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Review of the thesis submitted for PhD and Doctor Europeus by Rossella Caselli 
Supervisor Prof Alessandra Renieri 
 
‘’Multiple congenital anomalies and mental retardation: analysis by oligo array-
CGH’’ 
 
This research sets out to address a major clinical problem which concerns the difficulty in 
establishing an etiological diagnosis in a large proportion of children with multiple malformations 
and mental retardation. A new technology is utilised, that of array-based comparative genomic 
hybridisation, which detects alterations in dosage of DNA sequences from throughout the 
genome in the subject as compared to a control individual. 
 
The background to the study is succinctly presented and justification given for the platforms 
used at various phases of the research. The size and details of the patient cohort are not 
described in the methods section but referred to in the discussion section. 32 selected patients 
were investigated, all having previously been screened for subtelomeric rearrangements which 
may account for the high rate of pathogenic rearrangements (9/32 – 28%). It is not stated in the 
text whether parental DNA samples were routinely collected and what proportion of the patient 
cohort had variants which were shown to be familial and not pathogenic, however in the 
published papers presented in the thesis all these details are given for the pathogenic results. 
 
The strength of this research is in the published papers and in the cases described in detail in 
the Results section. These are logically divided into several groups and all four cases of novel 
deletions are published and have added significantly to the literature. Several represent distinct 
phenotypes. The papers are well written and strong scientifically. The other published papers 
from the ‘Known deletion’ and the ‘Array-CGH as a tool for identification of MR genes’ are also 
of high quality. 
 
Finally the Discussion and Future Perspectives chapter demonstrates a comprehensive 
knowledge of the field and of the mechanisms leading to some of the imbalances detected 
including non allelic homologous recombination. Strategies for linking elements of the 
phenotype with specific genes in the deleted or duplicated segments are discussed as well as 
the importance of databases such as DECIPHER to which all the pathogenic cases have been 
submitted. 
 
I would strongly support the award of PhD and Doctor Europeus for this research and thesis. 

 
Prof Dian Donnai CBE, FRCP, FMedSci 
Professor of Medical Genetics 
 

Academic Unit of Medical Genetics 
Division of Human Development  
Tel: +44(0)161 276 6276 
Fax:+44(0)161 276 6145 
E-Mail: Dian.Donnai@cmmc.nhs.uk 
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8th June 2007  
 
 
Review of the thesis submitted for “Doctor Europeus” and PhD in Medical Genetics by 
Rossella Caselli entitled “Multiple congenital anomolies and mental retardation: 
analysis by oligo array-CGH”. 
 
The thesis comprises an introduction to the field of array-CGH for the analysis of 
patients with learning disability and congenital abnormalities, brief methods, results of 
the analysis of 18 cases and a discussion.  Nine of the cases are presented in six 
published articles (Rossella being first authour in three of these) whilst the remaining 
nine patients are described in brief unpublished case notes. 
 
The thesis is generally well written with only a small number of minor grammatical 
errors.  The introduction is brief and only covers the area of array-CGH.  While the 
introductions in the published articles provide the background relevant to those articles, 
it would have been nice to have seen a more detailed overview of the relevance of 
chromosomal abnormalities presented in the Introduction or Rationale sections.  The 
published articles are well written and describe well the findings in the patients studied 
as well as providing good discussion of the results.  Results from the unpublished cases 
are described more briefly.  I would have liked to have seen more details and array data 
on these cases.  Rosella has made good use of the DECIPHER database and the details 
of genes within the altered regions produced by this tool would have been good to have 
been included in these case reports.  The results from these patients are analysed in the 
Discussion but this is done quite briefly.  In particular, I would have liked to have seen a 
more detailed discussion of genotype-phenotype correlations in the three patients with 
overlapping X chromosome deletions.  I would suggest that the unpublished cases 
would have been better presented in the form of mini-articles rather than case reports 
discussed in a later section. 
 
The criticisms above are relatively minor.  This thesis clearly represents a large body of 
work more than adequate for a Ph.D in Medical Genetics.  In particular, the three first 
authour publications clearly demonstrate that Rossella is capable of academic research 
at the doctoral level. 
 

 
 
Nigel P. Carter 

 
 

Dr. Nigel P. Carter 
Wellcome Trust Sanger Institute 

Wellcome Trust Genome Campus 
Hinxton, Cambridge CB10 1SA, UK 

Tel: +44 (0) 1223 494860 
Fax: +44 (0) 1223 494919 

Email: npc@sanger.ac.uk 
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1. INTRODUCTION 
 

The array-based Comparative Genomic Hybridisation 

 
Comparative Genomic Hybridization (CGH) was developed to measure 

alterations in dosage of DNA sequences throughout the entire genome in a single 

experiment (1). CGH has been applied for the study of human diseases, given that gene 

dosage variations occur in many conditions from cancer to developmental 

abnormalities. Therefore, detection and mapping of copy number abnormalities provide 

an approach for associating aberrations with the phenotype and for localizing candidate 

genes. 

Microarray formats for array-based Comparative Genomic Hybridisation 

technique (array-CGH) have been developed over the last 10 years (2). In the array-CGH 

technique, metaphase chromosomes spreads are replaced by DNA immobilized on solid 

supports, representing a significant advantage in terms of quantity accuracy, resolution 

and repeatability with respect to traditional CGH. A microarray is an analytical device 

formed by an array of molecules (BAC or PAC clones, cDNAs, oligonucleotides, PCR 

products, polipeptides etc) or tissue sections immobilized at discrete locations on a solid 

porous or nonporous support. The distance between each immobilized target may vary 

from some millimetres to few micrometers depending on the microarray type (3). In the 

context of microarrays, the molecule immobilized on the slide is indicated as “probe”, 

while the “target” is the molecule in solution exposed to the array (3). The use of an 

array of mapped probes, instead of metaphase spreads, allows to overcome the main 

limitation of conventional CGH, that is the low resolution. Theoretically, the resolution 

of an array-CGH slide is limited only by the genomic distance between each DNA 

probe represented on the array (density of the probe) and by the size of the spotted 

sequences. However, it would be misleading to calculate the array resolution based on 

the mean of distances between probes. In fact, array elements may be not evenly 

distributed throughout the genome and some platforms may require multiple probes to 

detect an alteration (4).� A functional measure of resolution can be the size limit of 

detecting a segmental copy number alteration. Basic principles of array-CGH resembles 
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that of conventional CGH. Total genomic DNA obtained from a test sample (DNA test) 

and from control cells (DNA reference) are differentially labelled with green and red 

fluorochromes, then co-precipitated in presence of Cot-1 DNA to block repetitive 

sequences and co-hybridised onto an array. The slide is subsequently analysed with an 

array scanner and images are digitally quantified with dedicated softwares (Fig.1). The 

ratio of fluorescent intensities for each probe represented on the slide is normalized and 

plotted against the genome sequence position. Therefore, array-CGH allows to identify 

genomic copy number alterations. In addition, given that measurements can be referred 

directly to the positions on the genome it is possible to directly characterized the 

breakpoints of the rearrangement. The resolution of the experiment depends on the 

resolution of the array. 

The main advantages in array-CGH technique application compared to conventional 

cytogenetic and other molecular cytogenetic approaches are: i) it is not required to 

culture cells;  ii)  the resolution is extremely high (virtually, it is possible to design 

arrays covering any target chromosomal region with any desired resolution); iii) the 

whole-genome may be analysed in a single experiment (with a screening potentiality 

equivalent to that of thousand FISH experiments); iv) sensitivity and specificity are very 

high (5 6). Although array-CGH has proved to be an efficient and reproducible technique, 

the structural configuration of the abnormal chromosomes can not be characterized. The 

order and the orientation of the rearranged segments cannot be determined and also low 

levels of mosaicism may be difficult to detect (fig. 4). These limitations depend on the 

general principles of the methodology, while array-CGH performances may be strongly 

dependent also from the type of array-CGH platform employed (7).�



 10 

�
Fig.1. Schematic representation of an array-CGH experiment. Test and reference DNA are 
differentially labelled, co-precipitated and hybridised to an array. After wash procedures, the slides are 
analysed through a scanner and fluorescence intensities of each probe are determined. 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 
losses shift the ratio to the left and copy number gains shift the ratio to the right. 
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�

Fig.2. Comparison of standard banding techniques and array-based approaches for identifying 
chromosomal abnormalities. Various chromosomal aberrations that might be present in clinical samples 
are shown. The “+” symbol indicates that the technique is suited for identifying the chromosomal 
imbalance; the “-“ symbol indicates that the aberration would be missed. (+)* indicates that a numerous 
of small subpopulations has to be analysed to detect the aberration. DM=double minutes; HSR= 
homogeneously stained region (modified from (8)).  
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Oligo Array-CGH  

 
Oligonucleotide arrays were introduced to detect single-nucleotide 

polymorphisms (SNP) (9). This array type contains 21-25 mer probes synthesized using 

a photolithographic method. Each SNP is represented on the array by several different 

probes that interrogate the site both on the sense and the antisense strand (9 10). Bignell et 

al (2004) optimized a method to employ SNP-arrays for copy number variations 

analysis, using a different strategy for target preparation (9). Sample DNA was prepared 

using whole-genome sample assay (WGSA), a PCR-based method performed to enrich 

sample DNA for small XbaI restriction sites. This method reduces sample complexity 

prior to hybridization and decreases the probability of cross-hybridization when small 

25-mer probes are used. In SNP-arrays applications the test and the normal samples are 

hybridized to different arrays. The SNP platform allows the identification of 

deletions/duplications but shows greater variation in detection capability and a lower 

signal to noise ratio with respect to BAC arrays (4 9 11). The advantage of this approach is 

the possibility to relate copy-number and allelic status at selected loci. Subsequently, 

oligonucleotides spotted arrays containing longer probes (60-70 mer) were developed. 

