange, CA). Ten micrograms 

of genomic DNA both from the patient and from the control were sonicated. Test and 

reference DNA samples were subsequently purify using dedicated columns (DNA Clean 

and Concentrator, Zymo research, CA92867-4619, USA) and the appropriate DNA 

concentrations were determine by a DyNA Quant™ 200 Fluorometer (GE Healthcare).  
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3.2.2 Human oligonucleotides array 

Array based CGH analysis was performed using commercially available 

oligonucleotide microarrays containing about 43,000 60-mer probes with an estimated 

average resolution of about 100-130 kb (Human Genome CGH Microarray 44B Kit, 

Agilent Technologies) and microarrays containing 99,000 60-mer probes with an 

estimate average resolution of 50-65 kb (Human Genome CGH Microarray 105A Kit, 

Agilent Technologies). Physical positions of the probes correspond to the UCSC 

genome browser - NCBI build 36, March 2006. (http://genome.ucsc.edu). DNA 

labelling was executed essentially according to the Agilent protocol (Oligonucleotide 

Array-Based CGH for Genomic DNA Analysis 2.0v) using the Bioprime DNA labelling 

system (Invitrogen). Genomic DNA (2 μg) was mixed with 20 μl of 2.5X Random 

primer solution (Invitrogen) and MilliQ water to a total volume of 41 μl. The mix was 

denaturated at 95° C for 7 minutes and then incubated in ice/water for 5 minutes. Each 

sample was added with 5 μl of 10X dUTP nucleotide mix (1.2 mM dATP, dGTP, dCTP, 

0.6 mM dTTP in 10 mM Tris pH 8 and 1 mM EDTA), 2.5 μl of Cy5-dUTP (test sample) 

or 2.5 μl of Cy3-dUTP (reference sample) and with 1.5 μl of Exo-Klenow (40 U/μl, 

Invitrogen). Labeled samples were subsequently purified using CyScribe GFX 

Purification kit (Amersham Biosciences) according to the manufacturer protocol. Test 

and reference DNA were pooled and mixed with 50 μg of Human Cot I DNA 

(Invitrogen), 50 μl of Blocking buffer (Agilent Technologies) and 250 μl of 

Hybridization buffer  (Agilent Technologies). Before hybridization to the array the mix 

was denatured at 95° C for 7 minutes and then pre-associated at 37°C for 30 minutes. 

Probes were applied to the slide using an Agilent microarray hybridization station. 

Hybridization was carried out for 40 hrs at 65° in a rotating oven (20 rpm). The array 

was disassembled and washed according to the manufacturer protocol with wash 

buffers supplied with the Agilent 44B kit. The slides were dried and scanned using an 

Agilent G2565BA DNA microarray scanner. Image analysis was performed using the 

CGH Analytics software v. 3.4.40 with default settings. The software automatically 

determines the fluorescence intensities of the spots for both fluorochromes performing 
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background subtraction and data normalization, and compiles the data into a 

spreadsheet that links the fluorescent signal of every oligo on the array to the oligo 

name, its position on the array and its position in the genome. The linear order of the 

oligos is reconstituted in the ratio plots consistent with an ideogram. The ratio plot is 

arbitrarily assigned such that gains and losses in DNA copy number at a particular locus 

are observed as a deviation of the ratio plot from a modal value of 1.0. 

 

3.3 Real-time quantitative PCR  

Some array-CGH data were confirmed by Real-time Quantitative PCR 

experiments. To design adequate probes in different regions of the human genome, we 

used an TaqMan Gene Expression Assays by design  which provides pre-designed 

primers-probe set for real-time PCR experiments (Applied Biosystems, 

https://products.appliedbiosystems.com;) PCR was carried out using an ABI prism 7000 

(Applied Biosystems) in a 96-well optical plate with a final reaction volume of 50 μl. A 

total of 100 ng (10 μl) was dispensed in each of the four sample wells for quadruplicate 

reactions. Thermal cycling conditions included a prerun of 2 min at 50°C and 10 min at 

95°C. Cycle conditions were 40 cycles at 95°C for 15 sec and 60°C for 1 min according 

to the TaqMan Universal PCR Protocol (ABI). The TaqMan Universal PCR Master Mix 

and Microamp reaction tubes were supplied by Applied Biosystems. The starting copy 

number of the unknown samples was determined using the comparative Ct method as 

previously described.115 
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3.4 Multiplex Ligation-dependent Probe Amplification (MLPA) 

 

MLPA analysis was performed according to the provider’s protocol with a 

specifically designed set of probes for testing critical regions in DiGeorge syndrome 

(SALSA P023 kit; MRC-Holland, Amsterdam, Netherlands; http://www.mrc-

holland.com), 1p-deletion syndrome, Williams syndrome, Smith-Magenis syndrome, 

Miller-Dieker syndrome, DiGeorge syndrome, Prader-Willi syndrome, Alagille 

syndrome, Saethre-Chotzen syndrome, Sotos syndrome: (SALSA P064B MR1 kit) and 

subtelomere regions (SALSA P036D subtelomeric primer kit). The ligation products 

were amplified by PCR using the common primer set with the 6-FAM label distributed 

by the supplier. Briefly, 100 ng of genomic DNA was diluted with TE buffer to 5 μl, 

denatured at 98°C for 5 minutes and hybridized with SALSA Probe-mix at 60°C 

overnight. Ligase-65 mix was then added and ligation was performed at 54°C for 15 

minutes. The ligase was successively inactivated by heat (98°C for 5 minutes). PCR 

reaction was performed in a 50 μl volume. Primers, dNTP and polymerase were added 

and amplification was carried out for 35 cycles (30 seconds at 95°C, 30 seconds at 60°C 

and 60 seconds at 72 °C). Amplification products were identified and quantified by 

capillary electrophoresis on an ABI 310 genetic analyzer, using GENESCAN software 

(version 3.7) all from Applied Biosystems (Foster City, CA, USA). The peak areas of the 

PCR products were determined by GENOTYPER software (Applied Biosystems). A 

spreadsheet was developed in MicrosoftTM Excel in order to process the sample data 

efficiently. Data were normalized by dividing each probe’s peak area by the average 

peak area of the sample. This normalized peak pattern was divided by the average 

normalized peak pattern of all the samples in the same experiment.116 
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4. RESULTS 
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4.1  Analysis of a cohort of MCA/MR patients 
 
 
 
 
 
 
 
 

4.1.1  Novel deletions/duplications 
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A 9.3 Mb microdeletion of 3q27.3q29 associated with psychomotor and 
growth delay, tricuspid valve dysplasia and bifid thumb. 
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Interstitial 7q22 deletion in a patient with overgrowth and delayed bone age. 
 
Uliana V.1, Grosso S.2, Cioni M.. 2, Ariani F.1, Papa F.T.1, Tamburello S. 2, Rossi E. 2, Katzaki E. 1, Marozza 
A. 1, Pollazzon M. 1, Mencarelli M.A. 1, Mari F. 1, Balestri P. 2, Renieri A. 1 
 
1 Medical Genetics, University of Siena, Siena, Italy 
2 Pediatrics, University of Siena, Italy 
 
We report a patient with mental retardation, epilepsy, overgrowth, delayed bone age, peculiar facial features, 
corpus callosum hypoplasia, mega cisterna magna and right cerebellar hypoplasia. Array-CGH analysis revealed 
the presence of a de novo 3.2 Mb interstitial deletion of the long arm of chromosome 7 involving bands q22.2-
q22.3. The rearrangement includes 12 genes and encompasses a genomic region that represents a site of frequent 
loss of heterozygosity in myeloid malignancies. Four genes are implicated in the control of cell cycle: SRPK2, 
MLL5, RINT1 and LHFPL3. The aploinsufficiency of these genes could be associated with patient overgrowth and 
could confer susceptibility to cancer, implicating an oncology follow up. In conclusion, array-CGH analysis should 
be performed in patients with overgrowth where the known causes have yet been excluded, because some still 
unclassified overgrowth syndromes may be caused by subtle genomic imbalances. 
 
KEYWORDS 
Microdeletions, Array-CGH, Overgrowth syndrome, Delayed bone age  
 
 
INTRODUCTION 
 
Overgrowth syndromes (OGS) are characterised by the 
association of increased weight, length or head circumference 
with a variable combination of other features, including mental 
retardation, facial dysmorphisms, advanced bone age, 
hemihyperplasia and a higher risk of tumorogenesis [16]. Only 
a small number of OGS has a known genetic basis. Classic 
OGS associated with advanced bone age include: Sotos 
syndrome (MIM 117550), due to inactivation of the NSD1 
gene (5q35.1); Beckwith–Wiedemann syndrome (MIM 
130850), mainly caused by deregulation of imprinted growth-
regulatory genes within the 11p15 region; and Simpson-
Golabi-Behemel syndrome (MIM 312870), associated with 
CPC3 (Xq26) mutations. Overgrowth associated with autism 
spectrum disorders and extreme macrocephaly has been 
reported associated to germline mutations in the PTEN gene 
(10q23.31), known to be implicated in syndromes with 
increased tumour risk [2, 18]. In few patients with overgrowth 
and mental retardation, unbalanced rearrangements have been 
identified: mosaicism for 20p11.2 trisomy; 15q26.1-qter 
trisomy; dup4p16.6; del9q22; and del22q13 [8-10, 19, 22]. 
Therefore, some still unclassified overgrowth syndromes may 
be caused by subtle genomic imbalanced rearrangements.  
In this report, we describe a patient with overgrowth, delayed 
bone age and a de novo microdeletion at 7q22.2q22.3 
identified by array-CGH analysis. Since the deletion, 
containing 12 genes, encompasses a genomic region that is 
frequently deleted in myeloid malignancies and other solid 
tumors, we hypothesized that deregulation of cell cycle control 
could be associated with patient overgrowth. 
 
CLINICAL REPORT 
 
The proband, a 7 years and 2 months male, is the first child of 
healthy unrelated parents. At birth, mother and father were 36 
and 43 years old, respectively. The second child, 4 years old, 

presented language delay: he spoke first words at two years of 
age. The father had epilepsy with generalized seizures until the 
age of five years. Father clinical examination revealed 
macrocephaly (OFC 60 cm, >97° cnt), obesity (weight 100 kg, 
BMI 31,2) and normal height (179 cm, 75-90° cnt).   
The proband was born at term, with caesarean section for 
podalic birth. At the seventh month of pregnancy, the 
ultrasound examination showed asymmetric ventriculomegaly. 
At birth, the proband showed macrosomy: his weight was 
4200 g (>90° cnt), head circumference 37,5 cm (>90th cnt) 
and no data were available about lenght. The Apgar Index 
were 8 (I) and 9 (V). Bilateral congenital metatarsus varus and 
left cryptorchidism were also observed. A mild motor 
retardation and a more severe language delay were reported: 
he sat unsupported at 6 months, he walked alone at 18 months 
and he was able to speak the first words at 3 years. At 6 years 
and 2 months, the IQ, calculated through CMMS, resulted 55 
indicating mild mental retardation. Two hands radiographies 
revealed delayed bone age (at 3 years and 8 months, a bone 
age of 2 years; at 4 years and 9 months, a bone age of 4 years) 
and one resulted normal (at 6 years and 3 months, a bone age 
of 6 years).  
The first seizure episode occurred at 2 years and 2 months of 
age and then the patient developed drug-resistant epilepsy with 
generalized seizures. EEGs performed from 2 to 4 years of age 
showed left temporo-parietal anomalies. Subsequent EEGs 
revealed slowed cerebral rhythm. Brain MRI pointed out 
sovratentorial white matter reduction with consequent 
ventricolomegaly; mega cisterna magna and choroid plexus 
cysts of the lateral ventricles. An ECG performed at 3 years 
revealed “sinusal tachicardy” and a heart murmur was noted, 
but the ecochardiogram resulted normal. ABR, ocular 
examination with fondus oculi, abdominal ultrasound 
examination, GH and IGF1 blood values resulted normal. 
Karyotype, Fragile X Syndrome test and PTEN gene analysis 
also resulted normal. 
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At 7 years and 2 months, he was admitted to our Medical 
Genetic Unit. At clinical examination, overgrowth was 
evident: height was 135 cm (>97th cnt), weight was 38 kg 
(BMI 20,85) and head circumference was 56 cm (+3 DS). 
He presented sparse eyebrows, deep set eyes, impression of 
hypotelorism, sagging cheeks, prognatism and 
macroglossia. His ears were large and the nose showed 
prominent columella. Hands were tapering and large (palm 
lenght 8 cm, >97th, and middle finger length 6,5 cm, >97th 
cnt). Feet were long (length 21,5 cm, >97° cnt). Two nevi 
in the abdominal region and one hypercromic stains in the 
right calf were observed.  
In this patient, array-CGH analysis at a resolution of 75 Kb 
revealed the presence of a de novo 7q22.2q22.3 
microdeletion.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1. Clinical features of the patient with the 7q22 
microdeletion at the age of 7 years and 2 months. Frontal 
view (a). Note the sparse eyebrows, deep set eyes, 
impression of hypotelorism and macroglossia. Lateral right 
view (b). Note the sagging cheeks, the prognatism and the  
large ears. 
 
MATHERIALS AND METHODS 
 
Genomic DNA of a normal male control was obtained from 
Promega. Genomic DNA of the patient was isolated from 
an EDTA peripheral blood sample by using a QIAamp 
DNA Blood Kit according to the manufacturer protocol 
(Qiagen, Hilden, Germany). 
Ten micrograms of genomic DNA both from the patient 
(test sample) and the control (reference sample) were 
sonicated. Test and reference DNA samples were 
subsequently purified by using dedicated columns (DNA 
Clean and Concentrator, Zymo Research) and the 
appropriate DNA concentrations were determined by a 
DyNA Quant™ 200 Fluorometer (GE Healthcare). 
Array-CGH analysis was performed using commercially 
available oligonucleotide microarrays containing about 
43.000 60-mer probes (Human Genome CGH Microarray 
44B Kit, Agilent Technologies, Santa Clara, California) as 
previously reported [20]. The average resolution is about 
75-100 Kb. 
 
RESULTS 
 
Array-CGH analysis identified a chromosome 7 interstitial 
deletion of about 3.2 Mb [46,XY,del(7)(q22.2q22.3)] (Fig. 
2). The proximal breakpoint is mapped in 7q22.3, with the 
last oligonucleotide present located in 103.4 Mb and the 
first deleted in 103.6 Mb. The distal breakpoint is located in 
7q22.3 between 106.5 Mb and 106.7 Mb (last 
oligonucleotide deleted and first present, respectively). The 
analysis in healthy parents excluded the presence of the 
rearrangement.

 

Figure 2. Molecular results. a) Array-CGH ratio profile. On 
the left, the chromosome 7 ideogram. On the right, the log2 
ratio of chromosome 7 probes plotted as a function of 
chromosomal position. Oligos with a value of zero 
represent equal fluorescence intensity ratio between sample 
and reference DNAs. Each dot represents a single probe 
(oligo) spotted on the array. Copy number losses shift the 
ratio to the left.  
 
DISCUSSION 
 
We report a patient with a de novo 7q22.2–q22.3 
microdeletion of 3.2 Mb including 12 genes. The patient 
presents mental retardation, epilepsy, overgrowth, delayed 
bone age, peculiar facial features, corpus callosum 
hypoplasia, mega cisterna magna and right cerebellar 
hypoplasia.  
To our knowledge, there is only one reported interstitial 
deletion of the long arm of chromosome 7 characterized by 
molecular cytogenetic techniques partially overlapping with 
the deletion reported here. It is a de novo 7q22.1q22.3 
deletion identified in a 14-year-old female with 
developmental delay, mild mental retardation, abdominal 
obesity, hyperfagia and hypothyroidism [15]. The deletion 
contained a known disease-gene, RLN, likely responsible 
for most clinical features observed in the girl. The only 
gene certainly included in both deletions is LHFPL3 
(LHFP-like Protein 3), corresponding to a human EST of 
which the deduced amino acid sequence shares 40% 
identity with the N-terminal of LHFP that acts as a fusion 
partner with HMGIC in a subgroup of lipomas. LHFPL3 
has been discussed as a candidate gene in uterine 
leiomyoma [21]. Computational analysis suggests that 
LHFPL3 protein belongs to the tetraspanin superfamily of 
transmembrane proteins that play an important role in the 
control of proliferation, cellular adhesion, and signalling 
[21]. 
Overgrowth syndromes seemed to be associated with a 
deregulation in cell growth and this is supported by the 
susceptibility to cancer in overgrowth syndromes [16]. 
Interestingly, the microdeletion reported here includes a 
genomic region that is a site of frequent loss of 
heterozygosity (LOH) in human cancers, such as myeloid 
malignancies and uterine leiomyoma [4, 14]. Loss of 
genetic material is a cytogenetic hallmark of tumor 
suppressor genes inactivation in cancer. Based on this 
paradigm, it has been hypothesized that 7q, frequently 
deleted in myelodysplastic syndromes and acute myeloid 
leukemia, likely harbours tumor-suppressor genes whose 
inactivation contributes to leukemogenesis [14]. Since 
recent studies have highlighted the high heterogeneity of 
the breakpoints on 7q and the complexity of 7q 
rearrangements, it is more likely that there are multiple 
genes involved in the pathogenesis of myeloid disorders 
rather than only a single tumor suppressor [1]. On the basis 
of their involvement in cell cycle control, several candidates 
have been proposed. Among them, four genes are included 
in the microdeletion reported in the present study (Tab1): 
SRPK2, MLL5, RINT1 and the already cited LHFPL3. 
SRKP2 (Serine/threonine-protein kinase 2) belongs to the 
SRPK kinases, a family of cell cycle-regulated protein 
kinases [12]. In particular, SRPK2 directly binds and 
phosphorylates acinus, up-regulating its stimulatory effect 
on cyclin A1 [12]. Moreover, ablation of SRPK2 or acinus 
arrests cell cycle at G1 phase, resulting in cell proliferation 
decrease, whereas overexpression of acinus or SRPK2 
substantially increases G2-M phase [12]. The MLL5 gene 
encodes for a nuclear protein with an N-terminal PHD zinc 
finger and a central SET domain. Ectopic overexpression of 
GFP-MLL5 induces cell cycle arrest in G1 phase [7]. It has 
been suggested that MLL5 forms intranuclear protein 
complexes that may play an important role in chromatin 
remodelling and cellular growth suppression [7]. RINT1 
has been proposed as a novel tumor suppressor, since Rint-
1 +/- heterozygous mice have been shown to develop 
multiple tumors [17]. RINT-1 plays an essential role in cell 
survival and tumor suppression by maintaining the 
functional integrity of the centrosome, regulating the proper 
dynamics of the Golgi apparatus and the endoplasmic 

7 



 47

reticulum and controlling telomere length [13, 17]. It is 
possible that macrosomia observed in the patient is 
associated with the deletion of these genes implicated in the 
control of cell cycle. Overgrowth can result from an 
increased number of cells, hypertrophy, an increase in the 
interstititum, or from a combination of these factors. In 
overgrowth syndromes such as Wiedemann-Beckwith 
syndrome or Weaver syndrome, excessive cellular 
proliferation predominates and can be demonstrated or 
inferred to have occurred [3]. In accordance with the role of 
cell cycle deregulation in overgrowth syndromes, mutations 
in PTEN, a tumor suppressed gene, have been described in 
patients with overgrowth and autism and/or mental 
retardation.  
Differently from classic overgrowth syndromes that are 
generally associated with advanced bone age, our patient 
presents delayed bone age, normalizing with time. This 
could indicate a slowing in differentiation of bone matrix to 
adult bone. Interestingly a gene deleted is PIK3CG and, in 
accordance with proband phenotype, PIK3s inhibition lead 
to a delay in chondrocyte differentiation [11]. However, in 
contrast with proband overgrowth, PIK3 inhibition is also 
associated with reduced bone length [23]. It is possible that 
other genes included in the deletion exert an effect 
contrasting this reduction.  
Furthermore, the deletion include two genes, ATXN7L1 and 
SYPL1, with sequence homology to ATXN7 and SYP, 
respectively. ATXN7 is the causative gene for 
spinocerebellar ataxia-7 and SYP encodes an integral 
membrane protein of small synaptic vesicles in brain [6, 
24]. Therefore, it is possible that they might have a role in 
the proband psychomotor delay.  
Another deleted gene, PRKAR2B, seems to have an 
important role in regulating energy balance and adiposity. 
However our patient shows obesity, while the knock out of 
prkar2b in mice leads to a reduction in body weight and in 
white adipose tissue [5].  
 