The use of typically 60-mer probes increases hybridisation specificity and improves the 

signal to background ratio to a level that is comparable to that of BAC arrays on a 

whole-genome scale. In addition, oligonucleotides-libraries are cheaper, easier to work 

with and faster than cDNAs or BAC/PAC clones, because no DNA isolation or PCR 

amplification steps are necessary (10 12 13). This array-CGH platform can reproducibly 

detect genomic lesions, including single copy and homozygous deletions with an 

extremely high resolution (12 14-16). Whole genome oligonucleotide arrays with a 

resolution of about 35 kb and 16 kb are currently commercially available. 
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Array-CGH and MCA-MR 
 

Several studies have shown the potency of array CGH as a diagnostic tool. Up to 

now, thirteen studies performing array-CGH in several patients with idiophatic mental 

retardation and multiple congenital anomalies are reported (17). In particular, Menten et 

al (2006) reported 1 Mb resolution array-CGH evaluation of 140 patients with mental 

retardation and multiple congenital anomalies (18). They identified chromosomal 

imbalances in about 20% of patients. The 13.5% of the imbalances were causative of the 

phenotype and, excluding those aberrations that can also be detectable by subtelomeric 

screening, array-CGH analysis was able to identify the causative aberration in the 9% of 

patients. Up to now, considering all the analysed patients, de novo causative 

chromosomal imbalances were detected by array-CGH, in about the 9% of cases with a 

normal analysis of karyotype and subtelomeric regions (17). 

 

 

DECIPHER  database    
  

The introduction of array-CGH allowed to detect submicroscopic chromosomal 

imbalances across the entire genome in patients with idiopathic MCA/MR. Its 

application led also to deal with emerging information about large copy number 

variations in normal human populations. Consequently, it was necessary to improve our 

knowledge about the type and the frequency of normal variations in the human genome. 

Several databases containing information on genomic variability in normal individuals 

are available on line, such as the database of Genomic Variants 

(http://projects.tcag.ca/variation/). Another important tool is the DECIPHER database, 

where users, beside the polymorphic variants, can also visualize pathogenic imbalances 

and the linked phenotype. DECIPHER is an acronym for Database of Chromosomal 

Imbalances and Phenotype in Humans using Ensembl Resource.  The DECIPHER 

database is a powerful molecular cytogenetic database for clinicians and researches 

linking genomic microarray data with phenotype using the Ensembl genome browser 

(http://www.sanger.ac.uk/PostGenomic/decipher/). This database is able to visualise the 

chromosomal location of the clones which are found to be deleted or duplicated in an 
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array-CGH analysis and eventually similar deletions or duplications that have been 

previously reported by any members of the Decipher consortium. The availability of a 

detailed description of the phenotype of each inserted patient allows to compare the 

phenotype of the patients with similar rearrangements. In particular, the phenotype 

terms are selected interactively from the London  Neurogenetics and Dysmorphology 

database. The availability of this accurate description is of enormous value in 

determining the potential significance of copy number changes identified by array. As 

well as showing the existence of patients with the same or similar 

microdeletion/duplication, DECIPHER facilitates contacts with responsible clinicians in 

contributing centres, thereby accelerating the recognition of novel syndromes.  The 

database lists all of the known and predicted genes that are implicated in an altered 

region, including OMIM genes. In particular, genes of established high significance can 

thus be identified immediately. This visualization of the known genes, putative genes 

and expressed-sequence tags (ESTs) within the deleted/duplicated region that can be see 

in the database is very useful to perform in silico analysis and to find the function of 

genes of unknown function. In addition, it is possible to visualise directly whether the 

imbalances characterized in a patient  coincide with a recognized polymorphism. 

Recently, a tiling-path BAC array was used, together with an oligonucleotide array 

(Affimetrix 500K) that genotypes 500000 single nucleotide polymorphisms (SNP) to 

compare the genome of 270 individuals from different populations (19). The analysis 

identified 1447 copy-number variations occurring across 12% (360Mb) of the human 

genome, including hundreds of genes and disease loci (19). The CNVs visualized by the 

DECIPHER database can be used in order to align any identified imbalance and 

eventually to individuate those that are pathogenic, excluding the polymorphic ones.  

           The sharing content of DECIPHER database with the scientific community may 

allow progress in understanding the genetic bases of the phenotypes associated with 

copy number changes, opening opportunities for gene identification and for refining 

genotype-phenotype correlation.  
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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 set up the 

array-CGH technique in our laboratory in order to investigate for the presence of 

submicroscopic imbalances patients with mental retardation and multiple congenital 

anomalies, normal analysis of G-banded karyotype and subtelomeric regions. 

Firstly, we have worked on the set up of the array-CGH protocols for a 

commercially available oligonucleotide array with 44.000 probes and an average 

resolution of about 75 kb (44K, Agilent). By this method we have analyzed a cohort of 

32 patients. In this cohort we have identified four novel de novo chromosomal deletions, 

four known deletions in atypical patients, one reciprocal duplication and two inherited 

imbalances (one deletion and one duplication). In particular, we have identified two 2q 

non overlapping interstitial deletions, one in a female patient with developmental delay, 

severe seizures and dysmorphic features and the other one in a male patient with severe 

mental retardation and behavioural problems (Result 4.1.1). Then, we have identified a 

6q deletion of 2.6 Mb in a female patient with growth failure, atrial septal defect and 

moderate mental retardation. Finally, we have found a 7q36.2 deletion in a female case 

with mild mental retardation, renal hypoplasia and cardiac defects. (Result 4.1.1). 

Subsequently, we have set up an higher resolution array consisting of 105,000 

probes with a resolution of about 16 kb (105K, Agilent). By this method we have 

studied cases with already well known deletions to better define the deletion 

breakpoints. We performed an in silico analysis of the gene content of the deleted 

region to select genes potentially involved in generating the phenotype (Result 4.2). In 

particular, we have compared the deletion present in a familial case with X-linked 

ichthyosis (XLI) and MR in probands and isolated ichthyosis in maternal uncles to that 

present in a sporadic case with XLI and Kallmann syndrome (KAL) (Result 4.2.1). In 

addition, we have characterised two patients with 13q deletion syndrome and another 
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one with isolated retinoblastoma in order to narrow the critical region responsible for 

mental retardation and to identify the causative gene(s). We have also studied another 

case with retinoblastoma and developmental anomalies that shows only a maternally 

inherited 7q deletion (Result 4.2.2).  

This 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/) (Fig.3). 

                

 

Fig.3. Ideogram of copy number changes of our patients that are inserted in the DECIPHER database. 
Red bars denote deletions; green bars denote duplications.   
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3. MATERIALS & METHODS 
 

 

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 of Siena. Patients were selected among those having mental disability 

without known etiology, in association with one or more major congenital anomalies, or 

dysmorphisms or both, and a normal karyotype on G banding analysis. A broad 

spectrum of clinical phenotyping measures, including a comprensive and standardized 

clinical genetic evaluation was applied. Physical examination, craniofacial 

anthropometry, standardized somatic morphological characterization and 2-D 

photogrammetry were performed. Comparison was made between the growth of 

different parts of the body, for example, to see whether head circumference, height and 

weight are at the same percentile or at different percentiles. Measurement to graphs in 

percentile instead of standard deviation was used. Specific neuropsychological measures 

were performed using Wechsler scale and Vineland test. 

For each case enrolled in the study DNA samples of probands and both parents 

were collected. 

 

 

Array-based CGH 
 

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 concentration (20). 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 
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Clean and Concentrator, Zymo research, CA92867-4619, USA) and the appropriate 

DNA concentrations were determine by a DyNA Quant™ 200 Fluorometer (GE 

Healthcare).  

 

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  75 kb (Human  Genome CGH Microarray 44B Kit, Agilent 

Technologies). 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 denatured 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 was 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 was dried and scanned using an Agilent 

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

Analytics software v. 3.1 with default settings. The software automatically determines 

the fluorescence intensities of the spots for both fluorochromes performing 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 
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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. 

 

For the Human Genome CGH Microarray 105K Kit, Agilent Technologies, the 

following changes have been applied: DNA labelling was executed essentially 

according to the Agilent protocol “Oligonucleotide Array-Based CGH for Genomic 

DNA Analysis 4.0v” using Agilent Genomic DNA Labeling Kit PLUS. 

 

Array–CGH data were confirmed by an independent method: Real-time 

Quantitative PCR or Multiplex Ligation-dependent Probe Amplification.  

 

Real-time quantitative PCR  

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 (21). 

 
 
Multiplex Ligation-dependent Probe Amplification (MLPA) 

 
DNA of the patients was isolated from an EDTA peripheral blood sample by 

using a QIAamp DNA Blood Kit according to the manufacturer protocol (Qiagen, 

www.qiagen.com). The Hoechest dye binding assay was used on a DyNA Quant™ 200 

Fluorometer (GE Healthcare) to determine the appropriate DNA concentration.  
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MLPA analysis was performed according to the provider’s protocol with a 

specifically designed set of probes for testing DiGeorge (SALSA P023 kit; MRC-

Holland, Amsterdam, Netherlands; http://www.mrc-holland.com) and Smith-Magenis 

(SALSA P064B MR1; MRC-Holland) critical regions. 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 �l, 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 �l 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 (22).  
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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 
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Case 1:   
 
2q24-q31 deletion: report of a case and review of the 
literature. 
����
Pescucci C, Caselli R, Grosso S, Mencarelli MA, Mari F, Farnetani MA, Piccini  
B, Artuso R, Bruttini M, Priolo M, Zuffardi O, Gimelli S, Balestri P, Renieri A. 

 

� �� � � � � ������������Eur J Med Genet 2007 Jan-Feb;50(1):21-32 
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Case 2:   
 
Clinical and molecular characterization of a patient with����a 
2q31.2-32.3 deletion identified by array-CGH. 
 
Mencarelli MA, Caselli R, Pescucci C, Hayek G, Zappella M, Renieri A, Mari F. 
 

Am J Med Genet A. 2007 Apr 15;143(8):858-65. 
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Case 3: 
����

A 2.6 Mb deletion of 6q24.3-25.1 in a patient with growth 
failure, cardiac septal defect, thin lip and asymmetric 
dysmorphic ears. 

�
Caselli R, Mencarelli MA , Papa FT, Uliana V, Schiavone S, Pescucci C, Ariani F, 
Rossi V, Longo I, Meloni I, Renieri A, Mari F. 
 

                                                                                      Eur J Med Genet 2007 Jul-Aug;50(4):315-21 
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Case 4: 
����

Delineation of 7q36.1-36.2 deletion syndrome: long-QT, renal 
hypoplasia and mental retardation. 

�
Caselli R, Mencarelli MA, Papa FT, Ariani F, Longo I, Meloni I, Vonella G, Hayek G, 
Renieri A, Mari F. 
 

In preparation for the Am J Med Genet 
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Delineation of 7q36.1q36.2 deletion syndrome: long QT, renal 
hypoplasia and mental retardation. 
 
Caselli Rossella1, Mencarelli Maria Antonietta1, Papa Filomena Tiziana1, Ariani Francesca1, Longo 
Ilaria1,  Meloni Ilaria1, Vonella Giuseppina2, Hayek Giuseppe2, Renieri Alessandra1* and Mari 
Francesca1 
 
1 Medical Genetics, University of Siena, Siena, Italy 
2 Child Neuropsichiatry, Azienda Ospedaliera Senese, Siena, Italy 
 
*to whom correspondence should be addressed: A.R. Medical Genetics, University of  Siena, V.Le Bracci 53100, Siena, phone: +39 
0577 233303, fax: +39 0577 233325, E-mail: renieri@unisi.it 

 
Terminal deletions of long arm of chromosome 7 are well known and are frequently associated with 
hypotelorism/holoprosencephaly due to the involvement of SHH gene located on 7q36.3. These deletions are 
easily detectable with routinely subtelomeric MLPA analysis. Deletions affecting a more proximal part of 
7q36, namely bands 7q36.2-36.2 are less known, and are missed by subtelomeric MLPA analysis. We report 
here a case of a 9 year-old female with 5.27 Mb deletion in 7q36.2-36.2. The comparison of the clinical data 
with those reported in the literature allows to delineate a common phenotype characterized by mental 
retardation, fetal phenytoin syndrome face, renal hypoplasia and long QT due to loss of KCNH2 gene. These 
characteristics should be taken into account in order to identify the syndromes on clinical grounds.  
 

CASE DESCRIPTION 
 
 The proband is a 9-year-old girl, first child of 
non consanguineous parents (Fig. 1b). At the time of 
delivery the mother and the father were 27-year-old. At the 
age of 14 years, the mother required surgery for an 
intracerebral haematoma due to a frontal brain angiomata. 
Eight years later convulsive episodes occurred and 
antiepileptic therapy with phenytoin was undertaken. During 
the first 6 weeks of gestation she took pheniytoin and for the 
following period of gestation she was treated with 
phenobarbital and carbamazepine. The girl was born after an 
uncomplicated pregnancy at 39 weeks of gestation with 
normal vaginal delivery. Her birth weight was 2,950 g (25°-
50° centile), length 47 cm (25°-50° centile), OFC 33.5 cm 
(25°-50° centile) and Apgar score 10 at 1’ and 10 at 5’. In 
the first day of life she presented convulsions due to 
antiepileptic drugs withdrawal. Cardiac evaluation revealed 
a heart murmur midsystolic and soft, grade II/VI, best heard 
underneath the left clavicle and radiated to the axilla. 
Doppler echocardiography showed a mild pulmonary 
stenosis. ECG referred only ventricular tachycardia (160 
bpm). 
 She presented a delayed psychomotor 
development: she sat upright at 12 months, was able to walk 
after 24 months, and began to use her first words at the age 
of 3 years. She presents verbal dispraxia, her adaptive 
behavior revealed mild deficits in the areas of 
communications, self help skills and socialization. Although 
she exhibits delays in both receptive and expressive 
language, relative to overall cognition, her expressive 
language skills are significantly more delayed. There is 
history of difficulties with feeding and of frequent 
gastroesophageal reflux. She presents also sleep 
disturbances with frequent awakenings during night.  
 At the age of 5 months, right vesicoureteral 
reflux was diagnosed for the recurrence of urinary tract 
infections. At 9 years Hippuran Renal Scintigraphy 
evidenced hypodysplasia of the right kidney with important 
decrease of renal function (clearence = 40mL/min/1.73 m2 
BSA). Ophthalmological and audiological evaluations 
resulted normal. A brain MRI at the age of 1 year revealed a 
mild enlargement of ventricula and a mild hypoplasia of 
corpus callosum. EEG resulted normal. Karyotype (320 
bands) resulted female normal.   
 Physical examination at 9 years and 2 months 
shows: height 130 cm (50° centile), weight 32 kg (75° 
centile), OFC 53 cm (50°-75° centile), blonde, thick and 
coarse hair, prominent forehead, deep set eyes, posteriorly 

angulated ears with simple helix, bilateral epicanthal folds, 
flat nasal bridge, bulbous nasal tip, flat malar region, 
pointed chin, pectus excavatum. Hands and feet are small 
(3° centile). Generalized hypertrichosis is noted. 
 
MOLECULAR RESULTS 
Array-CGH analysis 
 Genomic DNA of a normal female 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 based 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. [Pescucci et al., 
2007] The average resolution is about 75-100 Kb. 
 
Chromosomal anomaly 

Array CGH analysis identified a chromosome 7 
subtelomeric deletion of about 5.27 Mb 
[46,XX,del(7)(q36.1-q36.2)] (Fig. 2a). The proximal 
breakpoint is mapped in 7q36.1, with the last 
oligonucleotide present located in 147.55 Mb and the first 
deleted in 147.70 Mb. The distal breakpoint is located in 
7q36.2 between 152.80 Mb and 153.00 Mb (last 
oligonucleotide deleted and first present, respectively).  
 
Method of confirmation 

Real-time quantitative PCR was performed to 
confirm array-CGH data. We used a pre-designed set of 
primers and probe specific for the SMARCD3 gene (7q36.1 
locus) provided by the Assay-by-Design service (Applied 
Biosystems, Foster City, CA). Primers and probe were 
designed in exon 2 of the gene: SMARCD3_forward primer: 
5’- CCATCTATGACTCCAGGTCTTCAG-3’; 
SMARCD3_reverse primer: 5’- GGGCCCCAGAGCTTCT -
3’; SMARCD3_TaqMan probe: 5’- 
CCACCGTGGTACAGGTAG-3’. 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. PCR 
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reactions were prepared from a single Mix consisting of: 2X 
TaqMan Universal PCR Master Mix, 20X SMARCD3 
Assay Mix , 20X RNAaseP Mix (internal reference) and 
HPLC pure water. 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 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 (Applied Biosystems). 

Control samples were used for the purpose of calibration. 
The starting copy number of the unknown samples was 
determined using the comparative Ct method, as previously 
described [Livak, 1997]. 
 
Causative of the phenotype 
Real-time quantitative PCR analysis performed in both 
healthy parents showed a normal result indicating that the 
rearrangement is a de novo deletion (Fig. 2b). 

Fig. 1 Comparison of facial characteristics between Fetal Phenytoin Syndrome at the age of 18 months (a), present case at 9 years 
and 2 months (b) and one of the two twins reported by Bisgaard at 6 ½ years (c). Case (a) by [Moore et al., 2000]; case (c) by 
[Bisgaard et al., 2006]. 
 
 
 

 
 
 
 
 
Fig. 2 Molecular results. a) Array CGH ratio profile. a) 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. b) Real-time quantitative PCR validation experiment. SMARCD3 ddCT ratios and standard 
deviations obtained for the patient, her parents and two different control samples (C1 and C2). The patient shows a ddCT ratio of 
about 0.5, indicating the presence of a single copy of SMARCD3 (deletion), while the parents and the controls show ddCT ratios of 
about 1.0, indicating a double copy of the gene (normal). c) Gene content of the deleted region (UCSC Genome Browser, Human 
March 2006 Assembly; http://genome.ucsc.edu). 
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DISCUSSION 
 Given the clinical history of fetal 
anticonvulsant exposure, phenytoin in the first 6 
weeks of gestation and phenobarbital and 
carbamazepine successively, we first 
hypothesized a fetal phenytoin syndrome. In 
fact, infants exposed in utero to phenytoin seem 
to have a two- to three-fold increased risk over 
to general population of a congenital anomaly. 
They show an increase of different 
abnormalities, especially heart defects, facial 
clefts digital hypoplasia and anomalies of 
external genitalia [Ornoy, 2006]. In utero 
exposition to phenytoin is also associated with 
abnormalities of growth, developmental delay 
and peculiar facial features such as 
hypertelorism, epicanthic folds, short nose with 
flat nasal bridge and anteverted nares, long and 
shallow philtrum, thin upper lip, hirsutism 
[Moore et al., 2000; Ornoy, 2006] (Fig. 1a). 
Some similarities may be recognized between 
our patient and fetal phenytoin syndrome: 
epicanthic folds, short nose with flat nasal 
bridge, long and shallow philtrum, thin upper lip 
(Fig. 1a, b). Hypertrichosis is one additional 
common sign. 
 Given the association of peculiar facial 
features and multiple congenital anomalies, we 
decided to perform the Array CGH analysis in 
the patient, and we found a de novo deletion of 
the  terminal cytoband of the chromosome 7q. 
More than 50 cases with a deletion of the distal 
part of the long arm of the chromosome 7 have 
been reported and reviewed [Verma et al., 1992; 
Bisgaard et al., 2006]. Most reported cases 
present a terminal deletion, identified by 
standard cytogenetic analysis, and many 
patients have a deletion of the SHH gene, 
located in 7q36.3, with consequent 
holoprosencephaly. 
 Recently Bisgaard reports a pair of 
female twins with a deletion of 7q34-36.2 
identified by HR-CGH. They present prenatal 
growth retardation, developmental delay, 
feeding problems, agenesis of the right kidney, 
long QT syndrome (LQTS) and a similar facial 
phenotype characterized by round face, flat 
malar region, deep-set eyes, narrow palpebral 
fissures, low set ears, bulbous nasal tip, smooth 
philtrum and thin upper lip (Fig 1 b, c) 
[Bisgaard et al., 2006]. The deletion identified 
in our patient is completely included in that of 
Bisgaard, and although our is smaller, some 
clinical features such as developmental delay, 
renal dysgenesis, feeding problems are common 
(Tab. 1). Also the facial gestalt of the three 
patients is very similar: all shows flat malar 
region, narrow palpebral fissures, deep-set eyes, 
low set ears, bulbous nasal tip, smooth philtrum 
and narrow upper lip. 
 The patients reported by Bisgaard 
present a LQTS type 2, due to 

haploinsufficiency of the KCNH2 gene, mapped 
in 7q36.1, which encodes for a pore-forming 
(alpha) subunit of voltage-gated inwardly 
rectifying potassium channel. The revaluation of 
the electrocardiograms previously performed by 
our patients revealed long QT intervals with 
QTc 470 msec (QTc prolonged if > 460 msec) 
in addiction to ventricular tachycardia already 
reported. LQTS is a potentially life-threatening 
condition in which QT prolongation and T-wave 
abnormalities on the ECG, associated with 
tachyarrhythmias and ventricular tachycardia, 
may degenerate into ventricular fibrillation and 
cause cardiac arrest or sudden death [Priori et 
al., 1999]. Asymptomatic children and adults 
under the age of 40 years at the time of 
diagnosis with the LQTS should be treated 
prophylactically with beta-blockers [Schwartz et 
al., 2006]. In a genetic counseling perspective is 
important to emphasize the relevance of the 
characterization of chromosomal abnormality, 
which has led to the diagnosis of a potentially 
life-threatening condition permitting a  
prophylactic treatment to prevent syncope and 
sudden death.  
 In conclusion, the common 
emerging phenotype of deletion involving 
7q36.1-36.2 is characterized by mental 
retardation, fetal phenytoin syndrome face, renal 
hypoplasia and long QT due to loss of KCNH2 
gene. These characteristics should be taken into 
account in order to identify the syndromes on 
clinical ground.  
 