Table 1. Gene content of the deleted region. Genes indicate 
in bold may be involved in the clinical phenotype of the 
patient (see Discussion). 
 

GENE DESCRPTIONS 
LHFPL3 Lipoma HMGIC fusion partner-like 3 

MLL5 Myeloid/Lymphoid or mixed-lineage 
Leukemia 5 

SRPK2 Serine/threonine-protein kinase 2 
PUS7 Pseudouridylate synthase 7 homolog 
RINT1 RAD50 interactor 1 

ATXN7L1 Ataxin 7-like 1 
SYPL1 Synaptophysin-like 1 

PIK3CG Phosphoinositide-3-kinase, catalytic, 
gamma polypeptide 

PRKAR2B Protein kinase, cAMP-dependent, 
regulatory, type II, beta 

HBP1 HMG-box transcription factor 1 
COG5 Component of oligomeric Golgi complex 5 
GPR22 G protein-coupled receptor 22 

 
 In conclusion, macrosomia in our patient could 
be associated with deregulation in cell cycle control. This 
implicates an oncology follow up for the proband such as in 
other overgrowth syndromes. Moreover, array-CGH 
analysis should be performed in patients with overgrowth 
where the known causes have yet been excluded, because 
some still unclassified overgrowth syndromes may be 
caused by subtle genomic imbalances.  
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Running title : 21q22 microdeletion syndrome with trombocytopenia  
 
ABSTRACT  
 

During the last few years, an increasing number of microdeletion/microduplication syndromes have 
been delineated. This rapid evolution is mainly due to the availability of microarray technology as a routine 
diagnostic tool. Recently, microdeletions of the 21q22.11q22.12 region encompassing the RUNX1 gene were 
reported in 9 patients presenting with syndromic thrombocytopenia and mental retardation. RUNX1 gene is 
responsible for an autosomal dominant platelet disorder with predisposition to acute myelogenous leukemia. 
We report on three novel patients with an overlapping “de novo” interstitial deletion involving the band 
21q22 characterized by array-CGH. All of our patients presented with severe developmental delay, 
dysmorphic features, behavioural problems and thrombocytopenia. We have compared the clinical features 
of our patients with the overlapping ones already reported. The emerging phenotype includes prenatal and 
postnatal growth retardation, psychomotor delay, microcephaly, peculiar facial characteristics and 
thrombocytopenia. Bioinformatic analysis also demonstrated that the deleted region contains the miRNA 
gene, mir-802, which is supposed to modulate the activity of RUNX1. We hypothesize that presence or 
absence of this miRNA can contribute in part to the patients’ haematologic phenotype. Overall, it seems that 
a new microdeletion syndrome in 21q22.11q22.12 is emerging and this region has to be investigated in all 
patients sharing psychomotor and growth retardation and thrombocytopenia. We also underline the 
importance of investigating the presence of miRNAs in microdeletion syndromes when phenotype-genotype 
correlation is attempted.  
 

KEY WORDS   

Chromosome 21, mental retardation, array-CGH, 21q interstitial deletion, thrombocytopenia, RUNX1.

INTRODUCTION 

Mental retardation is a condition characterized by a 
significant impairment of cognitive and adaptive functions 
and it has a prevalence of about 2-3%.1 However, the 
establishment of an etiological diagnosis is frequently a 
challenge and the underlying cause remains unknown in 
60% of patients.2 Since chromosomal aberrations are the 
most common known cause of mental retardation, genome-
wide screening methods have been developed using 
comparative genomic hybridisation (e.g array-CGH) to 
improve the detection rate of chromosomal rearrangements. 
Such methods have allowed the diagnosis of atypical 
patients, the identification of new chromosome regions and 
candidate genes for specific phenotypes and the 
characterization of new microdeletion syndromes that until 
now were completely unknown.3-5  

Several cases with a deletion of the long arm of 
chromosome 21 have been described, identified through 
standard cytogenetic analysis or array-CGH.6-18 To date 9 
deletions involving bands 21q22.11q22.12 have been 
reported in literature and recurrent features include prenatal 

growth retardation with microcephaly, developmental delay 
and trombocytopenia.6,18-22 

Here, we report on the clinical description and molecular 
data of three new patients with de novo 21q22.11q22.12 
interstitial deletions, identified by array-CGH and compare 
their features with those of other patients with overlapping 
deletions. Furthermore, we investigated the deleted region 
for the presence of both coding and miRNAs genes. 

MiRNAs are small, non-protein coding RNAs that base pair 
with specific mRNA targets and lead to translational 
repression or mRNA cleavage.23-25 Thus, the end result of 
miRNA-mediated gene regulation is a reduction in the total 
amount of target protein that is produced 23-25. Recent 
studies show that miRNAs play a fundamental role in 
diverse biological and pathological processes, including cell 
proliferation, differentiation, apoptosis, carcinogenesis and 
cardiovascular disease 24,25. It has been recently 
demonstrated that human chromosome 21-derived (Hsa21) 
miRNAs are over-expressed in fetal Down syndrome brain 
and heart specimens, and thus they are possibly 
contributing to the phenotype.26 
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METHODS 

Oligonucleotide array-CGH 

Genomic DNA of the patient was isolated from an EDTA 
peripheral blood sample by using the saline extraction 
method27 or the QIAamp DNA Blood Kit according to the 
manufacturer protocol (Qiagen, www.qiagen.com). We 
used the OD260/280 method on a photometer to determine 
the appropriate DNA concentration.28 Genomic DNA of a 
normal control was obtained from Promega. Array based-
CGH analysis was performed using commercially available 
oligonucleotide microarrays Human Genome CGH 
Microarray 44B Kit and Human Genome CGH Microarray 
244A Kit (Agilent Technologies, Santa Clara, California) as 
previously reported.29,30 The median resolution is nearly 75 
kb for 44B and 8.9 kb for 244A. 

Clinical histories 

Case 1 

The patient is a 17 years and 5 months old girl, the first 
child of non consanguineous and healthy parents. At the 
time of delivery the mother and father were 33 and 39 years 
old respectively. She was born after a prolonged labour at 
the end of a pregnancy where reduced fetal movements and 
placenta ageing were detected. At birth, she showed the 
following parameters: weight 2400 gr (<3th centile), length 
47 cm (10-25th centile), head circumference 33 cm (25-50th 
centile). Soon after birth she showed difficulty to thrive, 
inconsolable cry and sleep-wake rhythm alteration. 
Frequent colds and otitis during infancy are referred. At the 
age of three months lack of eye contact, hypotonia and 
failure to thrive were detected. She had a severe 
developmental delay: she began to sit alone at 1 year of age, 
she has never acquired verbal abilities and she has never 
acquired sphincter control. X-rays of hands showed short 
second phalanx of II and V finger bilaterally, cone-shaped 
epiphyses of phalanges and delayed bone age 
(chronological age 7 months with bone age of 2 months and 
chronological age of 10 years with bone age of 7.5 years). 
X-rays of feet showed acro-osteolysis of the third phalanges 
of the I and II finger bilaterally. Different blood tests 
showed persistent thrombocytopenia and erythrocytopenia. 
Dosage of thyroid hormones, ophtalmological and 
audiometric examinations, ECG at rest, echocardiography, 
EEG, gastroscopy and karyotype with 400 bands resolution 
were normal. She was first visited by our medical unit at the 
age of 17.5 years (Fig. 1). Her weight was 38 kg (<<5th 
centile), height 131 cm (<<5th centile) and head 
circumference 52 cm (<3th centile). She also presented 
round and coarse face, pigmented peri-orbital skin, down-
slanting palpebral fissures, almond-shaped eyes, down-
turned corners of the mouth, prominent lower lip, crowded 
teeth, small and low-set ears, small hands and feet, 
dystrophic nails and dry skin (Fig. 1). She showed self-
aggressiveness, trunk rocking, tongue stereotypic 
movements, bruxism and hypersialorrhea. Presently, she is 
able to walk alone but she does not eat solid food and 
speech is absent.  

Case 2 

This boy was the fist child of healthy unrelated young 
parents. The mother had a previous spontaneous 
miscarriage. Pregnancy was normal. Delivery took place at 
38 weeks of gestation. The newborn had growth retardation 
(weight: 2400 g, height: 45 cm). He was referred for the 
first time at the age of 1.5 years. Clinical examination 
showed facial dysmorphisms with scaphocephaly, 
hypertelorism, smooth philtrum, anteverted nares, 
camptodactyly, hypoplastic nails and oedema of the feet. 
CT scan demonstrated corpus callosum agenesis. 
Thrombocytopenia was diagnosed at 13 months of age. 
Psychomotor milestones were delayed: walking was 
achieved at age 6 years and 6 months and he never 
developed speech. He developed epilepsy. At 24 years of 
age the patient had a very short stature (142 cm), and facial 
dysmorphisms with midface hypoplasia, small palpebral 

fissures, bulbous nasal tip and thick lips (Fig. 1). 
Brachydactyly, clino-camptodactyly, proximal implantation 
of the thumbs, hypoplasia of the toe nails, sacral dimple and 
hypoplastic nipples were also noted. Haematological 
investigations showed persistent mild thrombocytopenia 
with no haemorrhagic manifestations. 
Case 3 

She was referred at the age of 8 years for mental 
retardation, dysmorphisms and thrombocytopenia. She was 
born at term with the following parameters: weight 2740 g 
(-1SD), height 47 cm (-1SD) and OFC 30 cm (-3 SD). She 
had severe feeding difficulties. Atrial septal defect and 
thrombocytopenia were detected in the neonatal period. 
Psychomotor development was significantly delayed. At the 
age of 8 years, language was very poor and she had 
epilepsy. She exhibited behavioural problems with 
hyperactivity and sleeping problems. Facial appearance was 
remarkable with microcephaly, strabismus, bulbous tip of 
the nose and thin upper lip (Fig. 1). Brain MRI was 
unremarkable and she had persistent thrombocytopenia. 
 

RESULTS  

The association of developmental and growth delay, 
behavioural problems, dysmorphic features and 
thrombocytopenia in our patients prompted us to search for 
genomic rearrangements. Seventy-five kb and ten kb 
resolution array-CGH experiments were performed and a 
21q22.11 q22.12 microdeletion of different size was 
identified in all three patients: 4.47 Mb in case 1, 2.9 Mb in 
case 2 and 4.3 Mb in case 3 (Fig. 2A). The proximal 
breakpoint of the 21q deletion in case 1 is mapped in 
21q22.11 (last oligonucleotide present located at 32.21 Mb, 
first deleted at 32.29 Mb), while the distal breakpoint is 
located between 36.64 Mb and 36.68 Mb in 21q22.12 (last 
oligonucleotide deleted and first present, respectively). The 
proximal breakpoint of the 21q deletion in case 2 is mapped 
in 21q22.11 (last oligonucleotide present located at 33.43 
Mb, first deleted at 33.45 Mb), while the distal breakpoint 
is located between 36.36 Mb and 36.37 Mb in 21q22.12 
(last oligonucleotide deleted and first present, respectively). 
The proximal breakpoint of the 21q deletion in case 3 is 
mapped in 21q22.11 (last oligonucleotide present located at 
34.01 Mb, first deleted at 34.06 Mb), while the distal 
breakpoint is located between 38.32 Mb and 38.34 Mb in 
21q22.13 (last oligonucleotide deleted and first present, 
respectively). To confirm array data, a second array 
experiment was performed in patient 1, whereas FISH 
analysis and qPCR were done in patient 2 and FISH 
analysis in patient 3. All rearrangements were confirmed in 
the patients, while the parents showed normal results, 
confirming the de novo origin of the rearrangements (for 
case 2 the mother was tested, whereas father’s DNA was 
not available). Analysis of the gene content of the 21q 
minimal deleted region in the three patients showed the 
presence of 12 known genes, 3 of which are known disease 
genes (KCNE1, KCNE2 and RUNX1) (Fig. 2B). 

In addition, the array-CGH analysis showed an apparently 
de novo chromosome 17 interstitial duplication of 0.31 Mb 
in case 1 extending from 19.58 Mb to 19.79 Mb, which 
includes only one disease gene, known to be a susceptibility 
factor for longevity. Given the size and the gene content 
analysis it is likely that this CNV might poorly influence 
the patient’s phenotype. 
To investigate whether miRNA genes are located in the 
deleted region, bioinformatic analysis was performed 
(http://microrna.sanger.ac.uk). This study identified only 
the mir-802 gene (36.014.883-36.014.976). In order to 
identify mir-802 target sites we used the bioinformatic 
algorithm “TargetScan” (http://www.targetscan.org).31 This 
algorithm develops scoring schemes based on sequence 
complementarities, free energy calculations of RNA 
through duplex formation and phylogenetic conservation. 
Among the 125 putative mRNA targets with higher score 
we have selected the CBFB for its possible involvement in 
the modulation of the phenotype. 
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DISCUSSION 
 
To date, 9 patients with deletions of the 21q22.12 locus 
including RUNX1 and neighbouring genes have been 
reported in the literature.6,18-22 Three of them have large 
deletions only cytogenetically characterized with poorly 
defined breakpoint while six cases have been characterized 
by array ranging from 19.72 Mb to 0.71 Mb (Table 1).  
All 9, as well as the 3 patients described in the present 
paper exhibited mental retardation and associated features. 
Table 1 resumes the clinical manifestations of the 12 cases. 
Seven cases developed thrombocytopenia with acute 
myelogenous leukaemia (AML) in one, whereas the 
haematological phenotype was not recorded in the 
remaining five. Growth retardation with a prenatal onset 
and subsequent short stature and microcephaly is a constant 
feature. The only exception is case 4, reported by Shinawi 
et al,22 which presented postnatal growth delay and did not 
show microcephaly although his OFC was between 5-10th 
centile. All patients had significant developmental delay 
with severe impairment of language skills. Five patients had 
congenital heart defects and in two of them, transposition of 
great arteries and severe atrial septal defect were reported. 
Renal cysts were found in 1 patient. Brain MRI was 
reported as unremarkable in four patients, and showed 
abnormal findings in 5 while for the remaining three no 
information are available. Micropolygyria of the right 
frontal and parietal areas was reported once (case 7) as well 
as corpus callosum agenesis (case 2) and delayed 
myelinisation and dysplasia of the rostrum of corpus 
callosum (case 5). Cases 10 and 11, reported by Yao et al,19 
exhibited severe brain malformations. However, both 
patients carried large deletions extending to the telomere 
and it seems likely that this severe brain phenotype could be 
due to haploinsufficiency of genes located outside the 
common deleted region. Facial changes are reported in all 
patients clinically described. Although some common facial 
features, such as down-slanted palpebral fissures, low-set 
ears, thin upper lip, down-turned corners of the mouth and 
broad nose can be identified, the facial appearance does not 
seem to be very specific (Table 1, Fig. 1). 
Deletion of 21q22.11q22.12 region encompassing the 
RUNX1 gene is a true example of contiguous gene deletion 
syndrome. The common deleted region in all 12 cases is 
spanning from 34.79 Mb to 35.36 Mb and contains 4 genes: 
RUNX1, RCAN1, CLIC6 and KCNE1 (Fig. 2B).  
Haploinsufficiency at the RUNX1 locus is responsible for 
the haematological phenotype. Patients harbouring a point 
mutation or an intragenic deletion of RUNX1 exhibit 
thrombocytopenia and are prone to develop acute 
myelogenous leukaemia (AML) (FPD/AML; MIM 
601399).32,33 Since RUNX1 can be responsible for leukemic 
disorders, we have suggested a strict hematologic follow-
up. 
RCAN1 (regulator of calcineurin 1) belongs to a highly 
conserved family of proteins that modulate the activity of 
calcineurin (CaN). It is a Down’s syndrome critical region 
protein that regulates long-term potentiation and memory 
by inhibition of phosphatase signaling.34 CaN is a 
serine/threonine phosphatase extremely abundant in the 
brain that is regulated by Ca2þ and calmodulin. CaN 
modulates many Ca2þ-mediated responses, including 