Table 1. Common clinical findings in the 
present patient and in the twins reported by 
Bisgaard. 
 
Case Bisgaard et al. 

2006 
Present case 

Deletion 7q34q36.2 7q36.1q36.2 
Mental 
retardation 

+ + 

Growth 
retardation 

+ - 

Feeding 
problems 

+ + 

Renal dysgenesis + + 

LQTS + + 
Seizures + - 
Hearing 
impairments 

+ 
sensorineural 

- 

Ear anomalies  + + 

Flat malar region + + 
Narrow palpebral 
fissures 

+ + 

Deep-set eyes + + 

Ocular 
involvement 

+ 
coloboma; 

hypermetropia 

- 
 

Bulbous nasal tip + + 
Smooth philtrum  + + 
Narrow upper lip + + 
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4.1.2 Known deletion in atypical patients 
  

In this section I will describe a series of patients turned to be affected by a well 

known microdeletion syndrome. The atypical signs that led to miss the diagnosis on a 

clinical ground are stressed. 

 
Case5. 
 
Clinical summary 
Male 
4y 2m 
Hypotonia, seizures, ataxia, sleep disturbances, gastroesophageal reflux, dolichocolon, 
hypospadia, monolateral inguinal hernia, bilateral 2-3 syndactyly of toes. Severe mental 
retardation. 
 
Array-CGH result (44K, Agilent) 
15q11-13.1 deletion 
normal copy oligo   21250794 �
first rearranged oligo  21290451�
last rearranged oligo 26198996�
normal copy oligo   26999000                                                                                                                                       
beakpoint position 21.29-26.19 Mb 
deletion size: 5 Mb 
 
Method of confirmation  
Southern blot with SbaI and NotI  enzymes 
 
Result of parents analysis (method) 
Both normal (Southern blot with SbaI and NotI enzymes) 
  
Atypical signs 
Presence of hypospadia and dolichocolon 
 
 

 
 
Fig 4a. Picture of case 5 (#MR174) at the age of 4y2m on the left. Photo of a typical case from LDM 
database on the right. 
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Fig 4b.  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. 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 
(value of about _2X). 

 
 

                
 
 

Fig 4c.  Cytoview part of the Decipher database on 15q11.2 region. This section of the database 
includes information on the genomic context based on the Ensemble browser. It shows the index 
imbalance and eventually similar imbalances inserted in the Decipher. It is possible to see the 
phenotype of each patient by clicking on the bar corresponding to the deletion. Red bars indicate the 
typical deleted region in Prader-Willi/Angelman syndrome.  
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Case6. 
 
Clinical summary 
Female 
16y 
Bilateral corneal leukoma, iris and retinal coloboma, cleft lip and palate, VSD, postaxial 
polydactyly of hands and feet. Short stature, ataxic gait, no speech. Long nose, 
prognathism, hypotelorism. Severe mental retardation. 
 
Array-CGH result (44K, Agilent) 
22q11.21 deletion�
first rearranged oligo  17.398 Mb�
last rearranged oligo 20.123 Mb   
deletion size: 2.8 Mb 
 
Method of confirmation  
MLPA (Salsa P023 Kit, MCR Holland) 
Result of parents analysis (method) 
Both normal (MLPA) 
  
Atypical signs 
Absence of “soft” dysmorphic features. Presence of severe mental retardation, bilateral 
corneal leucoma and hands/feet postaxial polydactyly. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5a. Picture of case 6 (#RET900) at the age of 16 on the left. Note the very dimorphic features. Photos 
of a typical case from POSSUM database on the right with typical “soft” dysmorphic features. 



 63 

 

                                  
 
 

Fig 5b.  Array-CGH ratio profile. On the left, the chromosome 22 ideogram. On the right, the log2 
ratio of chromosome 22 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 
(value of about _2X). 

 
 

                    

 
 
 

Fig 5c.  Cytoview part of the Decipher database on 22q11.21 region. This section of the database 
includes information on the genomic context based on the Ensemble browser. It shows the index 
imbalance and eventually similar imbalances inserted in the Decipher. It is possible to see the 
phenotype of each patient by clicking on the bar corresponding to the deletion. Red and green bars 
indicate the typical deleted and duplicated region in DiGeorge syndrome/velocardiofacial syndrome, 
respectively.  
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Case7. 
 
Clinical summary 
Female 
4y 2m 
Psychomotor delay, obesity,  round facies, macroglossia and macrostomia, prognathism, 
synophris, thick eyebrows, strabismus, small feet. Height at 97th centile. Quiet and 
sociable behaviour. Moderate mental retardation. 
 
Array-CGH result (44K, Agilent) 
17p11.2 deletion 
normal copy oligo   16806648 �
first rearranged oligo  16833126�
last rearranged oligo 20133702�
normal copy oligo   20162228  
beakpoint position 16.80-20.16 Mb 
deletion size: 3.6 Mb 
 
Method of confirmation  
MLPA (Salsa P064B MR1, MCR Holland) 
 
Result of parents analysis (method) 
Both normal (MLPA) 
  
Atypical signs 
Absence of short stature, absence of self-destructive behaviour, absence of 
onychotillomania, absence of polyebolokoilomania, absence of self hugging, absence of 
sleep disturbances. 
 
 

 
 
Fig 6a. Picture of case 7 (#MR334) at the age of 8y on the left. Photos of typical case from (23) on the 
right. 
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Fig 6b.  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. 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 
(value of about _2X). 
 
 

 
 
 
Fig 6c.  Cytoview part of the Decipher database on 17p11.2 region. This section of the database 
includes information on the genomic context based on the Ensemble browser. It shows the index 
imbalance and eventually similar imbalances inserted in the Decipher. It is possible to see the 
phenotype of each patient by clicking on the bar corresponding to the deletion. Red and green bars 
indicate the typical deleted and duplicated region in Smith-Magenis syndrome, respectively.  
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Case 8: 
 
Expanding the phenotype of 22q11 deletion syndrome: the 
MURCS association. 
 
Uliana V, Giordano N, Caselli R, Papa FT, Ariani F, Marcocci E, Gianetti E, Martini 
G, Papakostas P, Rollo F, Meloni I, Mari F, Priolo M, Renieri A. 
 

Clin Dysmorphol. In press 
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Expanding the phenotype of 22q11 deletion syndrome: the MURCS 
association. 
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The MURCS association consists in Müllerian Duct aplasia or hypoplasia, unilateral renal agenesis and 
cervicothoracic somite dysplasia. We report on a 22 year-old female with bicornuate uterus, right renal 
agenesis and C2-C3 vertebral fusion (MURCS association) and 22q11.2 deletion. Angio-MRI revealed aberrant 
origin of arch arteries. Hashimoto thyroiditis, micropolycystic ovaries with a dermoid cyst in the right ovary 
and mild osteoporosis were also diagnosed. Accurate revision of Xrays allowed us to identify also 
thoracolumbar and lumbosacral vertebral differentiation defects. Audiometry and echocardiogram were 
normal. Bone densitometry showed osteoporosis. At our evaluation, she had short stature, obesity (BMI 30.7) 
and facial features suggestive of 22q11 deletion syndrome. MLPA analysis revealed a de novo 22q11.2 deletion 
confirmed by Array-CGH analysis. We discuss whether this is a casual association or one additional syndrome 
due to the well known phenotype extensive variability of the 22q11 deletion syndrome. 

 
 
INTRODUCTION 

The MURCS association has a frequency of 
1/50.000 females and consists in Müllerian Duct aplasia or 
hypoplasia (M), unilateral renal agenesis (R) and 
cervicothoracic somite dysplasia (CS) [Lin et al., 1996]. In 
the first 30 cases with vaginal agenesis with normal 
secondary sexual characteristics described by Duncan et al., 
in 1979, uterine abnormalities were present in 96% of the 
cases, renal abnormalities (agenesis/ectopy) in 80%, spinal 
defects (Klippel-Feil malformations, scoliosis, rib, upper 
limb and scapular anomalies) in 80% [Duncan et al., 1979]. 
Other anomalies reported in association with MURCS 
include cleft lip and palate, ovarian agenesis, abnormal 
pulmonary fissures, tetralogy of Fallot, anorectal 
malformations and transmissive deafness [Duncan et al., 
1979; Greene et al., 1986; Gunsar et al., 2003; Lin et al., 
1996] 

The 22q11 deletion is the most frequent known 
interstitial deletion, with an incidence of 1  out 4000 live 
births and very high clinical variability [Scambler, 2000]. 
Beside the well known Di George and velocardiofacial 
syndrome, the phenotypic spectrum of this deletion includes 
Opitz G/BBB, Cayler cardiofacial and CHARGE syndromes 
[Lipson et al., 1991; Digilio et al., 1997; Emanuel et al., 
2001; McDonald-McGinn et al., 1999].  A number of 
malformations have been described, including: cardiac 
outflow tract anomalies, renal agenesis [Wilson et al., 1993], 
multicystic renal dysplasia and vescicoureteral junction 
obstruction [Driscoll et al., 1992], skeletal anomalies and 
deformities, such as scoliosis [Wilson et al., 1993], limb 
anomalies, hypoplastic vertebrae, hemivertebrae and 
vertebral coronal clefts [Ming et al., 1997], development 
variations of the occiput and cervical spine, such as 
blatybasia, C1 anomalies, fusion of C2-C3, increased 
occipitoatlantal and C3-C4 segmental motion [Ricchetti et 
al., 2004]. Genital anomalies have been rarely reported in 
22q11 deletion patients: hypoplastic genitalia, hypospadia 
and undescended testes in males [Digilio et al., 1997; 
McDonald-McGinn et al., 1999] and Mayer-Rokitansky-
Küster-Hauser syndrome in females [Cheroki et al., 2006; 
Devriendt et al., 1997]. Most patients have hemizygous 
deletion of 3 Mb, while others might present either a  
common approximately 1,5 Mb deletion or atypical 
deletions. No correlation between the length of the deletion  

 
 
and severity of the disease has been found [Lindsay, 2001; 
Scambler, 2000; Yamagishi, 2002]; intrafamilial variability, 
even in monozygotic twins,  has been found, as well [Singh 
et al., 2002]. This suggests that other factors might be 
involved in the expression of these malformations, including 
genetic and environmental factors.  