neurotransmitter release, cytoskeletal stabilization, long-
term memory, neurite extension and apoptosis. The 
endogenous CaN regulator RCAN1 is thus relevant to the 
control of physiological and pathological CaN-dependent 
processes and thus could play a role during central nervous 
system development.35 
CLIC6 is a member of the intracellular chloride channel 
family and it interacts with dopamine D(2)-like receptors.36 
Chloride channels, like other ion channels, may perform 
their functions in the plasma membrane or in membranes of 
intracellular organelles.37 Their physiological tasks range 
from ion homeostasis to cell volume regulation, 
transepithelial transport, and regulation of electrical 
excitability.38 Several mutations in chloride channel genes 
have been shown to be responsible for a variety of human 
diseases including myotonias, kidney stone disease, cystic 
fibrosis, and osteopetrosis.39-42 The mouse orthologue of 
CLIC6, Clic6, is expressed in brain, stomach, lung, kidney, 
testis, eyes and 9.5 embryo consistent with mouse in situ 
hybridization data.43 
KCNE1 gene encodes the potassium voltage-gated channel, 
whose heterozygous loss of function mutations cause the 
long QT syndrome 5 (LQTS5).44 In none of the patients, 
including ours, LQTS has been reported. However, in our 
patient, as probably in the other reported cases, stress ECG 
has not been performed. In addition, except for the case 4 
reported by Shinawi 22, the other deletions include also the 
KCNE2 gene, responsible for LQTS6. Although cardiac 
conduction defects have not been found in the reported 
patients, given the small number of cases we recommend a 
cardiologic evaluation in patients with this microdeletion 
syndrome.  
Bioinformatic analysis of the 21q22 region allowed to point 
out the presence of one microRNA, mir-802. This miRNA 
is deleted in 7 out of the 12 cases reported. We speculate 
that the presence of mir-820 can correlate with a worse 
outcome of the haematological phenotype when RUNX1 is 
deleted. Mir-820 seems to negatively regulate CBFB gene. 
This gene encodes the non-DNA-binding CBFβ subunit of 
the CBF family which includes also three distinct DNA 
binding CBFα subunits (RUNX1, RUNX2 and RUNX3). 
The RUNX1 and CBFB proteins associate in a 
heterodimeric transcription factor that is required for the 
development of normal hematopoiesis.45 In particular, the 
CBFβ subunit increases the affinity of the RUNX1 protein 
for DNA.46 Both genes are frequent targets of leukemogenic 
genetic changes. However, although the overall biologic 
functions of RUNX1 are becoming clear, how these 
functions are controlled at the molecular level and the 
contribution of CBFB remain to be fully determined.47 It 
would be interesting clarifying whether mir-802 is 
expressed in hematopoietic cells and if a lower expression 
of mir-802 results in an increased expression of CBFB and 
if such an over-expression could some how partially musk 
the haplo-insufficiency caused by RUNX1 deletion. Based 
upon these speculations, we could imagine a different 
prognosis regarding the development of AML for patients 
carrying the mir-802 deletion. It is worth noting that the 
only case with RUNX1 deletion who developed AML had 
preservation of mir-820. 
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Fig 2. A: Array CGH results indicating the 21q22.11q22.12 microdeletion. B: The deletion indicated by the array 
CGH experiment is mapped against the corresponding genomic region in the UCSC genome browser. In the lower 
part, the extent of the deletion in the patients described in this report is compared with that in the 9 patients already 
reported. Common deleted regions between the three present cases and the nine already reported are indicated by 
interrupted lines. For cases 10, 11 and 12 the breakpoints are poorly defined and are indicated with dots, while 
arrows indicate a longer extension of the deletion. 
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Fig.1. Photographs of the three patients described in this paper at the age of 17y and 5mo (# 1), 23y (# 2) and 
10y (# 3), the three patients described by Shinawi et al,22 at the age of 6y (# 4), 8y (# 5) and 14mo (# 6) and 
the patient described by Chettouh et al,6 at the age of 3y and 6mo (# 12) Copyright Elsevier (1995). Frontal 
view showing hypertelorism, broad nose, down turned corner of the mouth and thin upper lip. Side view 
showing retrognathia. Pictures of hand and feet of cases 1 and 2 showing dysplastic nails and oedema of the 
feet. 
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Table 1: Clinical findings in patients with 21q22 overlapping deletions 

a. dislocation of hips                  d. Inverted nipples 

b. hypoplastic nails                    e. renal cysts 

                 c. sacral dimple                           f. eventration of hemidiafragm 
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In conclusion, considering literature data and the clinical and 
molecular features of the patients described here, we suggest 
to accurately evaluate the 21q22.11q22.12 region in that cases 
presenting syndromic thrombocytopenia with mental 
retardation and prenatal growth delay. In addition we suggest 
not to underestimate the presence of mirRNA and their target-
genes when phenotype-genotype correlation is attempted.  

 
URLS  
OMIM (http://www.ncbi.nlm.nih.gov/omim/) 
Qiagen, www.qiagen.com 
TargetScanHuman (http://www.targetscan.org) 
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ABSTRACT 
Here we report an 11 year-old girl with moderate mental retardation, microcephaly, facial dysmorphisms, mild 
bone anomalies and sociable behavior. Subtelomeric MLPA analysis and array-CGH analysis have revealed two 
telomeric rearrangements: a 4.5 Mb 9pter deletion and a 3 Mb 17pter duplication. The duplication is the 
reciprocal of the Miller-Dieker deletion. The 9p deletion is more telomeric to the well known 9p23 deletion 
syndrome. The mother, who has isolated microcephaly, bears a balanced translocation between chromosomes 9 
and 17. No other patients are reported in literature with the association of the same aberrations. Some phenotypic 
features of the patient can be attributed to either the 9pter deletion or the 17pter duplication, however some 
clinical signs such as the mild bone abnormalities have never been reported associated with these two 
rearrangements. The presence of microcephaly in the mother remains an unsolved question: it could be caused 
either by the disruption of genes at the breakpoints or by dosage alteration of genes located near the breakpoints 
due to positional effect. This case confirms the absence of gross anomalies of brain morphology in patients with 
17pter duplications involving LIS1and widens the spectrum of rearrangements identified by array-CGH 

KEYWORDS: 9qter deletion, 17qter duplication, microcephaly, LIS1 and Miller-Dieker syndrome.. 
 
INTRODUCTION 

Telomeric deletions of 17p are responsible of the well known 
Miller-Dieker syndrome and, recently, microduplications of 
the same region have been reported in patients with 
psychomotor retardation, hypotonia and dysmorphic features 
without lissencephaly or gross brain malformations [Reiner et 
al. 1993, Mei et al. 2007,  Bi et al. 2009, Roos L et al. 2009]. 
Bi et al. reported seven patients with duplication in the 
17p13.3 region involving LIS1 gene and described the 
phenotype of transgenic mice overexpressing LIS1 [Bi et al. 
2009]. The authors demonstrated that while transgenic mice 
conditionally overexpressing LIS1 have a decreased brain size 
and neuronal migration abnormalities, patients with a LIS1 
duplication show only slightly smaller brains with mild 
structural abnormalities. Roos et al. have recently described 
three additional patients with de novo 17p13.1 duplication 
encompassing the LIS1 gene and a non-specific phenotype 
characterized by mild to moderate developmental delay, 
hypotonia and facial dysmorphisms as common features. 
A well known 9p deletion syndrome was first described by 
Alfi et al. in 1973 [Alfi et al. 1973]. This is an heterogeneous 
condition with variable deletion size characterized by mental 
retardation, congenital malformations including 
trigonocephaly, congenital heart defect, anorectal and genital 
anomalies and dysmorphisms [Huret et al 1988, Christ et al 
1999, Hauge et al 2008, Swinkels et al. 2008]. The critical 
region for the deletion 9p deletion syndrome has been located 
between bands p22.3 and p24.1 [Swinkels et al. 2008]. The 
deletions of the more terminal part of chromosome 9p are rarer 
and some of them coexist in the same patient together with 
larger rearrangements in other chromosomes [Saha et al. 2007, 
Brisset et al. 2006, Repetto et al. 1998]. Patients with deletions 
involving the 9p24.3 band show male to female sex reversal, 
possibly due to DMRT1 and DMRT2 haploinsufficiency 
[Muroya et al. 2000, Barbaro et al. 2009]. 

 
Clinical Report 
The patient, an 11 years and 6 months old girl, is the second 
child of healthy unrelated parents. The mother had two 
spontaneous abortions in the first month of gestation (Fig.1 a). 
At birth, mother and father were 26 and 29 years old, 
respectively. The proband has a healthy older son and two 
maternal cousins referred with psychomotor delay probably 
due to perinatal distress.  
The girl was born after a prolonged labour at the end of an 
uneventful pregnancy. At birth, weight was 3300 gr (50th 
percentile) and length was 51 cm (50-75th percentile). Apgar 
scores and head circumference (OFC) measurements are not 
available. A pale haemangioma of the forehead was noticed. 
At 2 months of life the mother realized that the baby was not 
normally interactive. She showed developmental delay: she 
began to sit alone at 1.5 year, she crawled at 2 years, she 
began to walk independently at 2.5 years, she said the first 
words at 5 years and she has never acquired sphinteric control. 
She frequently suffered from respiratory infections during 
childhood. At 4 years she was surgically treated for 
strabismus.  
An X-ray of the wrist of the proband performed at 5 years and 
8 months showed mild bone-age delay (bone-age 
corresponding to 5 years and 1 month). An X-ray of the feet 
performed at 7 years and 5 months showed bilateral absence of 
the middle or distal phalanx of the 5th toe. An X-ray of the left 
hand pointed out the presence of a medial incisura in the distal 
metaphysis of the second phalanx of the second finger, while 
no abnormalities were found in the right hand. A pelvic 
ultrasound showed mild irregularities of the morphology of the 
uterus. Repeted EEGs were alternatively normal or showed a 
mild disorganization of the deep rhythm. Oftalmological 
examination resulted normal except for mild myopia (-1,25/-
1,50 diopters). The following investigations were normal: 
abdominal and cardiac ultrasounds, brain MRI, karyotype, 
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FISH analysis for Rubinstein-Taiby syndrome and for 
Angelman syndrome.  
She was first admitted to our genetic unit at the age of 11 years 
and 1 month. Physical examination showed: normal height 
(145 cm; 25-50th percentile) and weight (40 kg; 50-75th 
percentile), microcephaly (OFC of 48 cm; <<3rd percentile), 
triangular face, with pointed chin, synophrys, thick eyebrows 
in the medial part, open mouth, high and narrow palate and 
hypoplastic 5th toe of the feet, more evident on the right side 
(Fig.1b). The patient showed ataxic gait and rocking of the 
trunk in upright position. At the time of our examination she 
had just begun to formulate sentences, she was always 
speaking to catch attention, she showed hyperactivity and she 
used to bring everything to the mouth. Her mother showed 
isolated microcephaly (OFC 52 cm, <3rd percentile) and 
normal height (169 cm; 75-90th percentile). 
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Fig.1. a) Family-tree of the patient. Numbers close to each 
symbol refer to the age of each individual. The symbols 
referring to the two cousins with developmental delay/mental 
retardation are colored in grey. b) Photograph of the patient at 
the age of 11 years and 6 months. Frontal view showing 
triangular face, up-slanting palpebral fissures, sinophris, thick 
eyebrows, open mouth and pointed chin. 
MATERIAL AND METHODS 
Multiplex Ligation-dependant Probe Amplification (MLPA) 
analysis 
We used a distinct commercially available MLPA kit, the 
SALSA P036D subtelomeric primer set (MRC-Holland, 
Amsterdam, The Netherlands). This kit contains 
oligonucleotide primer sets specific for the amplification of 
selected loci in the subtelomeric regions of all chromosome 
arms, except for the acrocentric chromosomes 13, 14, 15, 21 
and 22 that effectively lack a short or p-arm. For the latter the 
manufacturer has included in this kit primer sets specific for 
loci adjacent to the centromere in the long arm of the 
acrocentric chromosomes, referred to as the ‘acrocentric’ 
primer. This kit was previously validated in other laboratories 
(data not shown) on series of patients with known 
subtelomeric UCRs [Ahn J et al. 2007, Kirchhoff et al. 2005, 
Rooms et al. 2004]. The target loci of this kit represent known 
functional genes or protein coding sequences.  
Array-CGH analysis 
Array based CGH analysis was performed to confirm the 
previous analysis and to define the breakpoints of the 
rearrangements using commercially available oligonucleotide 
microarrays containing about 44.000 60-mer probes (Human 
Genome CGH Microarray 44B Kit, Agilent Technologies, 
Santa Clara, California) as previously reported [Pescucci et al. 
2006]. The average resolution is about 75 kb. 
FISH analysis 
Chromosomal preparations for the analysis were obtained 
according to standard techniques. Fluorescent in situ 
hybridization (FISH) was performed with TelVision 9p and 
17p probes (Vysis). Each experiment was carried out 
according to the manufacturer’s instructions. 

RESULTS 
Subtelomeric MLPA detected a significant decrease in the 
fluorescent signals corresponding to the probe DMRT1 located 
in 9p chromosomal region and a significant increase in the 
fluorescent signals corresponding to the probe RPH3AL 
located in 17p chromosomal region.  
Array-CGH analysis confirmed the presence of the two 
telomeric rearrangements and defined the extension and the 
breakpoints. The duplication in chromosome 17 is of about 3.0 
Mb [46, XX,dup(17)(p13.3p13.3)] with the proximal 

breakpoint  mapped in 17p13.3 (last duplicated 
oligonucleotide located in 3.0 Mb and first present in 3.03 Mb, 
according to UCSC Genome Browser, http://genome.ucsc.edu, 
on Human May 2006 Assembly). The 9pter deletion is of 
about 4.5 Mb [46, XX,del(9)(p24.2p24.3)] with the proximal 
breakpoint mapped in 9p24.2 (last deleted oligonucleotide 
located in 4.59 Mb and first present in 4.61 Mb) (Fig 2 a and 
c). The array-CGH analysis also revealed a 50 Kb duplication 
in Xq28 in the proband and her mother, already reported in 
healthy individuals and thus probably not associated with a 
phenotype [Sanlaville et al 2005]. 
FISH analysis in parents performed using telomeric probes for 
chromosomes 9 and 17 revealed a balanced translocation in 
the mother (data not shown). Given the presence of 
microcephaly in the otherwise healthy mother, we also 
performed array-CGH analysis on the mother’s DNA, in order 
to ascertain if the translocation was balanced. The analysis 
revealed no gains or losses at both breakpoints. Given the 
presence of microcephaly in the otherwise healthy mother, we 
tested her DNA by array-CGH analysis to ascertain if the 
translocation is indeed balanced.  
DISCUSSION 
The phenotype of our patient is the result of segmental 
aneuploidy of two different telomeric regions: 17pter 
duplication and 9pter deletion. Although both rearrangements 
have been previously reported separately in the literature, no 
patient with the same association of rearrangements has ever 
been reported. This hampers the genotype-phenotype 
correlation in our case especially regarding the facial 
phenotype. The 17pter duplication syndrome has been recently 
reported and shows a quite aspecific phenotype characterized 
by developmental delay, moderate mental retardation, 
hypotonia and dysmorphisms. Our patient, who has moderate 
mental retardation, did not show the presence of hypotonia 
neither during the neonatal period nor throughout her life. As 
the other patients already reported, our case lacks of any brain 
abnormalities confirming the fact that LIS1 overexpression in 
humans does not cause neuronal migration defects or other 
gross brain malformations. Although in the few reported cases 
with 17pter duplication, no details about the behavioural 
phenotype are described, searching in the DECIPHER 
database (http://decipher.sanger.ac.uk; patient 2680 
Laboratory of Genetic Diagnosis of Troina) we have detected 
a patient with a smaller de novo interstitial duplication of 
chromosome 17 of about 0.9 Mb who shows a similar 
behavior that might constitute another feature specific of the 
17pter duplication (Fig 2 b). Both patients, in fact, present a 
sociable and talkative behaviour with hyperactivity and 
stereotypies. These two patients besides mental retardation 
share other features as well such as microcephaly and 
triangular face. It is also important to underline that a sociable 
and talkative behaviour is also reported in the 9pter deleted 
patients described by Swinkels [Swinkels et al. 2009].  
Deletions of the terminal portion of the short arm of 
chromosome 9 are associated with a male to female sex 
reversal, possibly due to DMRT1 and DMRT2 
haploinsufficiency [Barbaro et al. 2009]. In particular, Barbaro 
et al. reported a patient with a 46,XY karyotype with a 
terminal deletion with the breakpoint located in 9p23 showing 
mild developmental delay, hypotonia, mild facial dysmorphic 
features and sex reversal. Although in female patients no 
urogenital anomalies are reported, we cannot completely rule 
out the hypothesis that the mild abnormal morphology of the 
uterus reported in our patient could be due to 
haploinsufficiency of the 9p region. We therefore planned an 
accurate gynecologic evaluation in the proband. 
The rearrangement present in our case is originated by a 
balanced translocation present in the mother as demonstrated 
by FISH analysis. The mother presents isolated microcephaly 
with normal psychomotor development and mental abilities 
and experienced two spontaneous abortions in the first month 
of gestation. In addition, from the family history, two maternal 
cousins of the proband are referred to suffer from psychomotor 
delay. All this data indicate a segregation of the translocation 
in the maternal branch of the family. The presence of 
microcephaly in both the patient and the mother induced us to 
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consider disrupted genes at the breakpoints as possible 
candidates for microcephaly. The breakpoint on chromosome 
17 seems not to disrupt genes, while the breakpoint on 
chromosome 9 seems to interrupt the gene C9orf68, which has 
a sequence homologous to SPATA6, encoding for a 
spermatogenesis-associated protein 6 precursor. Given the 
associated function, this gene doesn’t seem to contribute to the 
phenotype of our patient. A dosage alteration of genes located 
near the breakpoints due to a positional effect cannot be 
excluded as a possible cause for the microcephaly present both 
in the patient and her mother. 
Our patient also presents mild bone anomalies involving the 
extremities never reported in the 17pter duplication or in the 
9pter deletion. Among the 37 genes listed in OMIM located in 
the rearranged regions no good candidates for the skeletal 

phenotype have been identified. Instead, we focused the 
attention on the DOCK8 gene, located in 9p24, which is 
expressed in several human tissues, including fetal and adult 
brain and it has been associated with autosomal dominant 
mental retardation [Ruusala et al. 2004, Griggs et al. 2008] 
(Fig. 2 d). Given these data, the haploinsufficiency of this gene 
could certainly contribute to the neurological phenotype 
present in our patient. In conclusion, our report confirms the 
absence of brain anomalies in patients with 17pter duplications 
involving LIS1 and it is the first report of the association of 
17p13.3 duplication and 9p24.2 deletion identified by array-
CGH. Given that clinical geneticists are gradually introducing 
the array-CGH technology in the prenatal diagnostic setting, 
this case increases the pool of different rearrangements useful 
in prenatal diagnosis for prognostic purposes. 

 

Fig.2. a) Array-CGH ratio profile of chromosome 17. On the left, the chromosome 17 ideogram. On the right, the log2 ratio of 
the chromosome 17 probes plotted as a function of chromosomal position. Oligos with a value of zero represent equal 
fluorescence intensity ratio between sample and reference. Each dot represents a single probe (oligo) spotted on the array. 
Copy number loss shifts the ratio to the left (value of about 2X). b) Image from DECIPHER database. On the top, the genes in 
the duplicated region are reported. On the bottom the first bar indicates the deletion commonly found in Miller-Dieker 
syndrome, the second bar indicates the duplication found in a patient from Troina (see article for details), the third bar indicates 
the duplication of our patient. c) Array-CGH ratio profile of chromosome 9. On the left, the chromosome 9 ideogram. On the 
right, the log2 ratio of the chromosome 9 probes On the top, the genes in the deleted region are reported. On the bottom, a bar 
indicates the deletion of chromosome 9 of our patient plotted as a function of chromosomal position. d) Image from 
DECIPHER database. 
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4.1.1.6 
Case 1. 
Del6p25.3p25. 
 
Clinical summary 
Male  
24y 1mo 
Mild MR 
Short stature 
Macrocephaly 
Carpal synostosis 
Strabismus 
Down slanting palpebral fessures 
Deep set eyes 
Joint laxity 
Monolateral single palmar crease 
 
 
 
 
 
Array-CGH result (44K, Agilent) 
 
De novo 6p25.2p25.3 deletion 
first rearranged oligo ter 
last rearranged oligo 3 794 820 
normal copy oligo 3 982 602 
breakpoint position* 1-3.88 Mb 
deletion size: 3.6 Mb 

 
 
 
 
 
 
An interesting gene included in the deleted region is FOXC1 which copy number gains or losses lead to 
ocular anterior segment development defects,117 and has been very lately demonstrated that is required 
for normal cerebellar development and is a major contributor to chromosome 6p25.3 Dandy-Walker 
malformation. 118 
 
* For “breakpoint position” is indicated the hypothetical breakpoint position given by the average of last 
normal oligo present and first oligo rearranged and the average of last oligo rearranged and first normal 
oligo present for every region deleted or duplicated. 

66

Fig 5. Picture of case 1 (#851) at the age of 24y 1mo.  

Fig 6. Molecular results. a) Array CGH ratio profile. On the 
left, the chromosome 6 ideogram. On the right, the log2 
ratio of chromosome 6 probes plotted as a function of 
chromosomal position 
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Our patient is a 25 years old boy, the only child of healthy non consanguineous 

Caucasian parents. Maternal family history was significant for mental retardation in 

the two brothers. Mother was 28 and father 35 at the time of birth. The pregnancy was 

uncomplicated. Delivery was by caesarean at term due to failure to progress. Birth 

weight was 4,300 g (>97° cnt). Length and head circumference were not available. 

Postnatal development was referred as normal. He presented bilateral developmental 

dysplasia of the hip treated triple diapering. Independent walking occurred at 3 years 

and a slight speech delay with articulation problems was reported. Developmental 

testing at the age of 21 years showed him to be function at an IQ of 66 (mild mental 

retardation). He spoke in simple way with some dyslalias, was able to read and write 

simple sentences, and was awkward in gait and movements. At clinical examination 

weight was 73 kg (75-90° cnt), height 166 cm (<3° cnt), BMI 26.5, head circumference 

60 cm (>>97° cnt). He presented high forehead, deep set eye, downslanting palpebral 

fissures, convergent strabismus, inner and outer canthal distances in the normal range, 

ears correctly angulated with normal shape, downturned corner of the mouth, 

prognatism, small hands with palm length of 10.2 cm (3-25° cnt) and middle finger 

length of 7.8 cm (25-50° cnt), single palmar crease of the right hand, joint hyperlaxity, 

stereotypic movements of the trunk. Echocardiography evidenced a mild mitral and 

aortic regurgitation. Ophthalmologic assessment evidenced mild myopia and 

strabismus. RX-rays of both hands revealed a carpal fusion of the capitate and uncinate 

bone. Brain MRI performed at the age of 15y did not evidence structural defects but an 

accurate evaluation showed defects of neuronal migration. G-banded karyotype from 

peripheral lymphocytes and X-fragile test resulted normal. Array-CGH analysis 

detected a de novo telomeric deletion on chromosome 6 of about 3.8 Mb. 

More than 30 individuals have been reported with cytogenetically visible 

terminal 6p deletions, either as the sole cytogenetic aberration or in association with 

an additional finding, such as an unbalanced translocation resulting in a der(6) 

chromosome and an associated trisomy. To date though, submicroscopic isolated 6p25 
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deletions have been reported only in 11 individuals, 9 of whom are unrelated and two 

are siblings.119-126  

Individuals with 6p deletion syndrome have a recognizable pattern of 

malformation. Features are observed in individuals with large, cytogenetically visible 

terminal deletions as well as in those with smaller, submicroscopic terminal 6p25 

deletions. This suggests that the critical interval is in the distal region of 6p25. The 

craniofacial features are distinct127 (Fig. 7) including prominent forehead, midface 

hypoplasia, downslanting palpebral fissures, hypertelorism, epicanthal folds, ptosis, 

proptosis, external ear anomalies, flat nasal bridge, short or smooth philtrum and high 

palate. Ocular anomalies are also a common feature. Structural eye abnormalities 

include posterior embryotoxon, and iris hypoplasia. Other eye abnormalities include: 

glaucoma, refractive error and eye motility disorder. 

Congenital heart defects have also been reported; such as atrial septal defects 

(ASDs),120,127 ductus arteriosus,121,127 patent ductus arteriosus (PDA) , ventricular septal 

defect (VSD), bicuspid aortic valve, and coarctation of the aorta.121. Brain anomalies 

are also reported and include Dandy–Walker malformation, hydrocephalus and 

bilateral ventriculomegaly in one individual123. Mental retardation is seen in most 

patients and language impairment or articulation problems and hearing loss are 

reported in all.  

 

 

 

 

 

 

 

 

 

 
Fig. 7⏐Children exhibiting typical facial features of 6p subtelomere deletion syndrome compared 
with the patient described in the present study. In the upper part, starting from the left, pictures of 
the patient reported by DeScipio C. et al 2007 and the patient described in the present study. In the 
lower part the patient reported by Kannu P et al 2006 and the patient reported by Anderlid BM et al 
2007.  
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The size of the 6p deleted region has been determined in 9 of these 11 

individuals and the smallest reported deletion is an approximately 2.1 Mb de novo 

deletion in the patient reported by Anderlid et al. 120 in a 4-year 9-month-old girl with 

features consistent with 6p subtelomere deletion syndrome, notably with severe 

language delay, but otherwise apparently normal cognitive functioning. 

The patient presents an evident mild phenotype. It could be hypothesized that 

this mild clinical phenotype is due to the small size of the deleted region but there are 

other three cases reported to date with a smaller deletion, all presenting the typical 

features of the 6p subtelomere syndrome120,126,128. However, even if the 6p25.3 deletion 

is indeed responsible for the patient’s clinical features, other genetic modifiers 

probably contribute to the patient’s phenotype. 

We have compared the deletion identified in our patient with that reported by 

Anderlid et al. (Fig 8) According to the UCSC Genome Browser (March 2006 

assembly), seven known genes map to the minimal deleted region: FOXC1, FOXF2, 

FOXQ1, HUS1B, EXOC2, IRF4 and DUSP22 .  

 

 

 

 

 

 

 

 

 

 

 

 

Aside from the FOXC1 gene which copy number gains or losses lead to ocular 

anterior segment development defects,117 and has been very lately demonstrated that is 

Anderlid et al 2003
Present case

Anderlid et al 2003
Present case

Fig. 8⏐The rearrangements present in our patient and the patient reported by Anderlid BM et 
al 2003, having the smallest deletion reported to date, are mapped against the corresponding 
genomic region in the UCSC genome browser.  
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required for normal cerebellar development and is a major contributor to chromosome 

6p25.3 Dandy-Walker malformation,118 genes in the minimal subtelomere deletion 

syndrome 6p25 region do not readily suggest a clear etiologic role based on what is 

known about their function and expression patterns at this time127. Dosage alterations 

of genes located near the breakpoints due to a position effect, as already reported in 

the Williams -Beuren syndrome,129 can not be excluded. 

Although it was the maternal family history of our patient significant for 

mental retardation present in the two brothers, an apparently balanced translocation 

between chromosome 4 and chromosome 6 (46,XY,t(4:6)(q35;p25) was identified by 

karyotype analysis in the healthy father.  
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4.1.1.7 
Case 2 
Dup7q11.23. 
 
Clinical summary  
Male 
17y 10mo 
MR 
Autistic traits 
Speech delay 
Behavioural disorders and 
self mutilation 
RMN anomalies 
Short stature 
Faccial features: Straight eyebrows, deep set eyes, high nose, short philtrum, thin upper lip 
 
 
 
 
Array-CGH result (44K, Agilent) 
 
De novo 7q22.1q22.3 duplication 
normal copy oligo 72 039 878 
first rearranged oligo 72 058 681 
last rearranged oligo 73 777 267 
normal copy oligo 74 119 417 
breakpoint position 72.04-73.94 Mb 
duplication size: 1.7 Mb 

 
 
 

 

In the duplicated region ELN, LIMK1, CLIP2, GTF2IRD1 and GTF2I genes are included. 

Deletions and mutations in ELN are associated with supravalvular aortic stenosis (SVAS) and autosomal 

dominant cutis laxa,45 whereas LIMK1, CLIP2, GTF2IRD1 and GTF2I genes were suggested to be linked 

to the specific cognitive profile and craniofacial features of Williams-Beuren syndrome patients.130 

 

7

Fig 9. Picture of case 2 (#762) at the age of 17y10mo. 

Fig 10. Molecular results. a) Array CGH ratio profile. On 
the left, the chromosome 7 ideogram. On the right, the log2 
ratio of chromosome 7 probes plotted as a function of 
chromosomal position 
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The patient is a 17 years and 9 months old boy, the second child of non 

consanguineous and healthy parents. At the time of delivery the mother and the father 

were 19 and 32 years old respectively. He was born at term after an uneventful 

pregnancy. At birth, he showed the following parameters: weight 3250 g (50-75th 

centile); data on length and head circumference are not available. He showed language 

delay, starting to speak at 3 years and 6 months of age. He acquired the sphinteric 

control at 4 years. He showed behavioural problems characterized by hyperactivity, 

agitation, stereotypes and self-mutilation. A brain MRI performed at 9 years detected 

lateral ventricles and magna cistern larger than normal. A delayed bone age (11,3 vs 

15,5) is referred. Serum and urinary aminoacid and thyroid hormones dosage, EEG, 

ECG, echocardiography and vertebral radiography resulted normal. An 

ophthalmologic evaluation with fundus oculi exam, an auditory evaluation and 

thyroid ultrasound are referred normal. G-banded karyotype from peripheral 

lymphocytes resulted normal. Molecular analysis of the FMR1 and PTPN11 genes was 

normal. At our first examination at 17 years and 9 months he had poor language with 

frequent dyslalias and echolalia. At the external exam he showed: short stature (height 

158 cm, <5th centile), weight 60 kg (25-50th centile), OFC 56 cm (75th centile), thick 

and straight eyebrows, deep set eyes, high nasal bridge with prominent columella, 

midface hypoplasia, short philtrum (0,8 cm, <3th centile), large mouth (DIC 6 cm, > 

+2SD), ears of normal length (5,5 cm, -1SD/-2SD), short neck, hands of normal length 

(3-25th centile; palm 10 cm, 3-25th centile; mid-finger 7 cm, <3th centile) with a 

simian crease on the right hand and feet of normal length (24 cm, 3-25th centile). 

Array-CGH analysis identified a 7q11.23 duplication reciprocal of the 

Williams–Beuren syndrome (Result 4.1.1.8). Until very recently, only 14 cases with 

7q11.23 duplication were reported.38,40,131-136 Lately Nathalie Van der Aa et al have 

published other 14 cases further contributing to the characterization of the 7q11.23 

microduplication syndrome.45 Our patient, besides the speech delay and behavioural 

problems, presents most of the clinical facial characteristics described by the authors 

(Fig 11). 
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Present case

 

 

 

 

 

 

 

Mental retardation is present in most but not all of the cases described until 

now. Patients that have an IQ within the normal range present severe social 

interaction deficits. Additional findings associated with the duplication are autism, 

neonatal hypotonia, epilepsy, and an increased incidence of various congenital 

anomalies. Heart defects such as a patent ductus arteriosus are a feature in over 20% 

the patients described and cryptorchidism is not uncommon. Joint hypermobility is a 

remarkable feature, given the ELN gene is in the duplicated region.45 

Haploinsufficiency of the ELN gene was shown also to be responsible for supravalvular 

aortic stenosis and generalized arteriopathy, whereas LIMK1, CLIP2, GTF2IRD1 and 

GTF2I genes were suggested to be linked to the specific cognitive profile and 

craniofacial features of Williams-Beuren syndrome (WBS) patients. These insights for 

genotype-phenotype correlations came from the molecular and clinical analysis of 

patients with atypical deletions and mice models. A patient showing mild WBS 

physical phenotype and normal IQ, who carries a shorter 1 Mb atypical deletion has 

Fig. 11⏐Photographs of patients with a 7q11.23 duplication reported by Van der Aa and the patient 
described in the present study. Modified by Van der Aa 2009.  
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been described lately. This rearrangement does not include the GTF2IRD1 and GTF2I 

genes and only partially the BAZ1B gene. These results are consistent with the 

hypothesis that hemizygosity of the GTF2IRD1 and GTF2I genes might be involved in 

the facial dysmorphisms and in the specific motor and cognitive deficits observed in 

WBS patients.130 Lately a patient with a severe phenotype and a triplication in 7q11.32 

has been described. 137 Since in the triplicated region, GTF2I gene is not included, 

GTF2IRD1 gene could be a key gene for motor and cognitive deficits observed in 

patients with 7q11.23 duplication even if different mechanisms of gain and loss of 

function should be taken into consideration. 
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4.1.1.8 
Case 3 
del8q22.3 
 
Clinical summary 
Female 
20y 
Moderate MR 
Hyperactivity 
Truncal obesity 
Short stature 
Cohen-like facial features 
small hands with tapering fingers 
bilateral syndactyly 2-3 of toes 
 
Array-CGH result (44K, Agilent) 
 
De novo 8q22.3 deletion 
normal copy oligo 101 986 914 
first rearranged oligo 102 017 156 
last rearranged oligo 103 939 518 
normal copy oligo 104 103 360 
breakpoint position 102.00-104.02 Mb 
deletion size: 2.02 Mb 
 
 
 
 
COH1 molecular analysis result 
 
DHPLC analysis of all 62 exons: negative 
MLPA analysis of 60 exons: negative 
 
 
 
In the deleted region two known disease gene are included GRHL2 and RRM2B. Defects in GRHL2 
gene are a cause of non-syndromic autosomal dominant type 28 sensorineural deafness 138 while 
mutations in RRM2B have been found in patients with Mitochondrial neurogastrointestinal 
encephalopathy.139 Other interesting genes are NCALD and UBR5, expressed at high levels in brain 140 
141  

Fig 12. Picture of case 3 (#556) at the age of 20y on the left. 
Picture of patient’s hands on the right. The fingers are 
slender and tapering from the proximal interfalangeal joint. 

88

Fig 13. Molecular results. a) Array CGH ratio profile. On 
the left, the chromosome 8 ideogram. On the right, the log2 
ratio of chromosome 8 probes plotted as a function of 
chromosomal position 
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Comparison with other four patients with overlapping interstitial 
deletions in 8q22.2-8q22.3 
 

 
Here are presented clinical and molecular data of five patients with previously undescribed overlapping 
interstitial deletions in 8q22.2-8q22.3. 
 