The pathogenesis of MURCS association is not 
clear, but it was suggested that it could be the result of a 
non-random event  at the end of the fourth weeks of 
gestation (days 25-28), when the blastemas of the 
pronephric buds and cervicothoracic somite buds are 
relatively close in location [Duncan et al., 1979]. The 
pathogenesis of 22q11 deletion syndrome is to be related to 
an abnormal neural crest derived cell development and 
function. In fact, the structures primarily affected, palate, 
brachial arch arteries and face, are all derivatives of the 
branchial arch/pharyngeal pouch system and each of the 
main tissue involved receives a contribution from the rostral 
neural crest during embryogenesis [Bockman et al., 1984]. It 
is not clear if neural crest derived cells might play somewhat 
role in the development of both Müllerian and Wolffian 
structures. Similarly, explanations of the cervical spine 
anomalies in 22q11 deletion syndrome is unclear [Ricchetti 
et al., 2004]. 

 
CLINICAL REPORT 
 The proband, a girl, is the second child of 
healthy, non consanguineous parents. The mother was 40 
years old at the birth and the father 50. She was born at 
term, with caesarean section for maternal uterine fibromas. 
Birth length was 45 (<10° cnt), weight was 3100 kg (50° 
cnt). She was able to speak with phrases at 3 years. At 4 
years old, a delayed bone age (3 years) was noted. Her 
parents reported frequent infections and fractures occurred 
when she was a child. Auxological parameters were all 
below the 3° percentile from 3 to 10 years. At 11 years, 
obesity was evident (height<3° cnt, weight 75-90° cnt). She 
presented menarche at 11, followed by irregular menses 
with dysmenorrhoea.  
When she was 12, she was admitted to the hospital for acute 
abdomen due to an abnormal uterine bleeding retention. In 
this occasion, pelvic MRI revealed uterus bicornis unicollis 
with double right cervical canal. Dermoid cyst in right ovary 
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(surgery treated) and right renal agenesis were also 
diagnosed. At 14 years, a hypothyroidism due to Hashimoto 
thyroiditis was diagnosed and at 17 micropolycystic ovaries 
was observed through pelvic ultrasound examination. At 18 
years old, she was admitted to the Department of 
Endocrinology and discharged with the diagnosis of “Short 
stature, hypothiroidism, class I obesity, osteopeny”. At 19 
years old vertebral radiography identified cervical lordosis, 
lumbar scoliosis, and C2-C3 fusion (Klippeil-Feil anomaly) 
(Fig 1). Pansystolic heart murmur resulted from heart 
auscultation, but echocardiography was normal. Brain MRI 
showed left carotid artery hypoplasia and the following 
angio-MRI identified complex aortic arch anomalies: 
aberrant origin of arch arteries with brachiocephalic vessels 
agenesis and hypoplastic left carotid artery originating from 
the aortic arch, left subclavian artery originating from 
descending thoracic aorta and hypoplastic left vertebral 
artery. Audiometry was normal and her IQ was 89, with 
dyscalculia. She was discharged from the Department of 
Endocrinology with the diagnosis of MURCS. 
When she was 22, she was admitted to the Department of 
Internal Medicine, because of an in-depth study of bone 
metabolism. Bone densitometry showed osteoporosis, in 
particular at the level of lumbar spine (T-score L1-L4: -
2.82). The biochemical parameters of bone metabolism 
showed normal values of serum total  calcium, phosphorus, 
alcaline phosphatase, intact parathyroid hormone (PTH), 
vitamin D3, calcitonin, serum Insulin-like growth factor 1( 
IGF-1) and Insulin-like growth factor binding protein 3 ( 
IGFBP-3).  
On this occasion, she was eventually suggested for genetic 
counselling. At our clinical examination, short stature (142 
cm, <5° cnt), microcephaly (52 cm, about 3° cnt), and 
obesity (weight 62 kg, BMI 30.7) were evident. Typical 
facial gestalt for 22q11 deletion has been observed: long 
face, tubular nose with bulbous tip, high nasal bridge, and 
swollen eyelids (Fig. 1C). Nasal speech was also noted. Her 
ears were small (2 cm, <-2DS) and posteriorly rotated with 
narrow external auditory meatus. Tapering hands, pet 
planus, feet clinodactyly and normal secondary sexual 
characteristics were also evidenced. Accurate revision of 
vertebral radiography performed at 19 years identified spinal 
abnormalities, other than C2-C3 fusion, cervical lordosis 
and lumbar scoliosis, in particular thoracolumbar regional 
vertebral differentiation defects with lumbar ribs and 
lumbosacral regional vertebral differentiation defects with 
sub-total S1 lumbarization (Fig 1 A, B).  
Standard karyotype at 12 years old was normal. As the 
proband presented some features suggestive of 22q11 
deletion syndrome, in particular aortic arch anomalies, nasal 
voice and typical facial gestalt, we performed molecular 
analysis in order to confirm clinician suspect.  

 
Fig 1. Vertebral radiographs of the patients at the age of 19 years: A) Whole 
vertebral imaging showing lumbar scoliosis, thoracolumbar regional vertebral 
differentiation defects with lumbar ribs and lumbosacral regional vertebral 
differentiation defects with sub-total S1 lumbarization. B) Cervical imaging 
showing fusion of C2-C3 vertebrae and cervical lordosis C) Front view (left) and 
lateral view (right) of the proband face. 
 
 
 
 

MOLECULAR ANALYSIS 
Multiplex Ligation-dependent Probe 

Amplification (MLPA) analysis (SALSA P023 kit, MRC-
Holland, Amsterdam, Netherlands; http://www.mrc-
holland.com) on patient’s DNA extracted from blood 
showed a diminished normalized value corresponding to 
probes identifying the common deleted critical region in 
DGS located inside HIRA, CLDN5, FLJ14360, and PCQAP 
genes. The KIAA1652 probe was deleted, as well. The BID 
gene seemed to be preserved in our patient. According to 
Shaikh TH, et al, the present case belongs to the 2% of cases 
whose deletion extends in between LCR22-A and LCR22-B 
and ends in LCR22-D [Shaikh et al., 2000]. The analysis 
was performed in her healthy parent, as well, and resulted 
normal. 

Oligo array-CGH analysis was performed to 
confirm MLPA and search other genetic variations (Human 
Genome CGH Microarray 44B Kit, Agilent Technologies, 
Santa Clara, California) [Pescucci et al., 2007]. This 
analysis confirmed the chromosome 22 interstitial deletion 
of about 2.7 Mb [46,XX,del(22)(q11.21)] (Fig. 2). The 
proximal breakpoint is mapped in 22q11.21, with the last 
oligonucleotide present located in 170.01 Mb and the first 
deleted in 172.27 Mb. The distal breakpoint is located in 
22q11.21 between 19.70 Mb and 20.12 Mb (last 
oligonucleotide deleted and first present, respectively). As 
expected by MLPA results HIRA, CLDN5, FLJ14360, and 
PCQAP are deleted while the BID gene is not included in 
the deleted interval. No additional rearrangements were 
present at the resolution of 75-100 kb.  
 

 
Fig 2. Molecular results. A) Array CGH ratio profile. On the left, the 
chromosome 22 ideogram. On the right, the log2 ratio of chromosome 22 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. B) Gene content of the deleted region 
(UCSC Genome Browser; http://genome.ucsc.edu).  
 
DISCUSSION 

Our patient has several anomalies described in 
MURCS association. She has the typical renal anomaly 
(unilateral renal agenesis) and the typical vertebral anomaly 
(Klippel-Feil anomaly). Although she does not have the 
typical vaginal agenesis described in the first report [Duncan 
et al., 1979], she does have uterine malformations and 
uterine anomalies without vaginal aplasia were described 
later as typical MURCS cases [Lopez et al., 2002]. 

She also presents many features of 22q11 
deletion phenotype: aortic arch anomalies, typical facial 
gestalt, nasal voice, mild learning difficulties, renal 
agenesis, autoimmune disease and cervical spine anomaly. 
In fact, when investigated many 22q11 deletion patients 
present spine anomalies, [Ricchetti et al., 2004]. Vertebral 
defects described in patients with 22q11 deletion syndrome, 
ranges from scoliosis, supernumerary ribs, hypoplastic 
vertebrae, hemivertebrae, to vertebral coronal clefts [Ming 
et al., 1997]. Although regional vertebral differentiation 
defects are never openly described, those cases with 
supernumerary ribs may fall within as well.  

To our knowledge osteoporosis has never been 
described in 22q11 deletion syndrome. It is worth of noting 
that she doesn’t present hypoparathyroidism and  
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hypocalcemia that in the course of time may account for 
body mass density anomalies.  