Clinical Data 
Patient 1 is a 6-year-old girl with severe developmental delay (sitting at 18 months, crawling at 20 
months and walking without support at 27 months), absent speech, epilepsy, and facial dysmorphism. 
During infancy she presented with auto-aggressive behavior and sleep disturbance. Now, at 6 years, she 
still does not speak any word. Her facial appearance was characterized by a high frontal hairline, thin 
and brittle hair, telecanthus, epicanthal folds, blepharophimosis, upslanting palpebral fissures, 
downturned corners of the mouth and poor facial expression (Fig. 14). Array-CGH revealed a de novo 
deletion of about 5.25 Mb (Table 1).  
Patient 2 is a 3½-year-old boy with dysmorphic facial features (enophthalmos, narrow palpebral fissures 
and hypertelorism) and relatively poor facial movement. He has severe learning disability and behavior 
problems with frequent temper tantrums, hyperactivity, aggressive behavior and stereotypic hand 
movements. A large hiatus hernia, pyloric stenosis, glandular hypospadias and undescended testes were 
diagnosed and operated. He had short thumbs and toes and was hypotonic (Fig. 14). Array-CGH 
demonstrated a deletion of about 6.1 Mb (Table 3). Maternal karyotype was normal but father was 
unavailable for study. 
Patient 3 is a 4 year-old girl suffering from early-onset myoclonic epilepsy. Her development is severely 
delayed (no walking, no speech). She is dysmorphic with a blepharophimosis, ptosis, sparse eyebrows 
and dysplastic ears. She has a short stature and a borderline microcephaly. Her hands are short with 
proximal implanted thumbs and a mild cutaneous syndactyly. She has a bilateral proximal radio-ulnar 
synostosis. She carries a de novo deletion of about 5.26 Mb (Table 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 14⏐Photographs of patients with a 8q22.2q22.3 deletion. Patient 1 attended the Institut für 
Humangenetik, Universitätsklinikum Essen, and the Praxis für Humangenetik, Freiburg, 
Germany. Patient 2 attended the Center for Medical Genetics, Ghent University Hospital, Ghent, 
Belgium. Patient 3 attended the Department of Medical Genetics, St. Mary’s Hospital, 
Manchester, UK. Patient 4 attended the CHU Nantes, Service de Génétique Médicale, and the 
INSERM, UMR915, l’institut du thorax, Nantes; CNRS, ERL3147; and Université de Nantes, 
France. Patient 5 attended the Department of Medical Genetics, University of Siena, Italy 
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Patient 4 is a severely retarded 8-year-old girl. She started to walk at the age of 7.5 years and still does 
not speak a word. Her facial dysmorphism is characterized by right ptosis and blepharophimosis, 
strabismus, bushy eyebrows, synophrys, small nose with anteverted nostrils, low-set and posteriorly 
rotated ears, thin upper lip and downturned corners of the mouth (Fig. 14). A right diaphragmatic 
hernia was surgically corrected at the age of one year. Two seizures occurred at the age of 22 months. 
She is short statured and microcephalic and developed a mild thoraco-lumbar scoliosis. Array-CGH 
detected a deletion of about 6.44 Mb (Table 3). 
Patient 5 is a 20 year-old female with mental retardation (IQ 40) and dysmorphic facial features (mild 
synophrys, hypoplasia of alae nasi, retrognathia and small ears) (Fig. 14). She has truncal obesity (BMI 
32, >97th centile). Her psychomotor development was delayed (walk at 24 months, first words between 
18-20 moths of age). At the age of 6 years, three episodes of seizures occurred. Until adolescence she 
was autoaggressive. Her hands are small with tapering fingers and she has II-III cutaneous syndactyly of 
feet. She is hyperactive and shows stereotypic hand movements. At the time of evaluation, Cohen 
syndrome was suspected, however clinical signs did not fit exactly with this diagnosis. Array-CGH 
revealed a de novo deletion of about 1.92 Mb (not including COH1) (Table 3). 
 
Table 3: Genome-wide array-CGH analysis of patients 1-5 
 Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 

Array type Agilent Human 
Genome CGH 

Microarray 244A 

Sanger Center 
1Mb BAC array / 
Agilent Human 
Genome CGH 

Microarray 244A 

1Mb Clone Array / 
NimbleGen 385K 

whole genome 
array 

Agilent Human 
Genome CGH 

Microarray 44K 

Agilent Human 
Genome CGH 

Microarray 44K 

Flanking locus 
proximal to 
the deletion (non-
deleted) 

99,886017 100,677,723 99,366,374 99,804,294 101,986,973 

First proximal 
deleted locus 

99,895,352 106,789,261 99,293,796 100,025,224 102,017,156 

Last distal deleted 
locus 

105,151,384 106,789,261 104,556,255 106,469,347 103,939,573 

Flanking locus 
distal to the 
deletion (non-
deleted) 

105,156,747 106,802,448 104,875,758 106,500,557 104,103,306 

Minimal deletion 
size 

5.25 Mb 6.10 Mb 5.26 Mb 6.44 Mb 1.92 Mb 

 

 
 
Fig. 15⏐ The deletions identified by the array CGH experiments in the five patients are mapped 
against the corresponding genomic region in the UCSC genome browser.  
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Table 4: Clinical findings in patients with 8q22.2q22.3 overlapping deletions 
 Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 
Age at (last) 
evaluation 

6 years 3.6 years 4 years 8 years 20 years 

Prenatal growth normal normal normal normal normal 

Postnatal height 3rd-10th centile 10th centile 
< 3rd centile (-3 

SD) 
< 3rd centile (-4.5 

SD) 
5th centile 

Postnatal OFC 3rd centile 
3rd-10th 
centile 

3rd centile 
< 3rd centile (-4 

SD) 
10th centile 

Developmental 
delay//MR 

Severe, no words 
Moderate to 

severe 
Severe, no words Severe, no words moderate 

Seizures + n.d + + (+) 
Behavioural problems + + n.d + + 
Craniofacial 
dysmorphism 

+ + + + + 

Poor facial expression + + n.d + - 
Blepharophimosis + + +, and ptosis +, right ptosis - 
Telecanthus + + - n.d - 
Epicanthus + + + n.d - 
Flat nasal tip + + n.d + - 
Small upper lip + + n.d + + 
Down-turned corners 
of the 
mouth 

+ + n.d + + 

Congenital 
malformations 

- 
large hiatus 

hernia glandul. 
hypospadias 

Bilateral proximal 
radio-ulnar 
synostosis 

diaphragmatic 
hernia 

 
- 

Discussion 
The five patients described here present with developmental delay (5/5), postnatal short stature (3/5), 
microcephaly (3/5), diaphragmatic hernia (2/5) and a similar craniofacial phenotype (4/5) consisting of 
narrow palpebral fissures, a flat malar region, a small upper lip, down-turned corners of the mouth and 
a poor facial movement/expression (Table 4). All five patients carry an interstitial deletion in 8q22.2-
8q22.3. The minimal deletion overlap of all five patients spans about 1.92 Mb (localized from 102,0-
103,9 Mb) and corresponds to the deletion in patient 5, which is the smallest in size (Fig. 15). The facial 
phenotype is very similar in patients 1-4, that share a larger minimal deletion overlap of 3.9 Mb (from 
100,7 to 104,6 Mb). Patient 5 looks different. As no childhood photographs are available yet, it is 
unclear whether she had a similar facial phenotype at a younger age. Although the expressionless faces 
resemble patients with Nablus-mask like facial syndrome [1,2,3], both deleted regions are about 2 Mb 
apart and do not overlap. In patients 1-4, COH1 is involved in the deletion (in total or in part), but none 
of them showed clinical features of Cohen syndrome. In two patients (pat. 2 and 4), a diaphragmatic 
hernia was surgically corrected. In both patients, ZFPM2 (also called FOG2) was partly deleted. This 
gene was recently published as a candidate gene for congenital diaphragmatic hernias [e.g. 4]. We 
conclude that patients with a deletion of the region 8q22.2-22.3 have a similar facial phenotype, a 
developmental delay, postnatal short stature, microcephaly and diaphragmatic hernia. More patients 
have to be evaluated to establish a phenotype-genotype correlation.  
 
References: 
[1] Shieh et al., Am J Med Genet 140A:1267–1273 (2006) 
[2] Barber et al., Eur J Hum Genet 16:18-27 (2008) 
[3] Raas-Rothschild et al., Eur J Med Genet 52:140-144 (2009) 
[4] Bleyl et al., Eur J Hum Genet 15:950-958 (2007) 
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4.1.1.9 
Case 4 
Del9q31.1 
 
Clinical summary 
Female 
16y 3mo 
mild developmental delay  
coarse and kinky hair  
small hands with tapering fingers 
cervico-dorsal kyphosis 
 
 
 
 
 
 
Array-CGH result (44K, Agilent) 
 
De novo 9q31.1 deletion 
normal copy oligo 106 849 784 
first rearranged oligo 107 009 869 
last rearranged oligo 113 380 926 
normal copy oligo 113 401 655 
breakpoint position 106.92-113.39 Mb 
deletion size: 6.47 Mb 
 
 
 
 
 
 
 
In the common deleted region four disease genes are included. Most interesting is TAL2 which is 
specifically involved in T cell leukemogenesis but has also been seen playing a pivotal role in mouse 
brain development.142 The other three disease genes are IKBKAP, MUSK e FKTN, all responsible of 
autosomic recessive disorders of muscolar involvement. 143 144 145 
 

Fig 17. Molecular results. a) Array CGH ratio profile. On 
the left, the chromosome 9 ideogram. On the right, the log2 
ratio of chromosome 9 probes plotted as a function of 
chromosomal position 

Fig 16. Picture of case 4 (#803) at the age of 20y. 
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Comparison with other two patients with overlapping interstitial 
deletions in 9q31.1q31.3  
 
 
Introduction 
Interstitial deletions of chromosome 9 long arm are rare and until now 31 cases are described in medical 
literature, spanning the breakpoints from 9q21 to 9q34.1,2 10-14 These deletions vary in size and 
localization, leaving some regions underrepresented. Moreover, most of them were detected by 
conventional cytogenetic techniques, whose limited resolution prevents a precise definition of the 
breakpoints and the assessment of accurate genotype-phenotype correlations. We report two identical 
deletions of about 6,3 Mb, involving 9q31.1q31.3 region, identified by array-CGH in three patients with 
common phenotypic features. Two of them are monozygotic twins. 
 
 
 
 
 
 
 
 
 
 
 

Patient 1 is a 16 years and 3 months old girl (Fig. 
18).She presented a mild developmental delay and an 
IQ evaluation performed at 11 years and 4 months 
showed a mild mental retardation (IQ=62). An 
ophthalmologic evaluation detected astigmatism with 
a normal fundus oculi. The following exams resulted 
normal: thyroid hormones dosage, brain MRI, EEG, 
auditory evaluation, ultrasound evaluation of the 
kidney and the adrenal glands and ECG. Postnatal 
karyotype resulted in 46,XX. Clinical examination at 
15 years and 4 months showed: weight 64 kg (75-90th 
centile), height 152 cm (5th centile), head 
circumference 54 cm (25-50th centile), coarse and 
kinky hair, temporal narrowing, pointed eyebrows, flat 
profile with downturned tip of the nose, macrostomia, 
thick lips, short neck,  small hands with tapering 
fingers and cervico-dorsal kyphosis. She is able to walk 
and speaks in complex frases, she understands 
questions and answers appropriately. Constipation and 
normal sleep/wake cycle are referred. 
Patients 2 and 3 are 29 years old female monozygotic 
twins (Fig. 18). Development is reported as normal up 
to 5 months of age, when the twins were admitted to a 
Pediatric Unit for an enteritis. Dysmorphic features 
were observed and a karyotype resulted normal female 
in both. Mild intellectual disability was later observed. 
A 550 banded karyotype was performed recently in 
twin 1 and again the result was 46,XX. FISH for 
subtelomeric rearrangements was normal as well. Both 
twins have hepatosteatosis, hypercholestorelemia, mild 
vascular hypertension. Twin 2 has diabetes mellitus 
and mild neurosensorial hypoacusia. Twin 1 was 
recently admitted to our hospital for a respiratory 
insufficiency and echocardiography revealed a dilated 
cardiomyopathy. 
 

Fig 18. Picture of patients with 9q31.1q31.3 deletion. At the 
top, patient 1 attended the Department of Medical Genetics, 
University of Siena, Italy and at the bottom patients 2 and 3 
attended the Medical Genetics, S.Orsola Hospital, Malpighi, 
Bologna 
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Molecular characterization 
We analysed patient 1 and 2 by array-CGH, with a resolution of about 75 Kb and we found an identical 
deletion of 6,3 Mb on chromosome 9q31.1q31.3, spanning from 107.009 Mb to 113.380 Mb in both 
patients (Fig. 19). The deletions were de novo, as demonstrated by array-CGH experiments on parents 
of patient 1 (data not shown) and by microsatellites analysis on family of patient 2 (Fig 20). The latter 
investigation also showed that the proband’s twin sister had the same deletion (with paternal origin) 
and that their unaffected brother had two copies of that chromosomal region. 
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Fig. 19: array-CGH profiles 
Chr9: 107.009-113.380 Mb  
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Fig. 20: microsatellites results 

Discussion 
The small number of reported cases and the absence of a 
common overlapping region prevents the delineation of a 
recognizable phenotype for interstitial deletions of chromosome 
9q. To this aim the description of more cases well characterized 
both by a clinical and molecular point of view will be essential. 
Our finding of an identical deletion of 9q31.1q31.3 in unrelated 
patients, by a high resolution technique, might allow to pinpoint 
the clinical features associated to the haploinsufficiency of this 
locus. On the basis of the clinical description of the patients here 
reported, a set of common phenotypic features seems to 
characterize this new syndrome. In fact they share mild 
psychomotor delay, gibbus dorsalis and peculiar craniofacial 
dysmorphisms, especially thick hair, pointed eyebrows, mild 
downturned bulbous tip of the nose and short neck.  
The deleted 6.3 Megabases include nearly 30 RefSeq and 10 
predicted genes and, among them, we found FKTN that could be 
responsible for the dilated cardiomiopathy observed in one of the 
two twins 3-9. In fact, its mutations have been found in four 
Japanese families with isolated dilated cardiomiopathy. The 
FKTN analysis is ongoing in the twins in order to identify a 
mutation in the second allele, even if this could not explain why 
this cardiac alteration is present only in one of them. Finally, the 
shared breakpoints suggest the occurrence of the same molecular 
event mediated by peculiar sequences or structures. Indeed, at 
both sides of the deletions, we found repetitive elements, such as 
Alu sequences, which are known to generate genomic instability 
and to promote chromosomal aberrations. Experiments aiming 
the identification of the exact size of the deletion and the 
sequence composition of the breakpoints, in order to confirm the 
implication of Alu, are still ongoing. 
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4.1.2  Inherited or de novo rearrangements in 
susceptibility regions  
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4.1.2.1 
Case 1 
#570 
 
Clinical summary 
female 
2y 9mo 
Hypotonia 
Strabismo, nystagmo 
psychomotor delay 
recurrent infections 
epilepsy 
ataxia 
encefalic anomalies with corpus callosum hypoplasia and with mild Tonsillar Herniation of cerebella 
osteopenia and high muscular enzyme levels 
 
 
 
Array-CGH result (44K, Agilent)  
 
15q13.3 duplication 
normal copy oligo 29 734. 225 
first rearranged oligo 29 809 084 
last rearranged oligo 30 298 096 
normal copy oligo 30 701 773 
breakpoint position 29.77-30.49 Mb 
duplication size: 0.49 Mb 

 
 
 
 
 
 
 
Result of parental analysis (method) 
Rearrangement inherited from normal father (44K Agilent) 

15

Fig 22. Molecular results. a) Array CGH ratio profile. On the left, 
the chromosome 15 ideogram. On the right, the log2 ratio of 
chromosome 15 probes plotted as a function of chromosomal 
position. 

Fig 21. Picture of case 1 (#570) at the age of 2y and 9mo.



 94

4.1.2.2 
Case 2 
#846 
 
Clinical summary 
Male 
20y 
MR 
Speech delay 
Behavioral disorder 
Cleft palate 
Stereotypes 
Skeletal anomalies 
Delayed bone age 
Facial asymmetry  
Short neck 
 
 
Array-CGH result (44K, Agilent)  
 
15q13.3 duplication 
normal copy oligo 29 673 606 
first rearranged oligo 29 809 025 
last rearranged oligo 30 226 176 
normal copy oligo 30 298 096 
breakpoint position 29.74-30.26 Mb 
duplication size: 0.42 Mb 
 
 
 
 
 
 
 
 
Result of parental analysis (method) 
Rearrangement inherited from normal mother (44K Agilent) 

15

Fig 24. Molecular results. a) Array CGH ratio profile. On the left, 
the chromosome 15 ideogram. On the right, the log2 ratio of 
chromosome 15 probes plotted as a function of chromosomal 
position. 

Fig 23. Picture of case 2 (#846) at the age of 20y on the left. Picture 
of the hand on the right. Notice the proximal placement of the 
thumb.
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4.1.2.3 
Case 3 
#221 
Clinical summary 
male 
10y 10mo 
MR 
autistic traits 
speech disorder 
stereotypes 
joint hyperlaxity 
recurrent infections  
cerebral anomalies with 
Arnold Chiari type I malformation 
 
 
Array-CGH result (44K, Agilent)  
 
15q13.3 duplication 
normal copy oligo 29 673 606 
first rearranged oligo 29 809 025 
last rearranged oligo 30 298 096 
normal copy oligo 30 701 373 
breakpoint position 29.74-30.49 Mb 
duplication size: 0.49 Mb 
 
 
 
 
 
 
 
Result of parental analysis (method) 
Parental analysis still ongoing (44K Agilent) 
 

15

Fig. 26. Molecular results. a) Array CGH ratio profile. On the left, 
the chromosome 15 ideogram. On the right, the log2 ratio of 
chromosome 15 probes plotted as a function of chromosomal 
position. 

Fig. 25. Picture of case 3 (#221) at the age of 10y 10mo.
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4.1.2.4 
Case 4 
#518 
Clinical summary 
Male 
10y 2mo 
MR 
recurrent infections 
Speech delay with dislexia 
behavioral disorders 
stereotypes 
3rd toe brachydactyly and small feet 
High vaulted palate 
 
 
 
 
 
Array-CGH result (44K, Agilent)  
 
16p11.2 deletion 
normal copy oligo 29 233 146 
first rearranged oligo 29 581 455 
last rearranged oligo 30 104 791 
normal copy oligo 30 106 054 
breakpoint position 29.40-30.10 Mb 
deletion size: 0.52 Mb 
 
 
 
 
 
 
 
 
Result of parental analysis (method) 
Rearrangement not present in parental DNA (44K Agilent) 
 
More than 25 genes are included in this region. However, the cellular functions of TBX6 (a 
transcription factor) and ALDOA (a glycolytic enzyme) make them strong candidate genes. 110 

16

Fig 28. Molecular results. a) Array CGH ratio profile. On the left, 
the chromosome 16 ideogram. On the right, the log2 ratio of 
chromosome 16 probes plotted as a function of chromosomal 
position. 

Fig 27. Picture of case 4 (#518) at the age of 10y 2mo on the left. Picture 
of patient’s hands and feet on the right. Notice the 3rd toe Brachydactyly. 
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4.1.2.5 
Case 5 
#1230 
Clinical summary 
Female 
12y 7mo 
Speech delay 
Learning disabilities  
Myopia 
Obesity 
Brachydactyly 
 
 
 
 
 
 
Array-CGH result (44K, Agilent)  
 
16p11.2 deletion 
normal copy oligo 29 233 146 
first rearranged oligo 29 581 455 
last rearranged oligo 30 106 054 
normal copy oligo 30 240 023 
breakpoint position 29 407-30 173 Mb 
deletion size: 0.52 Mb 
 
 
 
 
 
 
 
 
Result of parental analysis (method) 
Parental analysis still ongoing (44K Agilent) 
 

16

Fig 30. Molecular results. a) Array CGH ratio profile. On the left, 
the chromosome 16 ideogram. On the right, the log2 ratio of 
chromosome 16 probes plotted as a function of chromosomal 
position. 

Fig 29. Picture of case 5 (#518) at the age of 12y 7mo. 
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4.1.2.6 
Case 6 
#778 
Clinical summary 
Male 
11y 8mo 
Perinatal Asphyxia 
MR 
strabism 
epilepsy  
EEG anomalies 
 
 
 
 
Array-CGH result (44K, Agilent)  
 
16p11.2 duplication 
normal copy oligo 29 233 146 
first rearranged oligo 29 581 455 
last rearranged oligo 30 106 054 
normal copy oligo 30 240 023 
breakpoint position 29.40-30.17 Mb 
duplication size: 0.52 Mb 
 
 
 
 
 
 
 
 
Result of parental analysis (method) 
Rearrangement investigated only in the paternal DNA resulting normal. Maternal DNA is not available 
(44K Agilent) 

16

Fig 32. Molecular results. a) Array CGH ratio profile. On the left, 
the chromosome 16 ideogram. On the right, the log2 ratio of 
chromosome 16 probes plotted as a function of chromosomal 
position. 

Fig 31. Picture of case 6 (#778) at the age of 11y 8mo. 
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4.1.3  Inherited or de novo rearrangements with 

possible effects in surrounding genes 
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4.1.3.1 
Case 1  
 
Clinical summary 
 
severe MR 
XX sex reversal  
Peters’ anomaly  
microphtalmia 
glaucoma  
cleft soft palate 
atrial septal defect 
 
 
 
 
Array-CGH result (105K, Agilent) 
 
Inherited 17q12 duplication in(pat)  
normal copy oligo 31 474 518  
first rearranged oligo 31 889 640 
last rearranged oligo 33 322 972 
normal copy oligo 33 708 879 
breakpoint position 31.68-33.51 Mb 
duplication size: 1.8 Mb 
 
 
 
 
 
 
 
 
Result of parental analysis (method) 
Rearrangement inherited from normal father. (44K Agilent, Real Time PCR) 
 

* Case published in Mencarelli MA et al. Eur J Med Genet. 2008 Sep-Oct;51(5):409-16 

 
 
 
 

2y 15y

105K

17

105K

17

Fig 34. Molecular results. a) Array CGH ratio profile. On the left, 
the chromosome 17 ideogram. On the right, the log2 ratio of 
chromosome 17 probes plotted as a function of chromosomal 
position. 

Fig 33. Pictures of case 1 at the age of 2y and 15y. 
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4.1.3.2 
Case 2  
 
Clinical summary 
 
XY sex reversal  
Ambiguous genitalia 
Asymetric facies 
 
 
 
 
 
 
 
 
Array-CGH result (44K, Agilent) 
 
De novo 17q12 deletion 
normal copy oligo 30 610 916  
first rearranged oligo 30 711 469 
last rearranged oligo 30 762 521 
normal copy oligo 30 797 213 
breakpoint position 30.66-30.77Mb 
deletion size: 180 Kb 
 
 
 
 
 
 
 
Result of parental analysis (method) 
Rearrangement absent in the parental DNA. (44K Agilent, Real Time PCR) 

 
 

Fig 36. Molecular results. a) Array CGH ratio profile. On the left, 
the chromosome 17 ideogram. On the right, the log2 ratio of 
chromosome 17 probes plotted as a function of chromosomal 
position. 

Fig 35. Pictures of case 2 newborn.

1d

17
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Letter to the editor 
 
Response to Dr. Katzaki 
 
Based on their studies on patients with gene duplication and deletion on 17q12, Katzaki et al., propose an 
interesting hypothesis of HSD17B1 being a sex reversal gene. The mechanism of the sex reversal in patients 
is suggested to be due to modifications of the regulatory area of the HSD17B1 gene. The hypothesis is 
supported by our experimental findings that that the overexpression of human HSD17B1 in transgenic 
female mice (HSD17B1TG) resulted in partial female-to-male sex reversal (Saloniemi et al. 2007, Saloniemi 
et al. 2009). Our mice are, however, expressing the enzyme under a ubiquitous promoter, and the gene is not 
driven by its own promoter. 
 
Human HSD17B1 is an enzyme involved in ovarian estradiol biosynthesis and is also expressed in various 
estrogen target tissues in humans. The estrogenic activity of the enzyme, converting weak the estrogen, 
estrone, to highly potent estradiol, has been shown in various studies in vitro and in vivo (Poutanen et al. 
1993, Husen et al. 2006b, Husen et al. 2006a, Day et al. 2008, Lamminen et al. 2009). However, the enzyme 
is also to promote androgenic activity, by converting androstenedione to testosterone (Poutanen et al. 1993, 
Lin et al. 2006). Thus, the net outcome of the enzyme’s activity also depends on the substrate availability, 
and our studies in transgenic mice indicated that overexpression of the enzyme masculinizes female mice 
during fetal life (Saloniemi et al. 2007, Saloniemi et al. 2009). 
 
The regulation of HSD17B1 expression is only superficially known. Several silencers and enhancers are 
known to be located upstream of the gene, although they have not been described further than -661bp 
upstream of the transcription start site (Piao et al. 1995). Therefore, it is possible that a duplication of an 
unknown, distant HSD17B1 enhancer would lead to fetal androgen accumulation and female-to-male sex 
reversal in patients akin to the phenotype of HSD17B1TG female mice. Likewise, a deletion of a distant 
HSD17B1 enhancer could lead to lack of testosterone and male-to-female sex reversal. A more likely 
explanation, however, is that the enzyme would no more be driven by its own promoter, while the gene 
deletion/duplication could result in ectopic expression of HSD17B1. Improper regulation and expression of 
the enzyme could be revealed by quantitative RT-PCR, while obtaining suitable tissue samples would be 
challenging. As the genome rearrangement in the patients reported by Katzaki is considerably far form 
HSD17B1, several other, even more likely, possibilities resulting in sex reversal remain.  However, we agree 
that it would be important to investigate mutations and rearrangements affecting HSD17B1 expression or 
enzymatic properties in patients with sex reversal. 
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5. DISCUSSION, CONCLUSIONS AND FUTURE PERSPECTIVES 

 

 The aim of this work was to investigate a group of patients with mental 

retardation and associated anomalies for the presence of submicroscopic chromosomal 

imbalances. The development and the clinical applications of array-CGH in the past 

few years have revolutionized the diagnostic workup of patients and facilitated 

enormously the identification of the molecular basis of many genetic diseases. After 

being first developed as a research tool for the investigation of genomic imbalances in 

cancer, array-CGH has become an essential and a routine diagnostic tool and is 

gradually replacing cytogenetic methods in an increasing number of genetic 

laboratories.13,146,147 Consequently, we decided to employ this innovative technique to 

study our group of MCA/MR patients. 

 Among 332 patients, we have identified a pathogenic rearrangement in 46 

cases (14%) while in 69 (21%) cases we identified at least one inherited 

rearrangement, private (15%) or located in regions including known disease genes 

(6%) (Fig.37).  

0,6%1,8%6,6%
5%

21% 66%

negative

inherited private or in regions with disease genes 

de novo not polimorphic 

inherited or de novo known syndrome

inherited or de novo in susceptibility region

inherited or de novo with possible effect in surrounding genes
 

Fig. 37⏐Number and type of rearrangements identified by oligo array-CGH in a cohort of 332 MCA/MR 
patients. 
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The 46 positive cases fell in three different categories: i) de novo non 

polymorphic rearrangements (5%), ii) inherited (15q11.2q13.2) or de novo 

rearrangements of known syndromes, (6.6%); iii) inherited or de novo rearrangements 

in susceptibility regions (15q13.3 and 16p11.2) (1.8%), iv) inherited or de novo 

rearrangements with possible effects in surrounding genes (0.6%) (Fig.37). 

Among these cases, 30 were deletions (65%), 16 were duplications (35%) while 

one was a complex rearrangement involving 9p24.1 and 17p13.3. In all cases where 

the array-CGH analysis indicated that the rearrangements arisen “de novo”, we 

performed standard karyotype analysis of both parents in order to exclude the 

presence of a balanced rearrangement favouring the unbalanced rearrangement in the 

child. In all cases but two (Result 4.1.1.5 and 4.1.1.6) the parents’ karyotype resulted 

normal and during genetic counselling a low recurrence risk was given to the family. 

The use of array-CGH allowed us to identify and to obtain the characterization 

of submicroscopic anomalies in patients with particular clinical features. 

We described a patient carrying a de novo deletion of 9.3 Mb at 3q27.3q29 

overlapping for about 1 Mb with the deletion of 1.6 Mb commonly found in the 3q29 

microdeletion syndrome (Result 4.1.1.1). Our patient shares with the 3q29 

microdeletion syndrome mental retardation, developmental and speech delay, 

microcephaly and a long and narrow face. Among the known genes considered to be 

causative of the 3q29 microdeletion syndrome,148,149 our deletion includes PAK2 gene, 

homologue to PAK3, responsible for X-linked mental retardation. Therefore this gene 

could have a critical role in the development of mental retardation in our patient and 

in the 3q29 microdeletion syndrome. 

We described a patient carrying de novo 7q22.2–q22.3 microdeletion of 3.2 Mb 

presenting mental retardation, epilepsy, overgrowth and delayed bone age (Result 

4.1.1.2). Overgrowth syndromes seemed to be associated with a deregulation in cell 

growth and this is supported by the susceptibility to cancer in overgrowth 

syndromes.150 Array-CGH identified a microdeletion that includes a genomic region 

that is a site of frequent loss of heterozygosity (LOH) in human cancers, such as 
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myeloid malignancies and uterine leiomyoma.151,152 By an accurate in silico analysis of 

the genic content of the deleted region we identified good candidate genes that could 

justify why differently from classic overgrowth syndromes which are generally 

associated with advanced bone age our patient presents delayed bone age, normalizing 

with time.  

Array-CGH analysis has been also demonstrated a powerful tool for disease 

gene discovery. A classical technique in disease mapping is the study of multiple 

patients with overlapping deletions or duplications to delineate a common minimal 

region in which a candidate gene must lie. Subsequent detailed study of patients with 

similar phenotypes, but who lack gross rearrangements, can often pinpoint an 

individual gene that is responsible for the phenotype through the identification of 

small atypical rearrangements or point mutations in candidate genes within this 

minimal region. This rationale has led to the successful identification of a number of 

disease genes that underlie genomic deletion syndromes, such as PMP22 (MIM 

601097) in HNPP/CMT1A, 153 CHD7 (MIM 608892) in CHARGE syndrome,50 and 

EHMT1 (MIM 607001) in the 9q34 deletion syndrome.154 

In the present study we described the identification of a de novo 3 Mb 

interstitial deletion of chromosome 14q12 in a 7 year-old girl, harboring FOXG1 

(MIM164874) gene, later demonstrated to be the gene responsible for the most severe 

form of RTT, the congenital variant.155 The patient showed dysmorphic features and a 

Rett-like clinical course, including normal perinatal period, postnatal microcephaly, 

seizures, and severe mental retardation (Result 4.1.1.3). The deleted region was gene 

poor and contained only five genes. Among them, FOXG1 (MIM164874) turned out to 

be a very interesting gene because it encodes a brain-specific transcriptional repressor. 

A first analysis of this gene with a combination of both DHPLC and real-time 

quantitative PCR in a cohort of 53 MECP2/ CDKL5 mutation-negative RTT patients, 

allowed the characterization of a different de novo FOXG1 truncating mutation in two 

RTT congenital variant patients.155 Soon after, FOXG1 mutations have been identified 
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in several patients, independently classified as congenital Rett variants from France, 

Spain, Latvia and Canada.156,157 

The search of additional patients having overlapping 14q12 deletions in the 

existing databases (ECARUCA and DECIPHER) collecting cases with chromosomal 

aberrations, allowed the identification, in the DECIPHER database, of two new 

patients and the further characterization of the 14q12 microdeletion syndrome. 104 

Sometimes though, when attempting to carry out a genotype-phenotype 

correlation after the identification of a certain submicroscopic anomaly, the classic 

approach of disease mapping based on the sole genic content may not be sufficient. 

Many recent studies have reported that microRNA (miRNA) biogenesis and 

function are related to the molecular mechanisms of various clinical diseases. It is 

becoming therefore apparent that when phenotype-genotype correlation is attempted 

in microdeletion/microduplication syndromes, is important to investigate for the 

presence of miRNAs and their target genes in the rearranged region. MiRNAs are 

small, non-protein coding RNAs that base pair with specific mRNA targets and leads 

to translational repression or mRNA cleavage.158-160 It has been demonstrated that they 

play a fundamental role in diverse biological and pathological processes, including cell 

proliferation, differentiation, apoptosis, carcinogenesis, cardiovascular disease159,160 and 

are aberrantly expressed in almost all human cancers, leading to abnormal levels of 

target genes.161 In a recent study, it has been tested and demonstrated the hypothesis 

that Trisomy 21 results in the over-expression of Human chromosome 21-derived 

(Hsa21) miRNAs.162 Authors showed that all five Hsa21-derived miRNAs are over-

expressed in fetal Down syndrome (DS) brain and heart specimens and hypothesized 

that contribute, in part, to features of the neuronal and cardiac DS phenotype.162 In the 

present study, we described three patients with an overlapping “de novo” interstitial 

deletion in 21q22 encompassing RUNX1 gene, responsible for an autosomal dominant 

platelet disorder with predisposition to acute myelogenous leukemia and mir-802 

gene, which is supposed to modulate the activity of RUNX1. We have compared the 

clinical features of our patients with the overlapping ones already reported and 
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attempted to correlate the haematologic phenotype of these patients with the presence 

or absence of this miRNA in the deleted region (Result 4.1.1.4).  

 

As already reported before, many recognizable microdeletion syndromes are 

caused by nonallelic homologous recombination (NAHR) mediated by flanking low-

copy repeat (LCR) sequences.33 NAHR can use either region-specific low-copy repeats 

(LCRs, or segmental duplications) or sometimes repetitive sequences (e.g., Alu) as 

homologous recombination substrates, yielding recurrent events with clustered 

breakpoints.163 We described here two identical deletions of about 6.3 Mb in 

9q31.1q31.3 flanked at both sides by repetitive elements, such as Alu sequences, in 

three patients (two monozygotic twins) sharing common phenotypic features (Result 

4.1.1.9). Experiments aiming the identification of the exact size of the deletion and the 

sequence composition of the breakpoints, in order to confirm the implication of Alu, 

are still ongoing. Even if more cases well characterized both by a clinical and 

molecular point of view will be essential for the delineation of a recognizable 

phenotype, we strongly believe that this could be a new microdeletion syndrome. 

 

Array-CGH may have revolutionized the contemporary molecular cytogenetic 

techniques in research and diagnostics increasing enormously the detection rate of 

chromosomal abnormalities, is not able though to identify balanced rearrangements 

such as translocations and inversions. This technology is only able to detect copy 

number imbalances relative to other DNA regions within the same sample and 

therefore array-CGH is unable to detect the polyploidy. When a rearrangement is 

proven to be de novo, standard karyotype analysis of both parents is necessary in order 

to exclude the presence of a balanced rearrangement. 

We described here the identification of two telomeric rearrangements, a 9pter 

deletion and a 17pter duplication, detected by MLPA in an 11 year-old girl with mild 

mental retardation, microcephaly, facial dysmorphisms, mild bone anomalies and 

sociable behavior. Array-CGH analysis permitted the definition of the breakpoints and 
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the characterization of the extension. The pedigree was highly suggestive of a familial 

rearrangement since the mother of the proband had experienced two spontaneous 

abortions in the first months of gestation and two maternal cousins of the proband are 

referred to suffer from psychomotor delay. In fact the rearrangement present in our 

case originated by a balanced translocation present in the mother as demonstrated by a 

FISH analysis (Result 4.1.1.5).  

 

In the present study we have also testimoniated peculiar cases that instead of 

“fitting” in what we consider until now a well described syndrome, they add proofs on 

the fact that little we know about the molecular and cellular mechanisms hidden 

behind any chromosomal abnormality. In particular we described a patient with 6p 

telomeric deletion and a normal G-banded karyotype with a mild clinical phenotype 

(Result. 4.1.1.6).  

 

The number of duplicated cases we have identified in our study is in 

accordance with the prediction that the prevalence of the reciprocal duplication 

product in the population should be 1:2 to the frequency of deletion.33,34 This is the 

result of both the power of array-CGH in detecting pathological rearrangements even 

in individuals with mild DD/MR and our attempt to eliminate the clinical selection 

bias that exist, given that duplications generally result in a milder phenotype, 

including in our study patients with mild phenotypes. In particular in this study, we 

described a patient with autistic traits, speech delay, behavioural disorders and self 

mutilation, where a duplication in 7q11.23 was identified (Result 4.1.1.8).  

 

The identification of a de novo event was not the only criterion we used for 

pathogenicity. While studies have suggested an apparent positive correlation between 

the size of a CNV and its probability of being de novo and thus presumably 

pathogenic,47 the testing of parental samples generally remains the key step when 

attempting to determine the pathogenic significance of a novel variant. A review of 
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432 chromosomal imbalances detected by array-CGH showed that in 37.5% of cases, 

the same rearrangement identified in an affected child was also present in one of the 

parents.164 In our study of 111 chromosomal imbalances, private inherited 

rearrangements reached 46% of the cases. However, it is becoming apparent that for 

some loci, the distinction between disease causing events (generally presumed to be 

those that are de novo) and benign variants (traditionally viewed as those that are 

inherited from an unaffected parent) is blurring. 85,112,165 There are now several 

examples in the literature of microdeletion/duplication syndromes that are associated 

with highly variable phenotypes: 

The 200-kb to 500-kb deletions of 1q21.1 associated with thrombocytopenia-

absent radius (TAR) syndrome.166 Although all patients examined to date have deletion 

of a common region, only ˜25% of these deletions occur de novo, with the majority 

instead being inherited from a phenotypically normal parent. 