While from a clinical point of view, uterine 
malformations are infrequently reported in the 22q11 
deletion syndrome (despite the fact that uterine and renal 
anomalies are often associated), recent molecular results 
connect 22q11 deletion to uterine aplasia and renal defects. 
In 1997, Denvriedt K et al., reported a 19-week fetus with 
Potter sequence, MKRHS and a 22q11 deletion [Devriendt 
et al., 1997]. In 2006, Cheroki et al. reported a patient with 
22q11 deletion, about 4 Mb in size, associated with 
MRKHS, facial features suggestive of 22q11 deletion, 
Hashimoto thyroiditis and renal, cardiac and skeletal defects 
[Cheroki et al., 2006]. The Mayer-Rokitansky-Küster-
Hauser syndrome (MRKHS) consists in aplasia of the 
Müllerian duct, often associated with urinary tract, skeletal 
and cardiac abnormalities [Griffin et al., 1976; Guerrier et 
al., 2006; Willemsen, 1982].  About 13-16% of patient with 
MRKHS fulfilled criteria for MURCS, suggesting a link 
between the 2 conditions [Pittock et al., 2005; Strubbe et al., 
1994]. Our patient strengthens the link between three 
different conditions : MURCS, MRKHS and 22q11 deletion 
syndrome (Fig. 3).  
 The patient here reported present a 2,7 Mb 
deletion, overlapping to the typical 3 Mb deletion. One  
MRKHS patient reported with 22q11 deletion presents a 
larger one, 4Mb in size [Cheroki et al., 2006]. Our results 
make unlikely that MRKHS features might be caused by 
deletion of genes flanking the typical 22q11 interval and 
further confirm that no correlation between the length of the 
deletion and severity of the disease exists.  
 The proband may present a 22q11 deletion and, 
independently from it, MURCS-like anomalies. 
Alternatively, MURCS association can be one additional 
feature due to 22q11 deletion.  
Considering the broad clinical spectrum of both the 
disorders, this case could be consistent with the extended 
phenotype of either. In particular, patients with MURCS 
association and evocative facial features might be valuated 
for 22q11 deletion genetic test; on the other hand, patients 
with 22q11 deletion might be valuated for genital anomalies, 
as well. 
 

 
 
Fig 3. Phenotypic overlap between the three phenotypes: MURCS, MRKHS and 
the 22q11 deletion syndrome. 
 
 
 
 
 
 
 
 
 
 
 
 
 

REFERENCES 
 
Bockman DE, Kirby ML. 1984. Dependence of thymus 
development on derivatives of the neural crest. Science 
223(4635):498-500. 
 
Cheroki C, Krepischi-Santos AC, Rosenberg C, Jehee FS, 
Mingroni-Netto RC, Pavanello Filho I, Zanforlin Filho S, 
Kim CA, Bagnoli VR, Mendonca BB, Szuhai K, Otto PA. 
2006. Report of a del22q11 in a patient with Mayer-
Rokitansky-Kuster-Hauser (MRKH) anomaly and exclusion 
of WNT-4, RAR-gamma, and RXR-alpha as major genes 
determining MRKH anomaly in a study of 25 affected 
women. Am J Med Genet A 140(12):1339-42. 
 
Devriendt K, Moerman P, Van Schoubroeck D, 
Vandenberghe K, Fryns JP. 1997. Chromosome 22q11 
deletion presenting as the Potter sequence. J Med Genet 
34(5):423-5. 
 
Digilio MC, Giannotti A, Marino B, Guadagni AM, Orzalesi 
M, Dallapiccola B. 1997. Radial aplasia and chromosome 
22q11 deletion. J Med Genet 34(11):942-4. 
 
Driscoll DA, Spinner NB, Budarf ML, McDonald-McGinn 
DM, Zackai EH, Goldberg RB, Shprintzen RJ, Saal HM, 
Zonana J, Jones MC, et al. 1992. Deletions and 
microdeletions of 22q11.2 in velo-cardio-facial syndrome. 
Am J Med Genet 44(2):261-8. 
 
Duncan PA, Shapiro LR, Stangel JJ, Klein RM, Addonizio 
JC. 1979. The MURCS association: Mullerian duct aplasia, 
renal aplasia, and cervicothoracic somite dysplasia. J Pediatr 
95(3):399-402. 
 
Emanuel BS, McDonald-McGinn D, Saitta SC, Zackai EH. 
2001. The 22q11.2 deletion syndrome. Adv Pediatr 48:39-
73. 
 
Greene RA, Bloch MJ, Huff DS, Iozzo RV. 1986. MURCS 
association with additional congenital anomalies. Hum 
Pathol 17(1):88-91. 
 
Griffin JE, Edwards C, Madden JD, Harrod MJ, Wilson JD. 
1976. Congenital absence of the vagina. The Mayer-
Rokitansky-Kuster-Hauser syndrome. Ann Intern Med 
85(2):224-36. 
 
Guerrier D, Mouchel T, Pasquier L, Pellerin I. 2006. The 
Mayer-Rokitansky-Kuster-Hauser syndrome (congenital 
absence of uterus and vagina)--phenotypic manifestations 
and genetic approaches. J Negat Results Biomed 5:1. 
 
Gunsar C, Genc A, Sencan A, Daglar Z, Alparslan O, Mir E. 
2003. MURCS association and rectovestibular fistula: case 
report of a patient treated with one-stage posterior sagittal 
anorectoplasty and sigmoid loop vaginoplasty. J Pediatr 
Surg 38(2):262-4. 
 
Lin HJ, Cornford ME, Hu B, Rutgers JK, Beall MH, 
Lachman RS. 1996. Occipital encephalocele and MURCS 
association: case report and review of central nervous 
system anomalies in MURCS patients. Am J Med Genet 
61(1):59-62. 
 
Lindsay EA. 2001. Chromosomal microdeletions: dissecting 
del22q11 syndrome. Nat Rev Genet 2(11):858-68. 
 
Lipson AH, Yuille D, Angel M, Thompson PG, 
Vandervoord JG, Beckenham EJ. 1991. Velocardiofacial 
(Shprintzen) syndrome: an important syndrome for the 
dysmorphologist to recognise. J Med Genet 28(9):596-604. 
 
Lopez AG, Fryns JP, Devriendt K. 2002. MURCS 
association with duplicated thumb. Clin Genet 61(4):308-9. 
 



 70 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
McDonald-McGinn DM, Kirschner R, Goldmuntz E, 
Sullivan K, Eicher P, Gerdes M, Moss E, Solot C, Wang P, 
Jacobs I, Handler S, Knightly C, Heher K, Wilson M, Ming 
JE, Grace K, Driscoll D, Pasquariello P, Randall P, Larossa 
D, Emanuel BS, Zackai EH. 1999. The Philadelphia story: 
the 22q11.2 deletion: report on 250 patients. Genet Couns 
10(1):11-24. 
 
Ming JE, McDonald-McGinn DM, Megerian TE, Driscoll 
DA, Elias ER, Russell BM, Irons M, Emanuel BS, 
Markowitz RI, Zackai EH. 1997. Skeletal anomalies and 
deformities in patients with deletions of 22q11. Am J Med 
Genet 72(2):210-5. 
 
Pescucci C, Caselli R, Grosso S, Mencarelli MA, Mari F, 
Farnetani MA, Piccini B, Artuso R, Bruttini M, Priolo M, 
Zuffardi O, Gimelli S, Balestri P, Renieri A. 2007. 2q24-q31 
deletion: report of a case and review of the literature. Eur J 
Med Genet 50(1):21-32. 
 
Pittock ST, Babovic-Vuksanovic D, Lteif A. 2005. Mayer-
Rokitansky-Kuster-Hauser anomaly and its associated 
malformations. Am J Med Genet A 135(3):314-6. 
 
Ricchetti ET, States L, Hosalkar HS, Tamai J, Maisenbacher 
M, McDonald-McGinn DM, Zackai EH, Drummond DS. 
2004. Radiographic study of the upper cervical spine in the 
22q11.2 deletion syndrome. J Bone Joint Surg Am 86-
A(8):1751-60. 
 
Scambler PJ. 2000. The 22q11 deletion syndromes. Hum 
Mol Genet 9(16):2421-6. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Singh SM, Murphy B, O'Reilly R. 2002. Monozygotic twins 
with chromosome 22q11 deletion and discordant 
phenotypes: updates with an epigenetic hypothesis. J Med 
Genet 39(11):e71. 
 
Strubbe EH, Cremers CW, Willemsen WN, Rolland R, 
Thijn CJ. 1994. The Mayer-Rokitansky-Kuster-Hauser 
(MRKH) syndrome without and with associated features: 
two separate entities? Clin Dysmorphol 3(3):192-9. 
 
Willemsen WN. 1982. Renal--skeletal--ear- and facial-
anomalies in combination with the Mayer--Rokitansky--
Kuster (MRK) syndrome. Eur J Obstet Gynecol Reprod Biol 
14(2):121-30. 
 
Wilson DI, Burn J, Scambler P, Goodship J. 1993. 
DiGeorge syndrome: part of CATCH 22. J Med Genet 
30(10):852-6. 
 
Yamagishi H. 2002. The 22q11.2 deletion syndrome. Keio J 
Med 51(2):77-88. 
�
 



 71 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
4.1.3 Reciprocal duplication difficult to 
recognise 

 
Unpublished results 
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4.1.3 Reciprocal duplication difficult to recognize 
 
In this section I will describe a patient (case 9) turned to be affected by Potocki-Lupski 

syndrome. It is due to the reciprocal duplication of the region deleted in the Smith-

Magenis syndrome. The identification of the syndrome on a clinical ground is still very 

difficult. 

 
Clinical summary 
Female 
8y 6m 
Neonatal hypotonia, moderate mental retardation,  visuo-spatial deficit, sociable attitude, 
hoarse voice, strabismus, telecantus, epicantus, down-slanting palpebral fessures, medial 
flared eyebrows. 
 
Array-CGH result (44K, Agilent) 
17p11.2 duplication 
normal copy oligo   16473461 �
first rearranged oligo  16543855�
last rearranged oligo 20162228�
normal copy oligo   20374551  
beakpoint position 16.54-20.16 Mb 
deletion size: 3.6 Mb 
  
Method of confirmation  
MLPA (Salsa P064B MR1, MCR Holland) 
 
Result of parents analysis (method) 
Both normal (MLPA) 

                                     
Fig 7. Picture of case 8 (WS27) at different ages (5y ad 8y) on the left. Faces of affected patients modified 
from (24) on the right. Note the triangular face in younger patient (F) and the oval faces in older patient (H), 
the relatively long nasal tip (G), the gentle down-slating of palbebral fissures (I) and the broad forehead 
(K). 
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Comment to case 9:  
 

Concerning the facial phenotype, which appears not characteristic, our case in 

comparison with those previously reported has more clear down slanting palpebral 

fissures and a broader forehead. The patient presents also telecanthus. However, 

telecanthus is also present in the father and thus, does not correlate with the disease. 