The 1.65-Mb reciprocal deletions and duplications of 16p13.11 associated with 

autism, mental retardation, and congenital anomalies,167,168 the 1.5 Mb reciprocal 

deletions and duplications in 15q13.3 correlated with a pathological phenotype not 

only regarding epilepsy but also variable clinical outcome.106,107,109,169 and the 0.6 Mb 

deletions and duplications in 16p11.2 correlated not only with autism but also variable 

clinical features.105,108,110,169 These deletion and duplication events are observed both de 

novo, and in apparently unaffected parents. Testing of a large population of control 

individuals showed that the duplication in 16p13.11, but not the deletion, also occurs 

at an appreciable frequency in the general population. 

Duplications of 22q11.21 (representing the reciprocal event to the common 

velocardiofacial syndrome [VCFS] deletion) are associated with highly variable 

phenotypes, ranging from severe mental retardation with congenital anomalies to 

almost completely asymptomatic, and are frequently observed to be inherited from 

apparently normal individuals.35,39,85,170,171 

In the present study we described three cases with 0.5 Mb 15q13.3 duplication 

(Result 4.1.2.1, 4.1.2.2 and 4.1.2.3) entirely included in the region described previously 
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and encompassing CHRNA7 gene, located in a region identified as a major 

susceptibility locus for juvenile myoclonic epilepsy and a chromosomal location 

involved in the genetic transmission of schizophrenia.107,172 In two of the patients 

described, the duplication is inherited from the healthy father and mother respectively 

while the parental analysis of the third case is still ongoing. Even if the duplication 

identified in our patients is smaller we have compared their clinical features with 

those reported in the literature. This patients share some of the clinical features with 

those reported recently by van Bon et al.169 that is, mental retardation, behavioural 

problems, autism, hypotonia, recurrent infections and low set ears. None of the 

patients reported by van Bon had structural brain abnormalities or epileptic seizures, 

characteristics present in our patients. Although some dysmorphic features are noted 

in individual patients, these patients do not share a common recognisable phenotype. 

To conclude whether this duplication is pathogenic is rather difficult with the limited 

number of patients described until today, unknown inheritance of the duplication in 

many of them and the fact that this duplication and that described by Bon et al. have 

been identified also in normal controls.107 The duplication might be a genetic modifier 

contributing to mental retardation and future studies of 15q13 duplications carriers are 

needed to determine whether there is a correlation with psychiatric disease and 

cognitive functioning in these patients. 

In our study we have also identified two patients with del16p11.2 and one 

patient with dup16p11.2 (Result 4.1.2.4, 4.1.2.5 and 4.1.2.6). Two of the cases are of 

unknown inheritance while one of the deletions was proven de novo in one of the 

patients (Result 4.1.2.4). The same deletion in 16p11.2 is described in autistic patients 

without apparent dysmorphic features,79,105,106,110,173 in mentally retarded patients with 

minor dysmorphic features,110,125,174 and in individuals with normal intelligence110 who 

may have had isolated developmental problems such as speech retardation and 

dyslexia. Therefore, this deletion at 16p11.2 is associated with a variable phenotype 

while the duplication may be a benign variant.106 The patients we described here may 

contribute to extend the spectrum of the associated phenotype which is not restricted 



 124

j 

k 

to autism, and the deletion does not always result in autism. In summary, though some 

of the patients reported in the literature and described here show a facial resemblance 

(Fig 38) and 16p11.2 deletion patients share a tendency to overweight and obesity, 

there is no evidence to suggest a recognizable phenotype. However, further studies of 

more patients and normal individuals with 16p11.2 deletions (and duplications) are 

needed to gain better insight in the potential pathology associated with 

rearrangements in this area.110 

 

 

As a result, the paradigm of causality for CNVs can no longer always be viewed 

simply in the context of whether a CNV is inherited or de novo. While this criterion 

will likely remain accurate in the majority of cases, future studies will require 

additional methods to draw firm connections between genotype and phenotype. As 

Fig. 38⏐. Phenotypical characteristics of cases with a 16p11.2 deletion reported by Bijlsma et al 2009 
(a-i) compared with the two patients described in the present study (j and k). Starting from the left: a. 
Case 2 (overview aged 16 years (left), face aged 7 years (top) and 17 years), b. case 3, c. case 6, d. case 
10, e. case 11, f. case 12, g. father of case 12, h. case 13, i. case 14 (at the age of 9 months (left) and 4 
years). Some of the cases share facial characteristics (long nose in cases 6, 12, and father of case 12) (c, 
f, g); narrow palpebral fissures in cases 6 and 14 (c, i); periorbital fulness in cases 2, 3, 11 and present 
case (a, b, e, j); ptosis in cases 13 and 14 (h, i). Overall however, patients show no common facial 
features. Modified by Bijlsma et al 2009 



 125

illustrated by the examples of TAR syndrome, duplication/deletion 16p13.11, 16p11.2, 

15q13.3 and duplication 22q11.21, some genomic disorders show highly variable 

penetrance that can easily confound traditional segregation-based studies when 

viewed on a case-by-case basis. It is likely that many other similar disorders await 

discovery, and unless a more holistic approach is taken, there is a danger that these 

may easily be labelled as mere genomic polymorphisms without phenotypic 

consequence.85 The effective identification of such regions will likely require 

collaborative efforts by multiple centres, such that sufficient numbers of patients 

carrying the same structural variant can be collected for study. By drawing conclusions 

from multiple cases, the power of a study is markedly increased, making it possible to 

more accurately define the associated phenotype, if any, of a particular CNV. On the 

basis that multiple individuals with a particular pathogenic variant will likely show at 

least some degree of phenotypic concordance even where penetrance is incomplete, 

causality can also be inferred through the use of phenotype-genotype correlations. 

Finally, accurate assessment of the prevalence of specific CNVs in large populations 

comprising thousands of control individuals will also be necessary to determine if the 

variant in question occurs at significantly increased frequencies in the phenotype 

under investigation.85,105,168  
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Another important factor influencing the penetrance of genomic disorders is 

the potential involvement of epigenetics. Imprinting is well established at several loci, 

the best characterized of which is the Prader-Willi/Angelman syndrome (PWS/AS) 

region. Here, the presence of several imprinted transcripts that are expressed 

uniparentally means that genomic deletions of this region only result in disease when 

transmitted through one parental lineage. The result of this is that some or all of the 

phenotypic effects of a PWS/AS-associated rearrangement can essentially skip 

generations in a manner that is dependent on whether the transmission occurs 

maternally or paternally, thus presenting with widely variable penetrance.175 Although 

the involvement of imprinting in most other genomic disorders is generally thought to 

be minimal, it remains possible that imprinted genes may contribute toward more 

subtle phenotypes in many other diseases.176 However, the current lack of any 

comprehensive catalogue of imprinting in the human genome often means that only 

gross epigenetic defects can readily be identified unless sufficiently large populations 

of patients are studied in detail. The future development of genome-wide maps of 

imprinted genes177 will likely aid in the identification of the phenotypic effects of 

CNVs.85 

 

As we already said before, it will often be necessary to consider more than the 

genic content of a CNV region to define the underlying cause. Recent studies have 

showed that CNVs can exert long-range position effects, with genes located several 

megabases outside of the copy number variant region sometimes showing disrupted 

expression patterns. An example we already reported is that of patients carrying the 

Williams-Beuren syndrome deletion, were it was observed that the transcription level 

of some genes located in the diploid flanking sequence outside the deletion region 

were also altered.129 These observations suggest that disruption of the local chromatin 

environment and/or gene regulatory elements such as enhancers, silencers, and 

insulators may be just as important as the more traditional view of CNVs acting via 

directly altering the copy number of dosage-sensitive genes located within them. 
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Consequentially the phenotypes of some genomic disorders may be influenced 

by altered expression of genes that lie outside the aneuploid region.95 This is supported 

by whole genome association studies between CNVs and gene expression levels, which 

show the existence of frequent long-range effects of structural variants on gene 

expression.178,179 Some other CNVs also appear to cause phenotypic effects by 

mechanisms that may also be related to gene regulation via long range position effects. 

Examples of this include facioscapulohumeral muscular dystrophy, which is associated 

with reduced copy number of a highly polymorphic 3.3-kb tandem repeat at 4q35180, 

and autosomal-dominant microtia, which is associated with expansion of a 750-kb 

tandem array at 4p16181. Although the exact mechanism by which these CNVs cause 

disease is unknown, it is thought that they may act by causing changes in local 

chromatin structure182 or alterations in enhancer activity.183 These examples illustrate 

how complex the effects of some CNVs are. Very recently Dathe et al,111 using array-

CGH to study large kindreds with autosomal dominant forms of brachydactyly (digital 

anomalies) for which the causative gene, BMP2, is already known, identified 

duplications that affect regulatory elements located outside the affected gene, 

providing the first true example of how mutations of these non genic elements can 

influence human phenotypes. In one case, the duplication identified was only 6 kb in 

size and lay >100 kb from BMP2. In most clinical situations, such a small change 

located outside any genes would likely be ignored and presumed to represent a benign 

variant unrelated to the patient’s phenotype. However, here the segregation of this 

duplication with the disease in a large pedigree, the detection of several other 

overlapping larger duplications in different families, and some very elegant data in 

which the insertion of this duplicated element in a transgenic lacZ reporter mouse 

recapitulated perfectly the expression of BMP2 in the developing digits of the embryo 

proved that this was the causative mutation111. These data makes anyone who 

routinely performs array-CGH in a clinical setting reconsider the interpretation of the 

wealth of copy number alterations that are generated from the analysis of even a single 

disease patient.  



 128

Given these latest data, we decided to re-analyze our cohort paying attention to 

the surrounding regions. So far, we have identified three interesting cases. In a sex 

reversal 46XX male, a 1.8 Mb inherited duplication in 17q12 was identified, laying 4 

Mb upstream of the 17beta-hydroxysteroid dehydrogenase 1 gene that encodes 

17HSD1, which catalyzes the final step of testosterone biosynthesis. In a sex reversal 

46XY female a 0.2 Mb inherited deletion in 17q12 was identified, laying 7 Mb apart 

upstream of the above mentioned gene (Result 4.1.3.1 and 4.1.3.2) (Fig 39). We 

hypothesize that the 17q12 duplication includes regulatory elements that modify the 

expression levels of HSD17B1 and thus could be responsible for the patients’ sex 

reversal phenotype. 

 

Case 1Case 2

Fig. 39⏐The rearrangements identified by the array CGH experiments are mapped against the 
corresponding genomic region in the UCSC genome browser. The duplicated region identified 
in case 1 is coloured in green while coloured in red is the deletion found in case 2. HSD17B1 
gene, considered a candidate gene for the sex reversal phenotype of the two patients, is 
highlighted with a red circle. 
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In a third patient a 2.1 Mb de novo deletion in 8q22 was identified, laying 1 Mb distal 

to the COH1 gene, responsible for Cohen syndrome (Fig 40). Since the patient presents 

several Cohen-like features (microcephaly, truncal obesity tapered fingers with 

brachydactyly, short stature, evocative facial gestalt) we hypothesized that she could 

be affected by Cohen syndrome and that the positional effect of the deletion probably 

unmasked a recessive allele that remained on the intact homolog. Methods for the 

detection of point mutations and gene deletions/duplications in the COH1 gene are 

well established in our laboratory (DHPLC followed by automatic sequencing and 

MLPA analysis respectively) (see Appendix 1 and 2) but the COH1 molecular analysis 

resulted negative both for point mutations and gene deletions/duplications.  

Given that our hypothesis of an autosomal recessive disorder was ruled out, we 

considered as a next step the search of additional patients sharing overlapping 

deletions. In fact, thanks to the DECIPHER database, we were contacted by the 

Institute of Human Genetics, Universitätsklinikum Essen, Germany, in order to 

include our patient in a project that aims at the characterization of a new 

microdeletion syndrome in 8q22.2-8q22.3 (Result 4.1.1.9). 

 

 

 

 

 

 

 

 

 

 

Fig. 40⏐Decipher Database cytoview by Ensembl. The red rectangles indicate deletions while 
green rectangles indicate duplications. The black arrow indicates the patient described in the 
present study .COH1 (VPS13B) gene, responsible for Cohen syndrome is highlighted with a red 
circle. 



 130

Array-CGH can detect cytogenetic anomalies at a resolution unachievable by 

conventional techniques. Imbalances as small as the size of the clones used will 

identify new syndromes and will elucidate the molecular basis of clinically recognized 

syndromes. Given the great achievements in the past few years, array-CGH will 

change the diagnostic approach to many congenital and acquired genetic diseases such 

as mental retardation, birth defects, and cancer. Diagnostic guidelines should be 

established though in order to enable the reliable and accurate detection of 

chromosome imbalances by array-CGH in the cytogenetics laboratory 184.  

For the future we plan to continue the consultation of the literature in search 

of new disease candidate genes and new emerging low penetrance syndromes 

reconsidering the rearrangements found in our cohort and providing to our patients a 

correct clinical follow up. We will continue to re-analyze our cohort paying attention 

to the surrounding regions and taking into consideration the possibility of new 

imprinted genes. In our future plans we also intend to introduce into are routine 

analysis the use of SNP arrays in order to detect the paternal origin of the de novo 

rearrangements and have the possibility to carry out or participate to paternal origin 

association studies. We also plan to use array platform to perform “exome sequencing”, 

a recently developed approach that combines the individual advantages of microarrays 

and massive parallel sequencing to enable efficient resequencing of selected targets 

such as all protein-coding human exons (“exome”). We plan to apply this technique in 

aspecific MR cases without a positive array-CGH result. 
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6. PERSONAL CONTRIBUTION 

 

During the last four years of the course, my Ph.D. research project has been 

mainly focused on the investigation of patients with mental retardation and associated 

anomalies for the presence of submicroscopic chromosomal imbalances by the 

combined use of array-CGH, Real time quantitative PCR and MLPA experiments.  

For all cases described in this thesis I personally took care of the insertion of 

molecular data in the Decipher Database and took part of the collaborations developed 

with other centres. My contribution to these cases was divided in personally 

performing the array-CGH, Real Time and MLPA experiments, analysing the array-

CGH data, carrying out the bioinformatic analysis, collaborating with the medical 

doctors for the genotype-phenotype correlations and actually writing the manuscripts 

published. 

In particular:  

For case 4.1.1.1 (del3q27.3q29) I performed the array-CGH experiment, the 

bioinformatic data analysis of the deleted region and wrote part of the manuscript. 

(Pollazzon M. et al; Eur J Med Genet. 2009). 

For case 4.1.1.2 (del7q22) I performed the array-CGH data analysis and 

bioinformatic analysis of the deleted region. (Uliana V. et al; Submitted to the Eur J 

Med Genet) 

For case 4.1.1.3 (del14q12) I performed the quantitative Real Time experiments, 

data analysis and bioinformatic analysis of the 1st paper (Papa FT. et al; Am J Med 

Genet Part A 2008) and array-CGH analysis and the bioinformatic analysis of the 2nd 

paper. (Mencarelli MA. Et al; Eur J Med Genet 2009) 

For case 4.1.1.4 (del21q22.11) I performed the data analysis, bioinformatic 

analysis and wrote the manuscript. (Katzaki E. et al; Under revision to the Eur J Hum 

Genet) 
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For case 4.1.1.5 (del9pter, dup17pter), I performed MLPA experiments, 

bioinformatic analysis and wrote part of the manuscript. (Pollazzon M. et al; In 

preparation for the Am J Med Genet) 

For the unpublished cases 4.1.1.6-9 and 4.1.2.1-6, I performed part of the array 

experiments, bioinformatic analysis and consultation of the literature for genotype-

phenotype correlations. 

For case 4.1.3.1-2 I performed the array data analysis, bioinformatic analysis, 

wrote part of the manuscript (Mencarelli MA. et al; Eur J Med Genet. 2008) and wrote 

the letter to the editor (Katzaki E. et al; Mol Cell Endocrinol. 2009). 
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ABSTRACT  
 
Cohen syndrome is a rare clinically variable autosomal recessive disorder characterized by mental retardation, 
postnatal microcephaly, facial dysmorphisms, ocular abnormalities, and intermittent neutropenia. Mutations in 
the COH1 gene have been found in patients from different ethnic origins. However, a high percentage of patients 
has only one or no mutated allele. In order to investigate whether large COH1 rearrangements account for 
missed mutations, we used multiplex ligation-dependent probe amplification (MLPA) to test a group of 14 
patients with Cohen syndrome. This analysis has allowed to identify multi-exonic deletions in 11 alleles and 
duplications in 4 alleles, representing in total the 42% of mutated alleles. To our knowledge, COH1 intragenic 
duplications have never been reported in Cohen syndrome. The three duplications encompassed exons 4-13, 20-
30 and 57-60, respectively. Four deletions, spanning from exon 6 to 16, shared the same extension with the one 
reported in a large Greek consanguineous family, suggesting a possible founder effect in the Mediterranean 
basin. The use of MLPA was therefore crucial in identifying mutated alleles undetected by traditional techniques 
and in defining the extension of the rearrangements. In conclusion, MLPA has proved to be an important tool for 
detecting COH1 copy number variations at relatively low cost. Given the high percentage of identified large 
rearrangements, we suggest that this technique could be used as the initial screening method for molecular 
diagnosis of Cohen syndrome.  
 
KEYWORDS: Cohen syndrome, COH1, MLPA.  
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INTRODUCTION  
 
Cohen syndrome (OMIM #216550) is an autosomal recessive 
disorder first described in 1973 by Cohen et al. 1. It is 
characterized by non-progressive mental retardation, 
characteristic facial features, hypotonia, pigmentary 
retinopathy, myopia and intermittent neutropenia 1-3. The 
peculiar craniofacial features of Cohen syndrome include 
microcephaly, downslanting and wave shaped palpebral 
fissures, short philtrum and prominent upper central incisors 
1-3. 
 In 2003, mutations in the COH1 gene were 
identified as causative of Cohen syndrome in the Finnish 
population 4. The COH1 gene maps to chromosome 8q22 and 
consists of 62 exons encoding for a potential transmembrane 
protein presumably involved in vesicle mediated sorting and 
intracellular protein transport 4,5.  
 The phenotypic spectrum in Finnish patients is 
highly homogeneous and molecular analysis revealed a 
founder effect with a common ancestral mutation causative of 
the majority of cases6. On the other hand, Cohen syndrome 
was found to be associated with mutations in the COH1 gene 
in different populations with a broader clinical spectrum than 
the Finnish subtype 4,6-10. About one hundred mutations in 
COH1 gene have been identified so far 9. Most of them are 
truncating mutations resulting in a null allele, while missense 
mutations and in-frame deletions are less frequent 9.  
    Methods for the detection of point mutations in the COH1 
gene are well established in our laboratory and consists of 
DHPLC followed by automatic sequencing 10. Until now, we 
employed real time quantitative PCR (qPCR) for the detection 
of large COH1 deletions/duplications 10. However, since 
COH1 is a large gene, spanning 846 kb of genomic DNA and 
composed by 62 exons, qPCR assays designed on a limited 
number of target regions are prone to miss a high fraction of 
intragenic rearrangements and do not allow the 
characterization of deletions/duplications extension. Very 
recently, a targeted oligonucleotide array was designed, 
enabling the detection of COH1 copy number changes with 
higher resolution 11. The authors analyzed 35 patients (from 
26 families) with unexplained Cohen syndrome and identified 
deletions in 9 patients from 7 families, showing that large 
deletions are an important cause of Cohen syndrome 11.  
   In order to detect COH1 rearrangements, we employed 
Multiple Ligation-dependent Probe Amplification (MLPA), a 
technique that has greatly improved mutation screening 
allowing the relative quantification of up to 40 different 
nucleic acid sequences in a single reaction tube at a relatively 
low cost 12. By the use of two MLPA assays designed  to 
screen copy number changes in almost all coding exons 
(60/62) of COH1, we analyzed a group of patients with a 
clinical diagnosis of Cohen syndrome where traditional tests 
failed to identify mutations in both alleles. 
MATERIALS AND METHODS 
 
Patients  
Clinical geneticists from Italy, France, Holland and United 
States assessed patients and diagnosed Cohen syndrome on 
the bases of published criteria 13. Patients were considered as 
having Cohen syndrome when 6 of the following 8 criteria 
were fulfilled: developmental delay, microcephaly, typical 
facial features, truncal obesity with slender extremities, 
sociable behavior, joint hypermobility, retinopathy or myopia, 
and intermittent neutropenia. Our series includes three 
children younger than 5 years (Tab. 1). Since the chorioretinal 
dystrophy not manifest in young patients, the diagnosis of 
Cohen syndrome in children is considered when learning 
disabilities are associated with two of the following features: 
typical facial gestalt, pigmentary retinopathy, or neutropenia 
14.  
 Overall, we collected 14 patients from 11 families, 
ranging in age from 18 months to 52 years. This group 
included four patients (1, 8, 9A, 9B) originally described by 
Katzaki et al. 10 and 10 newly ascertained cases. The main 

clinical features are summarized in Table 1. Enrolled cases 
included one consanguineous family with an affected child (8) 
and 10 non-consanguineous families: 7 with one affected 
child (1, 2, 3, 4, 5, 6, 7), one with two affected sisters (9A, 
9B), one with two affected brothers (10A, 10B) and one with 
an affected brother (11A) and sister (11B). A distinct 
phenotype was present in two affected brothers (10A and 
10B), presenting five of eight diagnostic criteria (Tab. 1); 
these patients were classified as Cohen-like 13. 
 
Molecular analysis 
Genomic DNA was extracted using QIAamp DNA blood 
maxi kit, according to the manufactures’ protocol (Qiagen, 
Hilden Germany). PCR amplification of the 62 exons was 
carried out using published primers 4 10. Mutation analysis 
was performed by Denaturing High Performance Liquid 
Chromatography (DHPLC) using the Transgenomic 
WAVETM (Transgenomic, San Jose, CA, USA) 10. 
Quantitative PCR was also performed in one familiar case 
(9A, 9B) and one sporadic case (8) with a  Custom TaqMan 
Assay designed on exon 16 (Applied Biosystems, 
https://products.appliedbiosystems.com) 10. 
 MLPA analysis was performed using two distinct 
SALSA MLPA kits (P321-A1/P322-A1) designed by MRC-
Holland (Amsterdam, The Netherlands). The two assays 
include 69 COH1 probes to screen copy number changes in 
almost all coding gene exons (60/62) and 16 control probes. 
No probes was present for exons 6 and 14. For exon 3, 16, 17, 
24, 31, 34, 35 and 36, two distinct probes were designed. The 
analysis was carried out as previously described 12. Briefly, 
100 ng of genomic DNA was diluted with TE buffer to 5 μl, 
denatured at 98°C for 5 minutes and hybridized with SALSA 
Probe-mix at 60°C overnight. Ligase-65 mix was then added 
and ligation was performed at 54°C for 15 minutes. The ligase 
was successively inactivated by heating the samples at 98°C 
for 5 minutes. PCR reaction was performed in a 50 μl volume. 
Primers, dNTPs and polymerase were added and 
amplification was carried out for 35 cycles (30 seconds at 
95°C, 30 seconds at 60°C and 60 seconds at 72 °C). The 
amplification products were separated on an ABI Prism 310 
automatic sequencer and analyzed using the GenScan 
software ver.3.1. For data analysis the values of peak sizes 
and areas were exported to an Excel table and compared with 
a normal control (MRC-Holland, Amsterdam, The 
Netherlands). Dosage alterations were considered significant 
if sample values deviated more than 30% from the control.  
 MLPA results were confirmed by qPCR using 
probes located in exon 6, 16, 24, 34, 42 , 48 and 58  
(Supplementary Tab. 1) 10. Reactions were performed in a 
96-well optical plate with a final reaction volume of 50 µl 
using an ABI prism 7000 (Applied Biosystems, Foster City 
California). A total of 100 ng of DNA (10 µl) was dispensed 
in each of the four sample wells for quadruplicate reactions. 
Thermal cycling conditions included a pre-run of 2 min at 
50°C and 10 min at 95°C. Cycle conditions were 40 cycles at 
95°C for 15 sec and 60°C for 1 min, according to the TaqMan 
Universal PCR Protocol (PE Applied Biosystems, Foster City, 
CA, USA). The TaqMan Universal PCR Master Mix and 
Microamp reaction tubes were supplied by Applied 
Biosystems. The starting copy number of the unknown 
samples was determined using the comparative Ct method, as 
previously described 15. 
 
RESULTS 
Phenotype 
All fourteen patients displayed the typical Cohen facial 
gestalt, narrow extremities and truncal adiposity even if not 
all cases were obese (7/14) (Tab. 1, Fig. 1) 10. Microcephaly 
was present in the majority of patients (9/14) (Tab. 1) 10. The 
retinopathy was absent in one family with two affected 
children younger than five years (11A, 11B) (Tab. 1). 
Neutropenia was absent in one patient (3) and one case did 
not show joint hyperextensibility (8). Among the 14 patients, 
two brothers (10A, 10B) presented an atypical phenotype, 
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lacking microcephaly and truncal obesity. However, the 
diagnosis of Cohen syndrome was suggested based on the 
association of retinopathy, neutropenia and facial appearance 
(Fig. 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Clinical features of Cohen syndrome patients. Note 
the typical facial gestalt of patients 3, 4, 5, 6, 10A, 10B and 
11A. Frontal views of patients 2, 3, 4 and 6, showing truncal 
obesity. 
 
Molecular analysis 
The 14 patients (11 families) with a clinical diagnosis of 
Cohen syndrome were analysed for the presence of COH1 
point mutations by DHPLC followed by sequencing of the 
samples with an abnormal eluition profile 10. This analysis 
led to the detection of 12 different mutations, including  6 
frame-shift, 3 splice site, 2 nonsense and one complex 
rearrangement (Tab. 2). Moreover, in one family (9A and 9B) 
and in one sporadic patient (8) a partial heterozygous COH1 
gene deletion was already detected by qPCR using a TaqMan 
probe designed on exon 16 10. In order to identify missed 
mutated alleles and to characterize the rearrangements 
extension, we employed two MLPA assays (P321-A1/P322-
A1) designed to detect COH1 copy number changes in 60 out 
of 62 exons of the gene. This method led us to identify multi-
exonic deletions in 11 alleles and duplications in 4 alleles 
(Tab. 2). In particular, MLPA characterized heterozygous 
rearrangements in 9 patients (7 families) displaying a point 
mutation previously identified by DHPLC on the other allele 
(1, 2, 4, 7, 8, 10A, 10B, 11A and 11B), two different 
compound heterozygous deletions in two affected sisters (9A 
and 9B) and one homozygous deletion in one sporadic patient 
(case 5) (Tab. 2, Fig. 2, Supplementary Fig. 1, Supplementary 
Fig. 2).  
 In four patients, MLPA showed the presence of a 
deletion spanning from exon 7 to exon 16 (Fig. 2, Tab. 2). 
Since MLPA assays contains 69 probes not including exon 6, 
we designed a targeted qPCR probe assay for this exon 
(Supplementary Tab. 1). This analysis showed that the four 
deletions spanned indeed from exon 6 to exon 16 (Fig. 3, Tab. 
2).   
 In two sporadic patients (2 and 4), MLPA detected 
a significant increase in the fluorescent signals corresponding 
to exons 4-13 and 20-30, indicating the presence of two 
differently sized duplications (Tab. 2, Supplementary Fig. 1). 
In a familial case (11A, 11B) in which DHPLC followed by 
sequencing had already detected a complex rearrangement in 
exon 56 (c.1088insTTdelCTGCGAGGCAGCTTGTGCAC; 
p.T3627_H3633delinsI), MLPA also disclosed a significant 
increase in peak heights 57-60, suggesting the presence of a 
heterozygous duplication (Tab. 2, Fig. 4). Analysis of the 
parental DNA indicated that the rearrangement 
p.T3627_H3633delinsI was in cis with the duplication 
detected by MLPA (Tab. 2).  
 Not all parental DNAs were available for testing 
(Tab. 2).  For patients 9A and 9B, DNAs of two healthy sibs 
have been analysed to determine whether the two 
rearrangements were in cis or trans. MLPA revealed that the 
brother and the sister were carriers of the deletions spanning 
respectively exons 6-16 and exons 46-50, confirming that the 

rearrangements were in  compound heterozygousity. In the 
cases where parental DNAs have been tested, all mutations 
were inherited but in one patient (2) harboring a de novo point 
mutation (c.11695delAGTG; p.S3899fs3941X) (Tab. 2). 
 All rearrangements identified by MLPA were 
confirmed by qPCR using specific probes for exon 6, 16, 24, 
34, 42 , 48 and 58  (Supplementary Tab. 1, Supplementary 
Fig. 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. MLPA analysis results showing the recurrent 
deletion in heterozygous (Case 8) and homozygous state 
(Case 5). A) Electropherograms obtained with P321-A1 kit 
(on the left) and P322-A1 kit (on the right) for a normal 
control sample, patient 8 and patient 5. Numbers and arrows 
indicate the exon probes with reduced fluorescence signals 
respect to the control sample. In patient 8, the signal is half-
reduced for probes 7-16, while in patient 5 there is no signal 
for the same probes. B) Peak area histograms for patient 8 and 
5 normalized with the control sample. Exon dosage is 
reported on the y axis (normal values span from 0.8 to 1.2). 
MLPA analysis shows reduced peak area for exons 7-16, 
compatible with a heterozygous deletion in patient 8 and with 
a homozygous deletion in patient 5. Deletions are indicated 
with the heavy black line. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Quantitative PCR results for exon 6 of COH1. ddCT 
ratios and standard deviations of a normal control sample 
(c1), a deleted control sample (c2) and patients 5, 8, 9A and 
10A. Compared to controls, patients 8, 9A and 10A show 
ddCT ratio values of about 0.5, indicating a deletion in 
heterozygous state, while patient 5 shows ddCT ratio values 
of about 0.0, indicating a deletion in homozygous state. 
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Figure 4. MLPA analysis results showing the duplication 
spanning exons 57-60 in the familial case with an affected 
brother (11A) and sister (11B). A) Electropherograms 
obtained with P321-A1 kit (on the left) and P322-A1 kit (on 
the right) for a normal control sample and patient 11A. 
Numbers and arrows indicate the exon probes with increased 
fluorescence signals respect to the control sample. B) Peak 
area histograms for patient 11A normalized with the control 
sample. The exon dosage is reported on the y axis (normal 
values span from 0.8 to 1.2). The consistent increase of the 
peak area for exons 57-60 is compatible with a duplication of 
these exons (indicated with the heavy black line). 
 
DISCUSSION 
 
In this study, we report the first application of the MLPA 
technique to screen for COH1 large deletions and 
duplications. In a group of 14 patients (11 families) with a 
clinical diagnosis of Cohen syndrome, MLPA allowed us to 
obtain rapid and high quality results disclosing 11 deleted and 
4 duplicated COH1 alleles. The use of MLPA led us to 
identify all COH1 mutations undetected by conventional 
screening, suggesting that this technique is an important tool 
for the molecular characterization of Cohen syndrome. 
 Our series included 12 patients with true Cohen 
syndrome and two brothers with an atypical phenotype, 
lacking microcephaly and truncal obesity. However, the 
association of retinopathy, neutropenia and facial appearance 
addressed the clinical diagnosis. Their facial features although 
not typical, were not in disagreement with the diagnosis of 
Cohen syndrome consisting of long face, heavy eyebrows, 
mildly down-slanting palpebral fissures, prominent root of the 
nose, normal philtrum and prognatism (Fig. 1). Three patients 
from two families were children with less than 5 years. They 
presented the typical facial features of younger patients, 
including round face with full lower lip, not excessively short 
philtrum, slightly downward slanting eyes with wave-shaped 
eyelids and less prominent nasal bridge (Fig. 1) 10.  
 Copy number changes in COH1 have been 
previously investigated in patients with Cohen syndrome by 
qPCR using probes designed on a limited number of exons 10 
16. Only recently a targeted oligonucleotide array with a 
median resolution of 200 bp was designed within the gene, 
considerably increasing mutation detection rate 11. Using this 
technique, the authors identified COH1 large deletions in 9 
patients from 7 families, demonstrating that they represent an 
important cause of Cohen syndrome 11. The present results 
and our previous study on a group of 18 patients disclosed a 
total of 21 alleles with point mutations (58%) and 15 with 
large rearrangements (42%), confirming that deletions and 
duplications account for a significant percentage of COH1 
mutations 10. 
 In 4 patients from three families, MLPA identified 
a COH1 large deletion sharing the same extension with one 
previously reported in an isolated Greek Island population, 
spanning from exon 6 to exon 16 16. In our patients, the 
deletion was heterozygous in two families and homozygous in 
an apparently non consanguineous family 10. Interestingly, 
this latter patient displays the same constellation of facial 
features reported in Greek patients with the homozygous 

deletion including thick hair with low hair-line, strabism, lack 
of nasofrontal angle, short upturned philtrum and prominent 
maxillary central incisors (Fig. 1) 16. Moreover, they show 
milder microcephaly and more severe visual impairment 
compared to the original phenotype described in the Finnish 
population 4,16. 
 Our three families with the same deletion 
encompassing exons 6-16 come from different Italian regions, 
two in Central and one in the Southern Italy. It is therefore 
possible that the recurrent deletion is due to an ancestral 
founder effect in the Mediterranean area. Alternatively,  these 
could be recent independent mutations favoured by the 
presence of repeated elements located at the breakpoints. 
Accordingly, RepeatMasker software analysis of the genomic 
region containing COH1 revealed a higher frequency of 
LINEs, SINEs and DNA repeat elements in comparison to the 
autosomal sequences 11.  In a previous study, it was 
suggested that the most likely mechanism for genomic 
rearrangements in the COH1 gene is the Non Homologous 
End Joining (NHEJ), leading to non recurrent deletions 11. 
However, in the present study we identified two deletions 
spanning exons 4-16 and 40-43, probably sharing the same 
size of two deletions reported in the Northern European 
population 11. Considering our latest results, the Non Allelic 
Homologous Recombination mechanism (NAHR) cannot be 
excluded. 
 In four patients from three families, MLPA 
identified three different size duplications spanning exons 4-
13, 20-30 and 57-60, respectively. To our knowledge COH1 
intragenic duplications have never been reported in Cohen 
syndrome. Even if detailed mapping of the extent of the 
duplications has not yet been undertaken, these three 
rearrangements probably led to a frameshift and a premature 
truncation of the protein at different levels. In one family with 
two affected sibs, we identified a complex rearrangement 
(p.T3627_H3633delinsI) in cis with the downstream 
duplication detected by MLPA. We therefore hypothesize that 
this rearrangement is located at the breakpoint of the 
duplication within exon 56. The presence of small deletions 
and insertions at junctions of COH1 rearrangements has been 
previously reported 11.  
 In conclusion, our study confirm that COH1 copy 
number variations are a frequent cause of Cohen syndrome 
and consists of intragenic deletions as well as duplications. 
Therefore, incorporation of detection tools for large COH1 
rearrangements is mandatory in the molecular diagnosis of 
Cohen syndrome. The MLPA technique has been 
demonstrated to be a rapid, reliable and cost-effective 
alternative to applications involving quantitative PCR and 
targeted array.  
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Supplementary Figure 1. COH1 multi-exon deletions and 
duplications detected by MLPA in patients 1, 2 and 4. 
Normalised relative peak areas of all COH1 gene-specific 
probes are shown. Sequences present in two copies of the 
genome have a relative peak area value of approximately 1.0. 
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A reduction in the peak area values to <0.7 indicates a 
deletion (heavy black line) while an increase in the peak area 
values to > 1.3 indicates a duplication (heavy black line). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 2. COH1 multi-exon deletions and 
duplications detected by MLPA patients  
7, 9A and 10A. Normalised relative peak areas of all COH1 
gene-specific probes are shown. Sequences present in two 
copies of the genome have a relative peak area value of 
approximately 1.0. A reduction in the peak area values to <0.7 
indicates a deletion (heavy black line) while an increase in the 
peak area values to > 1.3 indicates a duplication (heavy black 
line). In patient 7, the half-reduced signal for exon 3 is due to 
the point mutation c.219_20delACinsT located exactly on the 
probe sequence. 
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Table 1. Summary of the clinical features in Cohen patients. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
n.r.: not reported 
* Patients already reported (Katzaki et al, 2007) 
 
Table 2. COH1 point mutations and large deletions/duplications identified in the study.  

 
   n.a.: not available for testing; P: paternal, M: maternal. 

*Patients previously described (Katzaki et al;2007)  

  **in homozygous state 

Supplementary Table 1. COH1 primers and probe sequences for Real-Time quantitative PCR. 

 
* Already reported (Karzaki et al 2007). 
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