Table 1 reports a comparison between our case and previously reported cases in 

respect to cognitive, physical and behavioral phenotype. It is worth noting that autistic 

features are reported in 10/11 patients (24). On the contrary, our patient does not show 

any autistic traits and has a friendly behavior and sociable attitude. The Childhood 

Autism Rating Scale (CARS) showed a score of 17 (autistic score above 30). Cognitive 

assessment by the WISC scale revealed moderate mental retardation. Vineland adaptive 

behavior scale scores were higher for “motor abilities” and “communication” respect to 

“daily living skills” and “socialization”. 

 
             Tab 1: Comparison of clinical features in patients with 17p11.2 duplication 
 

Trait 
 

Developmental history: 
 
Poor feeding as infant 
 
Hypotonia as infant 

 
Developmental delay 

 
Neuropsichiatric and language  
evaluation: 

 
Autistic features 
 
Language impairment 

 
Articulation difficulties 
 
Central and/or obstructive 
apnea 

 
EEG abnormality 

 
Hypermetropia seen on 
ophthalmic examination 
 

           Case9 
 
 
 

               + 
 

               + 
 

               + 
 
 
 
 

               - 
 

               + 
 

               + 
 

                ? 
 
        

               - 
 

               + 

Patients from Potocki et al., 2007 
 
 
 
18/19 
 
19/21 
 
24/24 
 
 
 
 
10/11 
 
10/13 
 
18/29 
 
8/9 
 
 
11/17 
 
9/16 
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4.1.4.Inherited imbalances 
 

Unpublished results 
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4.1.4 Inherited imbalances 
 

In this section I will describe patients with a rearrangement present also in one or 

more healthy relatives. 

 
Case 10 
 
Clinical summary 
male 
17y 5m 
Gynoid obesity, high stature, multiple deficit of coagulation factors (II, V, VII), 
deafness, severe mental retardation. 
 
Array-CGH result (44K, Agilent) 
Xq25.1 deletion (Fig. 9) 
normal copy oligo   123895310 �
first rearranged oligo  124790379�
last rearranged oligo 127525412�
normal copy oligo   127668712 
breakpoint position 124.79-127.52 Mb 
deletion size: 3 Mb 
 
Method of confirmation  
qPCR on the WDR40C gene (probe 5’ CCAGCACCAACCCCA 3’)  
 
Result of family analysis (method) 
A deletion involving the WDR40C gene was present in the mother and one healthy 
brother (qPCR) 
Same deletion extent in the proband and in the healthy brother (marker analysis, 
personal communication from Prof. Ruth Chiquet-Ehrismann) 
 
 

                       
 

    Fig 8. Picture of case 10 (#MR116) at the age of 17y 5m 
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Fig.9 Molecular data of the case 10. (A) Array-CGH ratio profile. On the left, the chromosome X 
ideogram. On the right, the log2 ratio of chromosome X 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 (value of about _2X). (B) Realtime quantitative PCR validation experiment. Wdr40c 
ddCT ratios and standard deviations of two different controls and of the patient and her relatives. The 
patient and the healthy brother show a ddCT ratio of 0.0 that indicates the absence of a copy of Wdr40c 
(deletion), while the carrier mother shows ddCT ratios of about 0.5, that indicate a single copy of the gene. 
(C) Gene content of the deleted region (UCSC Genome Browser; http://genome.ucsc.edu). 
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Case 11 
 
Clinical summary 
male (46,XX karyotype) 
2y 3m 
Sex reversal (small penis with absence of testis), ocular anomalies (Peters’ anomaly, 
microphtalmia, glaucoma), renal cysts, cleft soft palate, interatrial defect, mild 
brachydactyly and V° finger clinodactyly, severe mental retardation. 
 
Array-CGH result (44K, Agilent) 
17q12 duplication (Fig. 11) 
normal copy oligo   31891535 �
first rearranged oligo  31925650�
last rearranged oligo 33726698�
normal copy oligo   33728116  
breakpoint position 31.92-33.72 Mb 
deletion size: 1.8 Mb 
 
Method of confirmation  
qPCR on the AP1GB1 gene (probe 5’ GCATATTAGGCTGCATGACAGAGA3’)  
 
Result of family analysis (method) 
Same deletion extent in the father and healthy sister (qPCR, array-CGH 105K Agilent) 
 
 
 

                     
 

                                      Fig.10. Picture of case 11 (#XXM1) at the age of 2y3m.  
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Fig.11 Molecular data of the case 11. (A) Array-CGH ratio profile. The log2 ratio of 
chromosome 17 probes plotted as a function of chromosomal position. Oligos with a value 
ofzero represent equal fluorescence intensity ratio between sample and reference DNAs. 
Each dot represents a single probe (oligo) spotted on the array. Copy number gains shift the 
ratio to the right (value of about 2X). (B) Real time quantitative PCR validation experiment. 
AP1GB1 ddCT ratios and standard deviations of two different controls and of the patient and 
her parents. The patient, the father and the sister show a ddCT ratio of about 1.5 that 
indicates the presence of an extra copy of Ap1gb1 (duplication), while the mother as controls 
show ddCT ratios of about 1.0, that indicates a double copy of the gene. (C) Gene content of 
the duplicated region (UCSC Genome Browser; http://genome.ucsc.edu). 
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4.2  Array-CGH as a tool for identification 
of MR genes 
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Case 12. 
 
Clinical summary 
male  
24y 
X-linked ichthyosis, deafness, epilepsy, severe mental retardation. 
 
Array-CGH result (105K, Agilent) 
Xp22.31 deletion 
normal copy oligo   6410891�
first rearranged oligo  6488000�
last rearranged oligo 7351325�
normal copy oligo   7415028  
breakpoint position 6.48-7.35 Mb 
deletion size: 0.9 Mb 
 
Method of confirmation  
PCR on the STS gene. 
 
Result of family analysis (method) 
Maternal uncle with isolated X-linked ichthyosis carries a larger deletion (array-CGH) 
 
 
Case 13 “Maternal uncle” 
 
Clinical summary  
11y  
X-linked ichthyosis, trombocitopenia 
 
Array-CGH result (105K, Agilent) 
Xp22.31 deletion 
normal copy oligo   6304998�
first rearranged oligo  6317139�
last rearranged oligo 7941487�
normal copy oligo   7962612  
breakpoint position 6.31-7.94 Mb 
deletion size: 1.63 Mb 
 
Method of confirmation  
PCR on the STS gene. 

                                                 
                                                           Fig.12 Pedigree of case 12 (#STS18).  

 Ichthyosis 
Ichthyosis, MR 
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Case 14 
 
Clinical summary  
male 
7y10m  
X-linked ichthyosis, Kallman syndrome 
 
Array-CGH result (105K, Agilent) 
Xp22.32-p22.31 deletion 
normal copy oligo   5741596�
first rearranged oligo  5754165�
last rearranged oligo 8569445�
normal copy oligo   8607194  
breakpoint position 5.75-8.56 Mb 
deletion size: 2.83 Mb 
 
Method of confirmation  
PCR on the STS gene. 

 

 
Fig.13. Molecular data of case 12 (#STS18), case 13 (#STS19) and case 14 (#STS27). (A) (B) (C). The 
log2 ratio of chromosome X probes plotted as a function of chromosomal position in case 12, 13 and 14, 
respectively. 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 (value of about -2X). (C) Gene content of the deleted region (UCSC Genome Browser; 
http://genome.ucsc.edu). 
 

A B C 
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Cases 15-18: 
 
Retinoblastoma and mental retardation microdeletion 
syndrome: clinical and molecular dissection using array 
CGH 
 
Caselli R, Speciale C, Pescucci C, Uliana V, Sampieri K, Bruttini M, Longo I, De 
Francesco S, Pramparo T, Zuffardi O, Frezzotti R, Acquaviva A, Hadjistilianou T, 
Renieri A, Mari F. 
 

         J Hum Genet. 2007;52(6):535-42 
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5. DISCUSSION and FUTURE 
PERSPECTIVES 
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5. DISCUSSION and FUTURE PERSPECTIVES 
 
 

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

retardation and associated anomalies for the presence of submicroscopic chromosomal 

imbalances. In the last years, several authors demonstrated that array-based Comparative 

Genomic Hybridisation is a powerful tool for the detection of cryptic chromosomal 

imbalances in patients with mental retardation and multiple congenital anomalies 

(MCA/MR). Consequently, we decided to employ this innovative technique to study our 

group of MCA/MR patients. We have optimised oligonucleotide array-CGH with an 

average resolution of 75 kb and 16 kb, providing a full coverage of the human genome.  

 Among 32 patients, we have identified a clear pathogenic rearrangement in 9 

cases (28%) (Fig.14). This percentage is likely higher than those previously reported (17 

18 25 26). This difference is likely due to the strict selection criteria we have used, that 

include mild to severe MR and peculiar facial features and other congenital anomalies in 

patients with normal karyotype and negative for subtelomeric rearrangements. 

 

    
Fig.14. Number and type of rearrangements identified by oligo array-CGH in a cohort of 32 MCA/MR 
patients.   



 93 

The nine patients with a pathogenic rearrangement fell in three different 

categories: 1) novel deletions, 2) known deletions in atypical patients, 3) duplications 

difficult to recognize on clinical ground (Fig.14). It is worth of note that the fraction of 

known deletions in atypical patients is relevant and it is numerically similar to the 

fraction of novel deletions. This quite unexpected finding is reported also by other 

authors (27-29). As a consequence, one might expect that the employment of array-CGH 

on large scale will lead to increase our knowledge on the variability of the phenotype 

associated with well known syndromes: 15q11-q13, 22q11, 17p11, etc (Fig. 15). As 

concern for novel deletions, these appear to be rare conditions often not associated with 

LCR at the breakpoints (Fig. 16). 

 

 
 

 

Fig. 15. LCR present in the 22q11.21 region from the Human Genome Segmental Duplication 
Database (http://projects.tcag.ca/humandup/). Green bars denote interchromosomal and intrachromosomal 
duplications while blue bars indicate intrachromosomal duplications. The breakpoints of the deletion 
present in cases 6 and 8 are possibly associated with LCR, indicated with black circles. 
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Fig. 16. Image showing absence of LCR at breakpoints of deletions identified in cases 1-4. Green bars 
denote interchromosomal and intrachromosomal duplications, blue bars indicate intrachromosomal 
duplications and red bars indicate interchromosomal duplications.  
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Among the nine rearranged patients only one was a duplication. This low percentage of 

duplicated patients is likely due to: 1) bias in patients’ ascertainment, 2) different 

molecular mechanisms that generate deletions versus duplications. Generally duplications 

cause a less severe and faint phenotype. The selection criteria used for patients inclusion in 

this study may have negatively selected such kind of patients. In addition, the non allelic 

homologous recombination (NAHR) generates deletions and duplications with different 

efficiency favoring deletions (Fig. 17).  

 

 
 
Fig. 17. Non allelic homologous recombination (NAHRs). Interhromatid and interchromosome NAHRs 
(upper panel) generate both deletion and duplication with the same efficiency. Intrachromatide events 
(lower panel) generate only deletions since the duplicated ring molecule is lost.  
 

In the above described nine cases the array-CGH analysis led to the diagnosis of 

the affected child. Although the array-CGH and qPCR analysis indicated that the 

rearrangements arose “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 each case the parents’ karyotype resulted 

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

The identification of a de novo event was considered the only criterion for 

pathogenicity. Following this criterion the two rearrangements on chromosome 17 and 

on chromosome X would be considered non pathogenic variant. However, a recent paper 

on TAR syndrome goes against this rule (30). The authors found a 1q21 deletion in 
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patients with TAR syndrome as well as in healthy relatives. The absence of the deletion 

in normal controls induced to consider the hypothesis of a susceptibility locus or an 

allele with low penetrance. In light of this, we can not completely rule out a pathogenic 

role for the 17q12 duplication and Xq25 deletion (Fig 18 and 19, respectively, modified 

by Decipher). In order to establish whether these imbalances are involved in the clinical 

phenotype of the patients we investigated on the location of CNV. In particular, two 

CNVs are located in Xq25.1 deletion and include two of three known genes that are 

present in our deletion (19) (Fig. 18). Only one gene, WDR40C, a member of the WD 

repeat protein family involved in a variety of cellular processes, is not reported as a 

polymorphism, but its function is not well known. Consequently, we have to investigate 

further in order to definitively rule out the involvement of this deletion in the clinical 

phenotype of the patient.                            

Concerning the 17q12 duplication, the region includes several genes but also 

three CNVs. The duplication is partially overlapping with a typical deletion responsible 

for renal cysts and diabetes (RCAD) (Fig. 19). RCAD is caused by deletions or point 

mutations in the TCF2 gene that codifies for the transcription factor 2. In particular, 

defects in TCF2 are responsible for maturity-onset diabetes of the young type 5 

(MODY5) (OMIM#604284) and also for Muellerian aplasia (OMIM#158330). Our 

patient presents renal cysts and sex reversal, thus, probably, a double dosage effect of 

the gene could be responsible for the phenotype. Our duplication is larger than the 

typical deletion responsible for RCAD. However, in the non overlapping regions are 

located Redon CNVs loci. The presence of CNVs in this region suggests that probably 

the 17q12 duplication is not responsible for MR in the patient. However, in the Decipher 

database there seems to be a small region between two Redon CNVs where three genes 

(MRPL45, GPR179 and SOCS7) are located. On the contrary, searching in the database 

of Genomic Variants (http://projects.tcag.ca/variation/) this small gap seems to be part of 

the CNV. Given all these contrasting data is still premature to establish a possible 

genotype-phenotype correlation.       
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Fig 18.  Cytoview part of the Decipher database on Xq25 region. This section of the database includes 
information on the genomic context based on the Ensemble browser. It shows the index imbalance 
and eventually similar imbalances inserted in the Decipher. It is possible to see the phenotype of each 
patient by clicking on the bar corresponding to the deletion. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        Fig 19. Cytoview part of the Decipher database on 17q12 region.  
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In addition to the screening of a cohort of 32 patients with unknown diagnosis, 

we have revaluated, by oligo array-CGH, 7 cases with a clinical and molecular 

diagnosis, for a more precise definition of deletion breakpoints and for identifying 

candidate genes possibly responsible for mental retardation.  

Among these 7 cases, there was a familial case (cases 12 and 13) with X-linked 

ichthyosis (XLI) and MR and a sporadic case with XLI and Kallmann syndrome (KAL) 

(case 14). XLI is caused by deficiency of steroid sulfatase (STS) activity. In 85%-90% 

of cases it is caused by a deletion which encompasses the STS gene. Typically it is 

caused by a deletion of 1.5 Mb at Xp22.32 due to non-allelic homologous recombination 

(NAHR) between the CRI-S232 low-copy repeat regions flanking the STS gene. 

However, larger deletions were described and may be associated with mental retardation 

as part of a contiguous gene syndrome.  

In the case with XLI and KAL (case 14, SIE00001740), array-CGH analysis 

showed the presence of a large deletion of about 2.83 Mb (Fig 20, modified by 

Decipher). The deletion includes the STS gene, the KAL1 gene (responsible for KAL) 

and other genes such as NLGN4X, VCXA, VCXB, VCXB1 and VCXC genes.  

In the proband of the familial case with XLI and MR (case12, SIE00001719) the 

analysis revealed the presence of a smaller deletion of about 0.9 Mb (Fig 21, modified 

by Decipher). The deleted region comprises the VCX3A gene, which has been previously 

suggested to be involved in mental retardation (31). The deletion also involves the STS 

gene responsible for XLI (OMIM#308100) and a third gene, named HDHD1A. This 

gene, also known as GS1 (OMIM#306480), has been found deleted in patients with 

isolated XLI. A maternal uncle (case13, SIE00001721) has isolated X-linked ichthyosis 

and carries a larger deletion of 1.63 Mb which comprises also the VCX1 gene (Fig 21, 

modified by Decipher).  

In order to identify additional patients with an Xp22 deletion a search in the 

Decipher database has been performed. A female case with severe mental retardation 

and a small deletion in Xp22.31 of about 0.6 Mb has been found (BWH00001200, 

Fig.21, modified by Decipher). The deleted region of this case partially overlaps the 

deletion of case 12 and it contains only HDHD1A and STS genes. It is interesting to note 

that the distal breakpoint does not include the VCX3A gene and that the majority of the 

deleted region is represented by CNVs. An additional male patient with a deletion of 7.7 

Mb involving Xp22.2-22.3 is reported in the database (00000978) (32). This deletion 

includes all four VCX genes (VCX1, VCX2, VCX3A and VCX3B) and the NLGN4X gene. 
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Functional deficiency of one or more of these genes is most likely associated with the 

impaired cognitive development in the reported patient. However, at present the 

mechanism responsible for the onset of MR is not clear. In particular, the role of the 

VCX genes, and especially of VCX3A, is not firmly established.  

The comparison between the Decipher cases and our three patients further 

complicates the picture. In fact, case 12 with MR bears a deletion involving only the 

VCX3A among the VCX gene cluster and excluding the NLGN4X. The paternal uncle 

(case 13) with isolated XLI has a bigger deletion involving also VCX1. Unexpectedly, 

the sporadic patient with ichthyosis and Kallmann syndrome (case 14) has the largest 

deletion that includes all VCX genes and NLGN4X. Given all these data it is possible that 

the presence or absence of MR may result from the location of breakpoints in regulatory 

elements of one of the known or putative genes included in the regions; the breakage of 

the regulatory elements could lead to inappropriate gene expression and thus MR, while 

the complete absence of the gene and its regulatory elements might have no phenotypic 

effects. 

   

  
                                              
 
 
Fig 20. Cytoview part of the Decipher database on Xp22.1 region.  
 

The last cases presented in this study are patients with retinoblastoma, dysmorphic 

features and developmental delay. We decided to characterise these patients using oligo 

arrays of 44,000 probes and compare them with another one with isolated retinoblastoma 
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in order to identify the critical region of the 13q14 deletion syndrome and candidate 

genes possibly responsible for mental retardation. At present, the critical region that we 

have identified is still very large and includes several genes (30 genes). From in silico 

analysis four genes seem to be good functional candidates  for the neurologic phenotype: 

NUF1P1 (nuclear fragile X mental retardation protein 1), HTR2A (serotonin receptor 

2A) and PCDH8 and 17 (prothocaderin 8 and 17, respectively).  

It is interesting notice that in Decipher database a male case with 13q21.1 

deletion, partially overlapping with our critical region, is reported (Fig 21, 

CAM00000578). The patient  presents MR and developmental delay but also 

microcephaly. The deleted region of this case includes a CNV but its breakpoints are not 

well characterized (Fig 21, CAM00000578). It could be very interesting to better define 

the deletion breakpoints of this case and in particular to define if the deletion comprises 

the PCDH17 gene, one our candidate gene.  This gene  belong to the protocadherin gene 

family and codify for integral membrane proteins, which are thought to function in 

signalling pathways and in cell adhesion in a CNS-specific manner. Although its 

expression and function is not well known, the PCDH17 gene could be responsible for 

the neurological phenotype of this patient.  

Furthermore, it could be useful to have access to the facial phenotype of this 

patient in order to define if he has the typical facial phenotype of patients with RB 

microdeletions (see cases 15-18, 4.2 section). Unfortunately, the present version of the 

Decipher database does not allow to see the pictures of the inserted consented cases. We 

believe that sharing pictures of patients would be an extremely important improvement 

for a website that has among its main goals “gene identification and refining molecular 

dysmorphology”. 
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Fig 21. Cytoview part of the Decipher database on 13q12.3-21.33 region (A) and 13q21.1-q21.2 (B).  
 

 

 
 
 
 
 
 
 
 
 

A) 
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8. ERRATA CORRIGE 
 

 A reevaluation of a second sample of case 13 (maternal uncle of case 12) 

demonstrated that the deletion in Xp22.31 region was indeed the same of the case 

12. Related discussion has not therefore to be considered. 


